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ABSTRACT

Context. Understanding the role of magnetic reconnection in the heating and dynamics of the solar atmosphere requires detailed
observational data of any observable aspect of the reconnection process, including small-scale features such as plasmoids.

Aims. Here, we examine the capability of active and upcoming instruments to detect plasmoids generated by reconnection in the
corona including low-density regimes.

Methods. We used the Bifrost code to perform simulations of plasmoid-mediated reconnection in the corona with a 2D idealized setup:
a fan-spine topology with uniform density including thermal conduction. Through a forward-modeling of extreme-ultraviolet (EUV)
observables, we checked whether our simulated plasmoids could be detected with the instruments of Solar Dynamics Observatory
(SDO) and Solar Orbiter (SO), as well as the upcoming Multi-Slit Solar Explorer (MUSE) and Solar-C missions.

Results. Short-lived (~ 10 — 20 s) small-scale (~ 0.2 — 0.5 Mm) coronal plasmoids are not resolvable with the Atmospheric Imaging
Assembly (AIA) on board SDO. In contrast, they could be captured with the EUV High-Resolution Imager at the Extreme Ultraviolet
Imager (EUI-HRIgyy) of SO. The spatial and temporal high-resolution planned for the MUSE spectrograph (SG) is adequate to
obtain full spectral information of these plasmoids. To achieve a sufficient signal-to-noise ratio (S/N) for ~0.8 MK plasmoids in the
MUSE/SG 171 A channel, full-raster images are attainable for regions with electron densities above 10° cm™3, while sit-and-stare
observations are recommended for lower-density regions. The future Solar-C mission could also capture these coronal plasmoids
using the EUV High-Throughput Spectroscopic Telescope (EUVST), considering rapid changes in Doppler shift and line widths in
different EUV lines caused by plasmoid motions along the current sheet.

Conclusions. With the combined spectra of MUSE/SG and Solar-C/EUVST in multiple emission lines, along with high-resolution
images from SO/EUI-HRIgyy and MUSE/CI, it should be possible to gain new insights about plasmoid formation in the corona.
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1. Introduction

<~ Magnetic reconnection stands out as a candidate for solving the
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coronal heating problem (Vaiana et al. 1973; Heyvaerts & Priest
1984; Parker 1988). Numerical simulations have shown the abil-
ity of this process to generate a wide range of observable so-
lar phenomena such as Ellerman bombs (EBs), ultraviolet (UV)
bursts, coronal bright points (CBPs), surges, coronal jets, and
flares (Yokoyama & Shibata 1995, 1996, 2001; Nobrega-Siverio
etal. 2016, 2017, 2023; Wyper et al. 2016, 2017; Hansteen et al.
2017, 2019; Danilovic 2017; Peter et al. 2019; Ni et al. 2021;
Nobrega-Siverio & Moreno-Insertis 2022; Rempel et al. 2023).
Furthermore, numerical simulations demonstrate the connection
between magnetic reconnection and the formation of small fea-
tures within current sheets, such as plasmoids (Ni et al. 2017,
Nobrega-Siverio et al. 2017; Hansteen et al. 2019; Peter et al.
2019; Guo et al. 2020; Ni et al. 2022; Liu et al. 2023).
Plasmoids appear in any current sheet due to resistive tearing
instability (Furth et al. 1963) as long as the Lundquist number is
sufficiently high (S1, > 10*, Loureiro et al. 2007) and the cur-

rent sheet width is below a critical value (a/L < SI:I/ 3, Pucci &
Velli 2014). Plasmoid instability causes the characteristics of the
reconnection process, including the reconnection rate, to be sig-
nificantly different from what predicted with the Sweet-Parker
(Sweet 1958a,b; Parker 1963) or the Petschek (Petschek 1964)
model, which both assume steady reconnection. In particular, on
the Sun, they have been observationally reported related to EBs,
UV bursts, surges, coronal jets, and flares (see, e.g., Rouppe van
der Voort et al. 2017, 2023; Kumar et al. 2019; Guo et al. 2020;
Yan et al. 2022).

In order to broaden our understanding about magnetic re-
connection, further explorations of plasmoids are necessary. This
could allow us not only to improve our theoretical models about
plasmoid-mediated reconnection in the solar atmosphere, but
also to establish constraints on the observational detection ca-
pabilities of such features using current and future missions. For
instance, the Solar Dynamics Observatory (SDO, Pesnell et al.
2012), with its Atmospheric Imaging Assembly (AIA, Lemen
et al. 2012; Boerner et al. 2012), observes the corona through
several EUV narrow-band filters, including one focused on the
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Ferx 171 A line. Though AIA has been capable of detecting plas-
moids of sizes > 1 Mm in coronal mass ejections (Gou et al.
2019), flares (Takasao et al. 2012; Yan et al. 2022), and nanojets
(Antolin et al. 2021), its moderate spatial resolution of 1”/5 could
make it challenging for studying small-scale (< 1 Mm) plas-
moids. In contrast, the recently launched Solar Orbiter (SO) mis-
sion, through the Extreme Ultraviolet Imager instrument and its
EUV High-Resolution Imager telescope (EUI-HRIgyy, Rochus
et al. 2020), can offer coronal images of appreciably improved
spatial and temporal resolution focused on the Fe x 174 A line,
especially at its perihelion distance of 0.3 AU (Berghmans et al.
2023). The near-future launches of the Multi-slit Solar Explorer
(MUSE, Cheung et al. 2019, 2022; De Pontieu et al. 2020, 2022)
and the Solar-C (Suematsu et al. 2021) missions, are expected to
open up more possibilities to delve further into the dynamics of
the coronal plasma. In particular, MUSE, with its 35-slit spec-
trograph (SG), is designed to obtain solar spectra in four bright
EUV lines, including Fex 171 A, allowing us to study coronal
plasma in all temperature ranges from 0.8 MK to 12 MK on un-
precedented timescales. With a spatial pixel size of 07167 x 0”/4,
it will provide an excellent opportunity for observing small-scale
plasmoids in the corona. In addition, MUSE will have two con-
text imagers (CI) set to observe the Sun with filters centered in
the Hem 304 A and Fexm 195 A lines. Solar-C is planned to
have a better temperature coverage thanks to the single-slit EUV
High-Throughput Spectroscopic Telescope (EUVST, Suematsu
etal. 2021), which could scan a wide range of EUV wavelengths,
including well-known coronal lines such as Fe1x 171 A, Fex 174
A, and Fexu 195 A, among many others. Despite having only
one slit, in contrast to MUSE, this spectrograph may provide
detailed temperature and density diagnostics in the chosen loca-
tion where the slit is aimed, with a slightly higher spatial (0”/16)
and spectral resolution than MUSE. Hence, these two upcoming
spectrographs complement each other and can together be used
to retrieve detailed information on relatively small structures in
the corona.

Preparing for observational studies of plasmoids in the so-
lar corona involves understanding the detectable signatures they
may leave. In our previous paper (Faerder et al. 2024, hereafter
F2024), we carried out numerical simulations of reconnection
in a fan-spine magnetic topology within a 2D coronal domain,
showing how different resistivity models produced varying plas-
moid characteristics. Therefore, characterising observed plas-
moid properties could serve as an indicator of the most suitable
resistivity model for reproducing coronal-like reconnection. In
this paper, we use simulations akin to those used in the paper
by F2024 as a foundation for spectral synthesis, aiming at deter-
mining the capability of each of the aforementioned space-borne
instruments in detecting small (~ 0.2 — 0.5 Mm), short-lived
(~ 10 — 20 s) plasmoids in coronal regions with ~ 0.8 MK. The
structure of the paper is as follows. Section 2 describes the nu-
merical model along with the methods applied for spectral syn-
thesis. Section 3 gives a brief overview of the simulations and
presents the results from the spectral synthesis. Finally, Sect. 4
gives a brief discussion of these results and summarises the con-
clusions.

2. Methods

In the following sections, we summarize briefly how we set up
our numerical simulations and give some details on how we per-
formed our forward-modeling of each synthetic observable stud-
ied in this paper.
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2.1. Numerical simulations

The numerical simulations were performed with the Bifrost code
(Gudiksen et al. 2011). This code solves the equations of mag-
netohydrodynamics (MHD) on a 3D Cartesian grid, applying
a sixth-order operator for spatial derivatives and a third-order
scheme for time derivatives, thereby minimising the numerical
diffusion due to the discretization. In our special case, we fo-
cused on a purely in-plane 2D coronal domain, using an ideal-
ized setup where we included Joule heating, viscous heating, and
Spitzer conductivity, but gravity is neglected and the equation-
of-state is approximated by an ideal gas law with a mean molec-
ular weight of 0.616. We also neglected optically thin losses be-
cause including them in an idealized 2D setup like this one re-
quires incorporating an ad hoc heating term to prevent the drain-
ing of internal energy, which is difficult to do in a realistic way.
This assumption is discussed further in Sect. 4 based on our re-
sults.

We performed two simulations using the same initial condi-
tion as in the F2024 paper, namely, a fan-spine magnetic topol-
ogy given by

B, = Bie X sin(kx),
B, = By + Bie” cos(kx),

ey
(@)

with k = 7/16 Mm™!, imposed on a 2D coronal domain with
an initial uniform temperature of 0.61 MK and different input
values for By, Bj, and the initial mass density pg. The first
simulation case, which is case G6 from the F2024 paper, has
po =3.0x10""% gcm™, By = 3G, and B; = 10 G, while the
second one, referred to as case G6b, has py = 2.7x107" g cm™3,
By = 9 G, and B; = 30 G. With this, cases G6 and G6b have
the same initial plasma-g (inflow value ~ 2), Alfvén speed (in-
flow value ~ 125 km s~!), and null-point height (z = 6.13 Mm).
The configuration of case G6, with its relatively low mass den-
sity and low temperature (compared to the upper corona) and the
given magnetic field strength, resembles that of quiet-Sun coro-
nal holes (Hofmeister et al. 2019). Case G6b, with its substan-
tially higher mass density, represents plasma in the lower corona
(but not in coronal holes) with a magnetic field strength similar
to that of coronal loops (Nakariakov & Ofman 2001; Van Doors-
selaere et al. 2008).

The boundary conditions of both cases are as given in F2024,
with a velocity driver applied on the lower boundary. This was
done by setting the horizontal velocity component at the bottom
boundary to

ux(x,z = 0,1 = va(O)vo(x) , 3)
where the spatial component vy(x) was given by

1+ cos(m(x—Ly)/L,) 10
e :( L )) , @)

with L, = 16 Mm, and the temporal component v,4() was given
by

va(t) = vp{

with v, = 1 km s7!, #, = 10 min, and fy = 40 min. This ensured
that outer spine would be moved horizontally with a peak ve-
locity of 1 km s~!, thus resembling an ad hoc mechanism with a
granular-like velocity.
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The experiments span a domain of 32 x 32 Mm? discretized
over 2048 x 2048 grid points and were run for 40 min. The size
of the domain was chosen in order to fit a typical fan-spine topol-
ogy with a null-point at coronal heights similar to those extrap-
olated from observed CBPs (Galsgaard et al. 2017). In fact, the
uniform temperature, density, and pressure in the reconnection
site is similar to the scenario obtained in more realistic radiative-
MHD simulations at the nullpoints of CBPs, such as the 2D and
3D experiments by Nébrega-Siverio & Moreno-Insertis (2022)
and Nobrega-Siverio et al. (2023), respectively. In our simula-
tions, we found that the density scale height due to gravity would
be ~ 30 Mm, that is, nearly equal to the vertical size of our do-
main, and since the current sheet in our simulations covers only a
fraction of that vertical size, this quite large scale height justifies
the neglecting of gravity in our idealized setup. Previous studies
have also shown that gravity has a negligible effect on plasmoid
dynamics in the corona, due to the dominating Lorentz forces in
the current sheets (Zhao & Keppens 2020). The z-axis is still re-
ferred to as the height axis of our domain, despite the absence of
gravity. The reason for this is the fact that our simulations have a
velocity driver imposed at the bottom of the fan-spine structure,
thus mimicking a solar scenario where a fan-spine topology with
a null-point at coronal heights is rooted in the photosphere.

The resistivity in our simulations is given by the hyper-
resistivity model (Nordlund & Galsgaard 1995; Gudiksen et al.
2011) of Bifrost, that is, a tensor expression that scales strongly
with the gradients in the magnetic field and the fluid veloc-
ity. In F2024 (in which the explicit mathematical definition of
the hyper-resistivity term is given), we showed that this resis-
tivity model can be applied on a moderate numerical resolu-
tion to satisfactorily mimic the plasmoid characteristics obtained
with higher resolution when using uniform resistivity. In general,
the simulated reconnection characteristics in terms of plasmoid
sizes, peak velocities, and energy balance has been shown to de-
pend less on resolution when applying hyper-resistivity (Kep-
pens et al. 2013).

2.2. Forward-modeling

Our study focuses on synthetic observables of the Feix 171 A,
Fex 174 A, and Fexm 195 A lines, whose peak formation tem-
peratures lie around 0.8 MK, 1.0 MK, and 1.5 MK, respectively.
In the following, we explain the calculations of the correspond-
ing emissivity as well as the total and specific intensities of these
lines as received from the Sun without any instrumental effects.
Furthermore, we describe the forward-modeling of these lines as
observed with different instruments, including the currently ac-
tive SDO/AIA and SO/EUI-HRIgyy telescopes, along with the
upcoming MUSE/SG, MUSE/CI, and Solar-C/EUVST.

2.2.1. Emissivity

The emissivity of any optically thin emission line i from chemi-
cal element X produced in statistical equilibrium at a given tem-
perature T is given by
& = AxGi(ne, T)neny , (6)
where G;(ne, T) is the contribution function of the line, Ay the
relative abundance of the atomic element X with respect to
hydrogen, n. the electron number density, and ny the hydro-
gen number density. The product n.ny, defined as the emission
measure, is already known from our simulations. To retrieve
the gain function AxG;(n., T) for each of the above-mentioned

lines, we used the CHIANTI version 10.1 database (Dere et al.
2023, and references therein) with abundances given in the file
sun_coronal_2021_chianti.abund provided by Del Zanna
et al. (2023). Since the gain functions depend weakly on #., it is
common to assume a fixed electron number density for forward-
modeling in the corona (in our case, n. = 10° cm™).

2.2.2. Spectral synthesis: VDEM and spectral moments

The total intensity of a line is given by the integral of the emis-
sivity along the line of sight (LOS). The intensity as received by
a telescope in a given filter which comprises the same line (along
with some neighbouring lines) is similarly found by integrating
the product of the temperature response function for the given
filter (which depends on the gain function and the instrumen-
tal effects) and the emission measure along the LOS. Synthetic
observables of spectrographs, on the other hand, are given by
the specific intensity /,; (rather than just the total intensity). We
computed this specific intensity by the following integral:

Ly = f f Ri(T, vios, AVDEM(T, vi.05)dTdvLos. ™

where Ri(T,vios,4) is the response function of line i depend-
ing of temperature 7, LOS velocity v ps, and wavelength A,
and VDEM(T, v, ps) is the velocity differential emission mea-
sure (VDEM, Cheung et al. 2019).

For our forward-modeling, we applied two different LOS:
the vertical z-direction, integrating the whole box from the top
and downwards to mimic an on-disk observation; and the hori-
zontal y-direction, in order to mimic an off-limb observation, as-
suming to that end that our computational domain has a width
of 0.2 Mm, which roughly represents the typical diameter of
the larger plasmoids of our simulations. Response functions for
the 171 A, 174 A, and 195 A lines were computed using gain
functions from CHIANTI as described above, assuming Gaus-
sian line profiles with thermal broadening (initially neglecting
instrumental broadening in order to study the pure line spectra
as obtained from the Sun). The VDEM was calculated with rou-
tines developed by the MUSE team (Cheung et al. 2019), with
a velocity sampling of 2.5 km s~! and a log T(K) sampling of
0.025.

With the specific intensity (of any line i) given by Eq. (7), we
compute the zeroth, first, and second spectral moments, defined
as follows:

Mo = f Lda, ®)

y [ Anda 9

1= MO ’ ( )
[ = M)*1da

e VA (10)

where the zeroth moment is the total intensity as integrated over
the line profile, the first moment is the Doppler shift of the line
profile, while the square root of the second moment gives the
line width o. The line width is related to the full width at half
maximum (FWHM) of the line profile by o = FWHM/ V81n?2.
In our maps of spectral moments without instrumental effects,
the intensities are given in CGS units (erg cm™2 sr™! s), while
the Doppler shifts and line widths are given in km s~!.
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2.2.3. SDO/AIA 171 A

The synthetic SDO/AIA intensity in the 171 A filter, for any cho-
sen LOS-coordinate s, was estimated by the following inte-
gral:

Ispojaia 171 A = fdsLOSRSDO/AIA 171 A(T)nen (1)
where the temperature response function Rgpo a1a 171 4(T) Was
acquired using the SolarSoft (Freeland & Handy 1998) routine
aia_get_response. Since SDO/AIA is an Earth-bound instru-
ment with a spatial pixel size of 0”76, one pixel on an AIA image
covers a ~ 0.44 Mm wide region on the Sun. Therefore, we de-
graded the resolution on all our synthetic AIA images to this
pixel size. We also added some Gaussian smoothing to account
for the AIA spatial resolution of 1”75, or ~ 1.1 Mm (Lemen et al.
2012). Since the AIA is capable of taking images with a cadence
of 12 seconds, we applied this cadence for the temporal resolu-
tion in the AIA intensity maps against time.

2.2.4. SO/EUI-HRI 174 A

For the SO/EUI-HRI 174 A filter, we used the SO/EUI-HRI 174
A response function Rgq pyp_pry 174 A(7), provided to us by Dr.
Frédéric Auchere, member of the Solar Orbiter team (see also
Gissot et al. 2023), to compute the intensity as follows:

ISO/EUI—HRI 174 A = fdsLosRSO/EUI—HRI 174 A(Dneny . (12)

EUI-HRIgyy has an spatial pixel size of 0”75 as seen from the
location of the telescope. At its perihelion distance of 0.3 AU,
a pixel, therefore, covers a ~ 0.11 Mm wide region of the Sun,
which is the pixel size we degraded our synthetic EUI-HRIgyy
images to. The temporal resolution is given by a cadence of 1
second.

2.2.5. MUSE/SG Fex 171 A and MUSE/CI 195 A

Specific intensities for the MUSE/SG Feix 171 A line were cal-
culated by Eq. (7) using the same VDEMs as used for the pure
line spectra (without instrumental effects), though degraded to
fit a spatial pixel size of 07167 x 0”7167", and using a similar re-
sponse function but with an instrumental broadening in addition
to thermal broadening. Hence, the total line width of any line
profile seen through the MUSE/SG is given by

— 2 2 2
o= \/o—th * Tloser T Tt

(13)
where oy, = VkgT/mpe is the thermal width, given the iron
mass mg., while o 1S the instrumental width and o_y, the
non-thermal width. The latter quantity is defined as the observed
broadening remaining after taking into account thermal broad-
ening (which depends on the local temperature) and instrumen-
tal broadening. In our simulations, this observed extra broad-
ening is caused by the variations in the Doppler shift along
the LOS and within the pixel size. The MUSE/SG Fex 171 A
line has a spectral sampling of 14.6 mA and the instrumental
FWHM is 2.9 times the spectral sampling, hence 43.34 mA or

! Though the actual pixel size of MUSE/SG will be 07167 x 074,
we only consider the smallest pixel size, only for the xz field-of-view
(FOV), when synthesising spectra to preserve the highest resolution
achievable with MUSE/SG (De Pontieu et al. 2022).
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74.25 km s~! in terms of Doppler velocity, found by multiply-
ing the value in angstroms by c¢/Ay, where c is the speed of
light, and A9 = 171.073 A. This gives an instrumental width
of Oinse = FWHMipg/ V8In2 = 17.98 mA or 31.53 km s~!
in terms of Doppler velocity. We computed the total intensity,
Doppler shift, and line width from the MUSE/SG Feix 171 A
specific intensities using Egs. (8)-(10). For the temporal reso-
lution, we assumed a cadence of 12 seconds, which is roughly
the time needed to perform the densest raster —requiring a read-
ing/moving time of 0.4 s for each of the 11 slit positions— to
achieve the best spatial resolution (De Pontieu et al. 2020), as-
suming an exposure time of 0.6 s for each slit position. Such
a high cadence is only needed for images with the highest-
achievable resolution in both dimensions. If high resolution is
only needed in one dimension, MUSE can provide sit-and-stare
images with a cadence nearly equal to the exposure time. The
intensity units for the synthetic MUSE/SG spectra are given in
photon count per pixel per second (ph pix~! s~!), whose conver-
sion from units of erg cm™ sr~! s7! is as following:

I[ph pix's™!] = Ifergecm ™2 sr! s (14)

where sr/pix denotes the size of the solid angle observed by one
pixel, which for MUSE/SG is 0.167 x 0.4 X (27/360/3600)>. The
effective area e is 3.7 cm? for the 171 A filter. Furthermore,
hc/ Ay is the energy per photon.

We also synthesized intensity maps for the MUSE/CI in the
195 A filter. For this, we computed the emissivity of the Fe xir
195 A line given by Eq. (6) with the gain function for the 195 A
line (acquired from CHIANTI), integrating the emissivity along
the LOS and degrading to MUSE/CI spatial pixel size of 0”733 x
07/33. Again, units were converted to ph pix~' s™' by Eq. (14),
with an effective area €. = 5.0 cm? for the 195 A filter. For
temporal resolution, we assumed a cadence of 4 s.

2.2.6. Solar-C/EUVST Fex 174 A and Fexi 195 A

Solar-C/EUVST Fex 174 A and Fexmn 195 A specific intensi-
ties were computed from Eq. (7) the same way as for MUSE/SG
Feix 171 A using similar response functions assuming the given
EUVST instrumental broadening of FWHM;, = 40 mA, or
Tinsr = 16.99 mA, and a VDEM resolution of 0716 x 0”716 for
preserving the highest possible resolution achievable along any
chosen slit alignment. With spectral moments calculated from
Egs. (8)-(10), the intensity unit conversion into photons per pixel
per second was found by using Eq. (14) with the given pixel di-
mensions of 0716 along the slit and 0”4 across the slit, along
with the EUVST effective areas, which for 174 A and 195 A is
0.61 cm? and 1.2 cm?, respectively.

3. Results

In the following sections, we first summarise main events of our
simulations with special emphasis on the plasmoid dynamics
along with the overall evolution of the temperature and veloc-
ity in the simulated fan-spine structure. Furthermore, we study
each of our synthetic observables in detail in order to determine
to what extent the different currently active and upcoming in-
struments may provide observational diagnostics on plasmoids
in the solar corona.
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Fig. 1: Temperature, T, emission measure, n.ny, vertical velocity component, u, (defined to be positive for velocities out of the
Sun), and velocity divergence V - u with magnetic field topology superimposed in cases G6 and G6b. A movie of the full time

evolution for ¢ € [0, 40] min is available online.

3.1. Simulation summary

Our simulations evolve similarly to the ones described in F2024.
To give a quick overview, Fig. 1 contains the temperature, 7,
emission measure, n.ny, vertical velocity component, u,, and
velocity divergence, V - u, with the magnetic field lines super-
imposed for both simulations. Here, u, is defined to be positive
for velocities pointing out from the Sun, in agreement with the
z-axis which is defined to point outwards as well.

In each simulation, the null-point collapses as soon as the
inner spine starts moving in the positive x-direction and a tilted
current sheet is formed between the inner and outer spine. Re-
connection occurs along the current sheet throughout the simu-
lation as the inner spine keeps moving. During the reconnection
process, plasmoids frequently appear along the current sheet,
about 6-7 plasmoids per minute, moving either upwards to the
left or downwards to the right, before submerging into either
the outer spine and left fan surface or the inner spine and right
fan surface, respectively. Their typical lifetimes, measured as
the time from when they become visible till they submerge, are
around ~ 10-20 s, which is shorter than the typical characteristic
time scales for optically thin losses, giving a fair justification of
our choice to neglect radiative cooling in our experiments, since
this process would not affect the plasmoid characteristics too
drastically. During these relatively short lifetimes, the plasmoids
are accelerated to velocities of up to 50 km s~!, with equal frac-
tions of upward- and downward-moving plasmoids. This means
that they undergo an acceleration of at least 2 — 5 km s™2 due
to the strong Lorentz forces of the current sheet. The gravita-

tional acceleration, which is small (0.274 km s~2) in compari-
son, would therefore only have a marginal effect of the plas-
moid motion if included in our simulations. Occasionally, the
plasmoids merge together, though coalescence instability (Finn
& Kaw 1977) is not a dominating part of the plasmoid dynam-
ics in our cases due to the relatively short plasmoid lifetimes.
The short current-sheet length (< 2 Mm) also limits the po-
tential for plasmoid merging and most of the largest plasmoids
(~ 0.2 — 0.5 Mm) grow self-consistently without any merging
and are not considered as so-called monster islands (in contrast
to those studied by Zhao et al. 2021, formed along a 4 Mm long
current sheet).

The velocity divergence panels (lower right) of Fig. 1 are
characterized by a wavy pattern of pulses propagating along the
spines and fan surfaces, with V - u oscillating roughly between
—0.3 and 0.3 s™!. These patterns are characteristic signatures of
waves driven by null-point reconnection (Galsgaard et al. 2003;
Santamaria et al. 2017; Karampelas et al. 2022) and shocks trig-
gered by the plasmoid ejection (Zenitani & Miyoshi 2011).” The
velocity panels (lower-left) clearly illustrate the reconnection in-
flows and outflows, which are particularly prominent around the
spines of the structure. The temperature panels (upper-left) show
that the plasma is heated due to the reconnection to temperatures

2 In the simulations of F2024, we found that these shocks appeared
in any of the simulation cases with plasmoid-mediated, or Petschek-
like, reconnection, regardless of the resistivity model. The Sweet-Parker
reconnection cases, on the other hand, were not characterized by such
bursty shocks, but rather relatively weak and steady wave signatures.
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up to ~ 0.73 MK in case G6 and ~ 0.84 MK in case G6b. How-
ever, the plasmoids in G6b occasionally reach temperatures close
to 1 MK. The emission measure (upper right panels) is nearly
two orders of magnitude higher in case G6b than in G6 due to
the density difference of almost one order of magnitude. This
difference has a noticeable impact on the observable traceability
of the magnetic reconnection features, as seen in the following
sections.

3.2. Feix 171 A observables

In this section, we study how our simulated fan-spine topology
looks like in the Ferx 171 A line, whose peak formation tem-
perature lies within the temperature ranges of the simulated fan-
spine structure. First, we analyse the pure Feix 171 A spectra
as obtained from the Sun without any instrumental effects. Fur-
thermore, we look at the Feix 171 A intensity as retrieved with
the currently active SDO/AIA telescope. Finally, we examine
how the Feix 171 A spectra will look like with the upcoming
MUSE/SG.

3.2.1. Feix 171 A line spectra

Figure 2 and associated animation show the synthetic Feix
171 A line spectra as obtained without any instrumental effects
for both simulations. The first column contains the off-limb in-
tensity. In both simulations, the plasmoid (marked by a grey ar-
row), the spines, and the fan surfaces are considerably brighter
than the surrounding medium. This is due to the temperature here
being closer to the peak formation temperature for this line as
well as the emission measure being slightly higher than the sur-
roundings. The overall intensity in case G6b is nearly of two or-
ders of magnitude higher than in case G6 as a direct consequence
of the similar difference in emission measure seen in Fig. 1.

The second column of Fig. 2 shows the on-disk intensity. In
these maps, and all the following figures with similar maps, the
range of the colorbar is intentionally set to highlight the plas-
moid imprints, even though the intensity map gets saturated in
the regions outside the current sheet. With this, the current sheet
region is here easily located as the non-white area, being darker
than the surroundings due to the slightly decreased temperature
and emission measure of the above-lying plasma. Plasmoids are
seen as tiny, bright, and tilted stripes and a few of them marked
by arrows to ease their localization. The intensity signatures of
the plasmoids approaching the outer spine appear darker than
of those approaching the inner spine. This is because the region
above the current sheet is darker in the areas closer to the outer
spine, and the plasma above the current sheet covers a larger
fraction of the LOS integration path. Therefore, the areas above
the current sheet which lies closer to the outer spine obtains a
considerably lower total intensity contribution than the areas fur-
ther away. As a consequence, the outer-spine-bound plasmoids
are in this map essentially less enlightened than the inner-spine-
bound plasmoids, so that only the latter ones are seen in this map.
Again, the overall intensity is nearly of two orders of magnitude
higher in G6b than in G6.

The third column of Fig. 2 illustrates the Doppler shift of
the line, also as observed on-disk. In this map, and all follow-
ing Doppler shift maps, positive Doppler shift (redshift) corre-
sponds to plasma moving away from the observer (i.e., inwards
to the Sun). With this definition, negative values of u, (down-
flows) contributes positively to the Doppler shift. In both simu-
lations, the line is redshifted in the region to the right of the outer
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spine and blueshifted in the region to the left, in good agreement
with the vertical velocity distribution mapped in Fig. 1. The outer
spine can easily be located as the distinct white, nearly-vertical
stripe between the blue and red areas. The inner spine appears
less distinct but can be identified as the boundary between a tilted
red-white stripe and a darker red stripe. The x-position of both
spines are marked by dashed, curved arrows (only for this figure)
to ease their identification. In the current sheet region (located
between the dashed arrows), plasmoids can be seen as weak,
thin stripes. For the same reason as for the on-disk intensity
map, we mainly see the signatures of plasmoids that move down-
wards (towards the inner spine), appearing as slightly darker, red
stripes (see arrows). Signatures of the upward-moving, outer-
spine-bound plasmoids, on the other hand, are almost not seen at
all, as their intensity contribution is overshadowed by the above-
lying, downward-moving plasma.

The fourth column shows the line width, o, of the Fex 171
A line profile. Far from the current-sheet region, where the line
broadening is mainly dominated by thermal broadening, the line
width is ~ 9.5 km s7!, as expected, since this is approximately
equal to the thermal width oy, = VkgT /mp. for T = 0.61 MK.
Closer to the current sheet, the line width is increased to values
ranging from 10 to 13 km s~!. The line broadening is especially
high in the (green) area above the current-sheet which lies closer
to the outer spine (x € [16.1,16.4] Mm for ¢ > 20 min), due
to a strong non-thermal broadening caused by large oppositely-
directed bulk velocities below and above the current sheet. In
fact, non-thermal broadening is the main contributor of the addi-
tional broadening effects around the current sheet, as the thermal
broadening contributions from the heated plasma is nearly neg-
ligible except for the region to the left of the outer spine and to
the right of the inner spine (seen clearly as large yellow areas in
G6b), where the heated plasma covers a larger LOS integration.
Especially, one may note that the region x € [17.5,18.0] Mm,
which lies above the strongly heated right fan-surface, has here
nearly the same total line broadening as any region far from the
fan-spine structure. In our simulations, non-thermal broadening
is exclusively caused by variations in the LOS velocity along the
LOS. Signatures of the plasmoids can be seen in this map, both
close to the inner and outer spines. The upward-moving, outer-
spine-bound plasmoids, marked by red arrows, appear as thin,
blue stripes, and the downward-moving, inner-spine-bound plas-
moids, marked by black arrows, appear as thin, yellow stripes.
These stripes get thicker near the end of the current sheet, where
the plasmoids collide into the spine, which also causes a further
enhancement in the line broadening. The largest line width mea-
sured in the plasmoids is about 13.3 km s~! in case G6b. Since
the plasmoids’ contribution to thermal broadening is negligible
here (being smaller in width than the fan-surface, where the line
width is nearly unaffected by the heated plasma), we may con-
clude that the visible signatures of the plasmoids here are caused
by non-thermal broadening due to the motion of the plasmoids
along the current sheet. The thermal width above the plasmoids
is therefore still roughly around oy, ~ 9.5 km s~!. Hence, since

o= 4 /(thh + o-ﬁ_th, one may estimate that the non-thermal width

is around o_g, =~ 9.3 km s7!, that is, nearly-equal to the thermal
width.

3.2.2. SDO/AIA 171 A intensities

The SDO/AIA 171 A intensity maps are shown in Fig. 3. The
two leftmost panels clearly show that the AIA instrument lacks
enough resolution to resolve the plasmoids that are generated
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Fig. 2: Synthetic spectral moments of the Feix 171 A line with no instrumental effects for the simulations G6 (top) and G6b
(bottom). The first column contains the off-limb intensity at a given time. The other three columns show the on-disk observables for
the intensity, Doppler shift, and line width, respectively, as functions of x and ¢. The red dashed lines in the first column delimit the
x range shown in the other three columns. The black dotted lines on the latter three columns mark the time illustrated in the first
column. The solid arrows point at the location of some plasmoids: red ones for those upward-moving; black or grey for downward-
moving. The dashed (curved) arrows mark the inner an outer spine location (upper third panel only). A movie of the full-time
evolution of the figure for ¢ € [0,40] min is available online.
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Fig. 3: Synthetic SDO/AIA 171 A response for the simulations G6 and G6b as seen off-limb (two leftmost panels) and on-disk (two
rightmost panels). The red dashed lines in the two leftmost panels delimit the x-range for the other two panels. The black dotted line
in the two rightmost panels marks the time shown in the two leftmost panels.

along the current sheet. The fan-spine topology is still resolvable  on an observational image. For case G6b, the count rate is above
in both cases. In G6, however, the count rate (< 1 DN pix~'s™")  the desirable level for the fan-spine topology to be detectable in
indicates that the outer spine emits barely one photon every two the off-limb view, even with an exposure time of a few seconds.
seconds. The photon count per pixel need to be above ~ 100 in ~ As seen from the count rate in the right-side panels, the on-disk
order for the signal-to-noise ratio (S/N) to be satisfactorily high. SDO/AIA 171 A response is slightly dimmer above the current
It would therefore require an exposure time of at least two min-  sheet than in the surroundings, in agreement with what is seen in
utes in order for the fan-spine topology of G6 to become visible
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Fig. 2, although the current sheet here is no more than three pix-
els wide when viewed with AIA. The post-reconnection loops
(though difficult to see in the on-disk intensity maps due to the
chosen colorbar range) are still substantially brighter than the
surroundings and can easily be detected with this instrument.

3.2.3. MUSE/SG Feix 171 A spectra

To study the capabilities of MUSE, Fig. 4 (and the associ-
ated movie) contains the synthetic spectral moments of the
MUSE/SG Feix 171 A line for simulations G6 and G6b. It is
similar to Fig. 2 but includes MUSE/SG instrumental effects.
The first column shows that our plasmoids are clearly well-
resolved with MUSE/SG in the off-limb view. The photon count
rate for the low-density case G6, however, is below the required
threshold for plasmoid detection. Even with an exposure time
of 10-20 seconds, which corresponds to the typical lifetime of
our simulated plasmoids, barely 1-2 photons per pixel will be
received from the plasmoid, which is not enough to make the
signals brighter than the noise. As for case G6b, both the fan,
spines, and plasmoids have a remarkably higher photon count
rate (> 5 ph pix~! s7!) and can be possible to detect, for instance,
by taking sit-and-stare images with the slit aligned with the cur-
rent sheet and an exposure time between 10 and 20 seconds.

The on-disk MUSE/SG Fe1x 171 A intensity (second column
of Fig. 4) is noticeably dimmer in the region above the current
sheet than in the surroundings. Plasmoids are here seen as thin,
white stripes (see arrows). The photon count rates indicate that
plasmoids of both cases G6b and G6 should be visible through
the MUSE/SG Fe1x 171 A line in this on-disk view, at least with
sit-and-stare images for case G6 (to allow for an exposure time
of 10-20 s) and even with full-raster images for case G6b.

The corresponding Doppler shift maps (third column) look
nearly the same for both simulation cases. The line is blueshifted
on left side of the spine and redshifted on the right side due to
plasma moving vertically in opposite directions on each side of
the spine, in a similar fashion to what is seen in Fig. 2. Plasmoid
signatures appear as thin, blue stripes (marked by red arrows),
along the outer spine and as slightly darker red stripes (marked
by black arrows) along the inner spine. The maximum change in
Doppler shift due to the plasmoids are of order ~ 2 — 3 km s

The evolution of the line width (Fig. 4, fourth column) is
also very similar for both simulations. The line width stays
roughly around ~ 33 km s~! due to the instrumental width of
Oinse = 31.5 km s™!, which makes the thermal and non-thermal
broadening effects small in comparison. In the regions far from
the spines, the plasma is at rest and not essentially heated, leav-
ing the temperature barely above 0.61 MK. Therefore, we have
om = 9.53 kms™! and oy, & 0, which, together with the
above-mentioned instrumental broadening, agrees with the total
line width of o = 32.9 km s~!, seen in the line width maps far
from the spines. At the centre of the outer spine, the line width is
enhanced by ~ 0.5 — 0.7 km s~!. Imprints of plasmoids are seen
as blue stripes (marked by red arrows) along the outer spine and
yellow stripes (marked by black arrows) along the inner spine.
As discussed in Sect. 3.2.1, these plasmoid signatures in the line
width map are mainly due to non-thermal broadening, caused
by the motion of plasmoids along the current sheet, and not by
the heating of the plasmoids. Here, the total line width reaches
values up to 33.8 km s~!, in good agreement with the previously-
estimated non-thermal broadening of about ~ 9.3 km s~!. This
maximum line width (seen in the plasmoids) is still only about
1% higher than the average line width measured in the same re-
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gion when no plasmoids are present and, consequently, we can
expect that these plasmoids will not leave any visible trace in the
observed MUSE/SG Feix 171 A line width with observational
noise taken into consideration.

Synthetic Solar-C/EUVST Ferx 171 A spectra are not in-
cluded here since its response function is very similar to that of
MUSE/SG Feix 171 A. With only slightly higher spatial and
spectral resolution than MUSE/SG, this one-slit spectrograph
can be expected to produce a nearly identical on-disk obser-
vation of the simulated fan-spine topologies of cases G6b and
G6 as seen in the latter three panels of Fig. 4. Besides, pro-
ducing a two-dimensional image mimicking the off-limb images
of MUSE/SG Feix 171 A would take longer time for Solar-
C/EUVST, which only has one slit, hence achieving a consid-
erably lower cadence.

3.3. Fex 174 A observables

Similarly to the previous section, we here study synthetic observ-
ables of the Fex 174 A line. While its peak formation temper-
ature of 1 MK is slightly above the typical temperatures of our
simulated fan-spine structure, the plasmoids of G6b occasionally
reach such high temperatures. Like the previous section, we start
by looking at the pure spectra without instrumental effects before
delving into the Fe x 174 A observables as retrieved with the fol-
lowing instruments: 1) the EUI-HRIgyy telescope on board the
recently-launched SO mission; and 2) the EUVST spectrograph
on board the upcoming Solar-C mission.

3.3.1. Fex 174 A line spectra

Figure 5 and associated animation map the Fe x 174 A line spec-
tra without instrumental effects in a similar manner as Fig. 2 for
the Ferx 171 A line. The mapped spectral moments of the Fe x
174 A line are similar to those of the Ferx 171 A line with the
following differences. The fan-spine intensity is about one or-
der of magnitude weaker here because: 1) the Fex 174 A peak
formation temperature is higher than that of Feix 171 A, hence
slightly more outside the temperature ranges of our simulated
fan-spine structures; and 2) the Fex 174 A gain function has a
lower peak value as well. Furthermore, the Fex 174 A inten-
sity maps have larger contrasts, with the intensity being close to
zero in the non-heated regions. Because of this, the plasmoids
are more distinguishable in this line, making them more visi-
ble in the on-disk intensity maps (second columns) as well, as
the total intensity here depends less on contributions from above
the current sheet. Though the downward-moving, inner-spine-
bound plasmoids (marked by black arrows) are still easiest to
spot here for the same reasons as for the Feix 171 A case, a few
upward-moving, outer-spine-bound plasmoids (marked by red
arrows) are visible here as well. The Doppler shift maps (third
column) are very similar to those of the Feix 171 A line, as ex-
pected, except for the imprints of the plasmoids being slightly
more visible here. The inner-spine-bound plasmoids (see black
arrows) are seen as dark red stripes because they move inwards,
away from the observer; thus contributing in increasing the to-
tal redshift. Similarly, the outer-spine-bound plasmoids (see red
arrows) are seen as light red stripes as they move outwards, to-
wards the observer, thus contributing in decreasing the total red-
shift. The Feix 174 A line width (fourth column) are also more
strongly enhanced in the signatures of the plasmoids, along with
the spines and fan surfaces —compared to the Fe1x 171 A line—
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Fig. 4: Synthetic MUSE/SG Fe1x 171 A spectral moments for the simulations G6 (top) and G6b (bottom). Layout is the same as
for Fig. 2. A movie of the full-time evolution of the figure for ¢ € [0,40] min is available online.
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Fig. 5: Synthetic spectral moments of the Fe x 174 A line with no instrumental effects for cases G6 (top) and G6b (bottom). Layout
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since the main intensity contributions for this line lie in those
features (while the contributions from the surroundings are more
negligible). Consequently, the imprints of the plasmoids (see ar-
rows) are more distinct here as well. These additional line-width-
increases caused by the plasmoids are still mainly from non-
thermal broadening due to the motion of plasmoids along the
current sheet. The regions next to the outer (blue-green) and in-
ner (green) spines are clearly marked here by their considerably
increased line widths. Hence, the low-line-width region which
lies between these two regions of increased line width provides
a good proxy for localising the null-point.

3.3.2. SO/EUI-HRI 174 A intensities

The SO/EUI-HRI 174 A intensities are mapped in Fig. 6 in a
similar manner as in Fig. 3 for SDO/AIA 171 A. From the two
leftmost panels, we see that the contrast in the intensity maps is
smaller than in the intensity maps of the isolated 174 A line. This
is because the SO/EUI-HRI 174 A filter comprises several emis-
sion lines that lie near the 174 A line in the spectrum, hence its
total intensity has non-negligible contributions from these lesser
lines in addition to the main line. Therefore, the regions outside
the fan-spine-topology are not completely dark in this filter. The
count rates do actually have similar values as in the SDO/AIA
171 A intensity maps, but the resolution is remarkably better.
Plasmoids are resolvable both in G6 and G6b. In the latter case,
these plasmoids reach a count rate beyond the level required for
detection, given an exposure time of a few seconds. In the on-
disk view (two rightmost panels), plasmoids are again seen as
bright stripes in the current sheet region (see arrows) and their
photon count rates are above the lower limit for detection in both
cases.

3.3.3. Solar-C/EUVST Fex 174 A spectra

The spectral moments of the Solar-C/EUVST Fex 174 A line
are shown in Fig. 7 and its associated movie in a similar man-
ner as Fig. 4 for MUSE/SG Feix 171 A. Even though EUVST
is a single-slit spectrograph, we still choose to include a 2D map
(first column) of the synthetic off-limb intensity for the sake
of context and consistency with previous figures since the slit
may be placed in any location above the fan-spine topology to
produce a 1D projection of this map. In our cases, the photon
count rates are below the desired level to detect the plasmoids
in this view. The mapped on-disk spectral moments, as seen in
the latter three columns, may be reproduced observationally with
EUVST if the slit is aligned properly with the current sheet. In
the on-disk intensity maps (second column), the plasmoids are
seen as bright dots in the current sheet. The imprints of the plas-
moids (see arrows) in G6b reach a photon count rate that is high
enough for a detection, given an exposure time of ~ 10 — 20 s.
The Doppler shift maps (third columns) show an increased red-
shift for the inner-spine-bound plasmoids (see black arrows),
akin to the corresponding MUSE/SG Fex 171 A spectra, and a
decreased redshift for the outer-spine-bound plasmoids (see red
arrows). The increases in redshift due to the downward-moving
(inner-spine-bound) plasmoids seen in the Solar-C/EUVST Fe x
174 A spectra are of order ~ 5 km s~!, which is higher than the
corresponding increases in the MUSE/SG Fe1x 171 A Doppler
shift and in agreement with the (non-instrumental) Fex 174 A
line Doppler shift (Fig. 5). The decreases in redshift due to
the upward-moving plasmoids are of the same order or weaker.
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Also, similarly to the MUSE/SG Fe1x 171 A spectra, the instru-
mental broadening of EUVST (which is about 29.2 km s~! for
the Fex 174 A line) substantially overshadows the thermal and
non-thermal broadening, resulting in a line width lying around
30 — 31 km s~!. Still, since the major contributions to the Fe x
174 A line intensity come from the plasmoids and spines, the
imprints of the plasmoids (see arrows) in the line-width maps
are slightly more visible here than for MUSE/SG Feix 171 A,
with the line width being enhanced by up to 3 % when a plas-
moid hits one of the spines. In this case, the line width in the
imprints of the plasmoids increases as the plasmoids hit the
spines, reaching a maximum line width of 31.9 km s~!. The re-
gions around the spines also have a more distinct line broaden-
ing which are directly related to thermal broadening due to the
increased temperatures. This indicates that the Solar-C/EUVST
Fex 174 A line may be more suitable for temperature diagnostics
than MUSE/SG Feix 171 A, especially for the regions outside
the current sheet where the thermal broadening is not overshad-
owed by the variations in the LOS velocity along the LOS.

3.4. Fexi 195 A observables

In this section, we look into synthetic observables of the Fe xut
195 A line. Despite the fact that this line has a peak formation
temperature quite far above the highest plasmoid temperatures
of our simulations, we still want to check for any possibility of
seeing plasmoid signatures in this line, even if it should turn out
that a higher temperature is needed to achieve detectability. Sim-
ilarly to the previous sections, we take a look at the pure Fe xm
195 A line spectra before delving into the corresponding observ-
ables seen in different instruments, in this case the upcoming
MUSE/CI and Solar-C/EUVST.

3.4.1. Fexi 195 A line spectra

Figure 8 (and associated movie) shows the synthetic Fe xir 195 A
line spectra without instrumental effects in a similar manner as
Figs. 2 and 5. The mapped intensities here (first and second
columns) are of several orders of magnitude lower than for Fe 1x
171 A, because the Fe xu 195 A peak formation temperature lies
at ~ 1.5 MK, which is far outside the temperature ranges of
our simulations. The brightness contrast between the plasmoids
and surrounding matter is larger, however, making the plasmoids
here more distinguishable from the surroundings in the on-disk
view (second columns), where we can now easily see the plas-
moids moving in both directions (see red and black/grey ar-
rows). Furthermore, since the plasmoids are the dominant com-
ponents here, they are also more distinct in the Doppler shift
maps (third columns). Especially in the G6b case, the upward-
moving, outer-spine-bound plasmoids (see red arrows) appear
as strong blueshifts (in contrast to the surrounding redshifts)
instead of just decreased redshifts. The redshift enhancements
caused by the downward-moving, inner-spine-bound plasmoids
(see black arrows) are also stronger here than in the correspond-
ing maps for Feix 171 Aand Fex 174 A. Finally, the plasmoids
here also have a considerably higher impact on the line width
(fourth column). This is because the heated plasma in the plas-
moids here contributes more to the total thermal broadening,
since the major contributions to the line intensity come from the
plasmoids, along with the spines and fan-surfaces. For the same
reasons, the line-width in the region above the fan surfaces is
also noticeably enhanced, especially above the right fan-surface
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Fig. 7: Synthetic Solar-C/EUVST 174 A spectral moments for cases G6 (top) and G6b (bottom). Layout is the same as for Fig. 2.
A movie of the full-time evolution of the figure for ¢ € [0,40] min is available online.

where the highest temperatures are reached (seen as a large yel-
low area in G6b).

3.4.2. MUSE/CI 195 A intensities

Synthetic MUSE/CI 195 A intensities are shown in Fig. 9 in a
similar manner as in Figs. 3 and 6. All four panels show that plas-
moids are resolvable with the MUSE/CI (in the 195 A filter) both
in the on-disk view and the off-limb view. In our cases, far below
the peak formation temperature of this line, the correspondingly
low photon count rates do not allow for any detection at all. The
plasmoids would need to be heated up to temperatures closer

to the 195 A peak formation temperature (1.5 MK) in order to
be detectable, and even then, only the G6b on-disk plasmoids
(fourth column) would probably be possible to detect, given an
exposure time of ~ 10 s.

3.4.3. Solar-C/EUVST Fexi 195 A spectra

Solar-C/EUVST Fexu 195 A spectral moments are mapped in
Fig. 10 in a similar manner as Figs. 4 and 7. The intensity maps
(first and second columns) show that the plasmoids are resolv-
able and clearly distinguishable from the surroundings when
viewing the topology both off-limb and on-disk. The photon
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Fig. 9: Synthetic MUSE/CI 195 A response for the simulations G6 and G6b as seen off-limb (two leftmost panels) and on-disk (two
rightmost panels). Layout is the same as for Fig. 3, with the addition of arrows pointing at the location of some plasmoids: red ones

for those upward-moving; black or grey for downward-moving.

count rates of our cases are far below the required level for detec-
tion. As already concluded from the MUSE/CI 195 A intensity
maps, the plasmoids would need to be heated up to temperatures
closer to 1.5 MK in order to be seen in this line on-disk for the
G6b case (and would still not be detectable for the G6 case). The
plasmoids give stronger imprints on the Doppler shift and line
width (third and fourth columns, see arrows) for this line than
for the Fe x 174 A line, especially for case G6b, where the plas-
moids hitting the spines lead to changes of up to 10 km s~! in the
Doppler shift and up to 3 km s~! in the line width. Akin to what
we saw in the non-instrumental Fe xu 195 A line Doppler shift
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map, the outer-spine-bound plasmoids leave strong bluemarks
in EUVST Fexu 195 A Doppler shift maps as well, while the
inner-spine-bound plasmoids are seen as strong red stripes. Es-
pecially for case G6b, a significant line broadening is seen in the
region that coincides with the fan surfaces (especially the right
one), indicating that this observable may potentially be used for
temperature diagnostics of fan-spine topologies similar to our
simulated ones.
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3.5. Spectral line profiles locations marked in the top panels, using the same color coding.

In particular, the red line profile is extracted from a location near
To complete our study, we shifted our focus to examining the the outer spine, the black curve is obtained close to the inner
synthetic spectral profiles from the G6b simulation: the one with ~ Spine, and the blue curve represents an intermediate position. An
a larger emission measure. Specifically, the top panels of Fig. 11 associated animation of the figure is available online.
show the line widths (for context purposes) for the Feix 171 A, The line profiles exhibit a nearly-perfect Gaussian shape
Fex 174 A, and Fex 174 A lines, from left to right. The bottom  when plasmoids are not present. However, when plasmoids pass
panels contain the synthetic profiles as observed on-disk for the through the marked locations, secondary peaks emerge in the

Article number, page 13 of 16



A&A proofs: manuscript no. Faerder2024_paper3

Line width [0] (km s~1)

Line width [0] (km s~

332 334, 336 30.5 310 315 28

Line width [0] (km s~1)

29 30 31

_ = G6b ==
c 25 = 251 ===
€ = o=
+ 201 20 iy [ 201 ==
I)( X =% - . 'I’Q:X % = =
15 16 17 18 15 16 17 18
X (Mm) X (Mm)
MUSE/SG t=18.63 min [Solar-C/EUVST t=18.63 min [Solar-C/EUVST t=18.63 min
101171 A 10-14174 10-3{195 A
=
<
£ 109 10724 104
IV]
7
x
S
s |
~ 10714 10734 10754
Fig. 12. Spectral line profiles for the MUSE/SG
i Feix 171 A, Solar-C/EUVS:F Fex 174 A, and
E \ Solar-C/EUVST Fe xn 195 A lines, taken from
10-2 . i A 10-4 / i i 10-6 L : i case G6b. Layout is the same as for Fig. 11. A
-100 0 100 —-100 O 100 —-100 0 100 movie of the time evolution for ¢ € [18, 28] min

Doppler shift (km s™1) Doppler shift (km s™1)

line profile. This is due to the distinct vertical velocities of plas-
moids compared to the surrounding plasma, which contributes
to the primary peak. In the black curve, the secondary peaks ap-
pear redshifted regarding the primary peak, as the inner-spine
plasmoids move downwards. Similarly, the secondary peaks in
the red curve, which correspond to outer-spine-bound plasmoids,
appear blueshifted. The Doppler shift of the secondary peaks
reach values up to 50 km s~!, which is a consequence of the plas-
moids being accelerated up to such high velocities. The ampli-
tude of the secondary peaks is typically 2-3 orders of magnitude
lower than the primary peaks for the Feix 171 A line and 1-2 or-
ders of magnitude lower in the Fe x 174 A line. Therefore, these
secondary peaks will be extremely difficult to detect for those
lines. With respect to the Fe xm 195 A line profile, on the other
hand, the secondary peaks caused by the plasmoids get compa-
rable in size with the primary peaks, in some occasions larger.
The challenge here, though, is the fact that the peak intensity is
very low, about five orders of magnitude lower than for the Fe 1x
171 A line.

To analyse how the instrumental effects affect the particu-
lar spectral profiles, Figure 12 (and associated movie) repre-
sents an equivalent figure to the previous one for MUSE/SG
Feix 171 A, Solar-C/EUVST Fex 174 A, and Solar-C/EUVST
Fe xu 195 A. When plasmoids are not present, the profiles also
have, in general, nearly-Gaussian shapes, similar to the corre-
sponding non-instrumental line profiles. Nevertheless, the sec-
ondary peaks caused by the plasmoid motions are here mostly
hidden behind the instrumental broadening. Consequently, we
only perceive one peak in each of the profiles at any time. For
the cases of MUSE/SG Feix 171 A and Solar-C/EUVST Fe x
174 A, the appearance of plasmoids leads to a minor broadening
of the total line profile, which results in a slight increase in the
total intensity, as seen in the intensity maps shown in the sec-
ond column of Figs. 4 and 7, respectively. Concerning the Solar-
C/EUVST Fe xm 195 A line profile, the instrumental broadening
also makes the secondary peak indistinguishable from the pri-
mary peak, and, interestingly, the maximum of the Gaussian pro-
file increases essentially when plasmoids are passing by. How-
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is available online.

ever, given the temperature of our plasmoids, the intensity of this
line profile is too faint to be detected at all.

4. Discussion

In this paper, we have performed EUV forward-modeling from
numerical simulations of plasmoid-mediated reconnection in the
solar corona. In particular, we have synthesized observables for
SDOJAIA 171 A, SO/EUI-HRI 174 A, MUSE/SG Fex 171 A,
MUSE/CI 195 A, as well as for Solar-C/EUVST Fe x 174 A and
Fexu 195 A to determine the capability of currently active and
upcoming observational instruments for detecting small-scale
plasmoids. By employing two simulations with distinct mass
density parameters, we have gained preliminary insights into the
lower limits of density that still allow for plasmoid detectability.

As mentioned in Sect. 2.1, we made a few simplifications
in our simulations, one of them being neglecting optically thin
losses. Taking these losses would, in our cases, not change the
results drastically due to the following reasons. The scaling rela-
tion between plasmoid number and Lundquist number obtained
using optically thin losses and ad hoc coronal heating by Sen
& Keppens (2022) and the ones reproduced in our previous pa-
per (F2024) without optically thin losses were very similar. Fur-
thermore, we study plasmoids with temperatures around 1 MK,
which is far above the typical temperatures where optically thin
losses are effective (this range is around 0.05 — 0.2 MK, e.g., see
Rosner et al. 1978; Colgan et al. 2008, and references therein). In
our case, the density of the plasmoids is also small (typical coro-
nal values) and since the optically thin losses scale quadratically
with the density, the cooling efficiency is limited. Since the plas-
moids in our cases live shorter than the characteristic timescales
in favourable conditions for optically thin losses (~ 20 — 100 s,
e.g., see Nobrega-Siverio et al. 2018), the plasmoids never man-
age to get cooled to the temperatures below 0.2 MK, where these
losses dominate and lead to catastrophic cooling from which
prominences and coronal rain originate (e.g., see Antiochos &
Klimchuk 1991; Antiochos et al. 1999; Miiller et al. 2004; An-
tolin et al. 2010; Claes & Keppens 2021; Sen et al. 2023).

The plasmoids in our simulations show the following char-
acteristics: during their typical lifetimes of 10 — 20 s, they reach
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sizes of 0.2 — 0.5 Mm, get heated up to temperatures ranging be-
tween 0.73 and 1.0 MK, and are accelerated to velocities of up
to ~ 50 km s~!. As a consequence of these particular properties,
a widely-used instrument such as SDO/AIA is insufficient for
capturing them through EUV imaging due to its moderate reso-
lution, although the heated plasma around the fan-spine topology
may still be seen in AIA 171 A, as shown in Sect. 3.2.2. Like-
wise, other currently active space instruments like the Spectral
Imaging of the Coronal Environment (SPICE, SPICE Consor-
tium et al. 2020), on board the SO mission, and the EUV Imaging
Spectrometer (EIS, Culhane et al. 2007), on board the Hinode
satellite (Kosugi et al. 2007), also offer limited spatial resolution
(1”72 and 2”0, respectively) for the detection of plasmoids akin
to those we are investigating here; thus, we neglected to per-
form the forward-modeling for them. In contrast, in this paper
we show that SO/EUI-HRI 174 A can be a suitable option for
detecting such small-scale plasmoids in EUV images. In fact,
recent observations have already demonstrated the SO/EUI-HRI
174 A capacity to detect brightenings with sizes down to 0.3 Mm
(Berghmans et al. 2021; Mandal et al. 2023).

Concerning future instruments, the MUSE and Solar-C
missions provide a promising perspective for observing and
analysing plasmoids in the corona through EUV spectroscopy
and imaging. The design of MUSE/SG is suitable for observ-
ing plasmoids with properties resembling those from our simu-
lations, particularly in Feix 171 A. With its considerably high
spatial and temporal resolution, it should directly detect such
plasmoids through tiny, short-lived peaks in the intensity maps.
In on-disk observations with the line of sight nearly parallel to
the inner and outer spines, plasmoids in coronal higher density
regions (e.g., n. ~ 10° cm™3, represented in case G6b) can be de-
tected in full-raster images with short exposure times of ~ 0.6 s.
In lower density regions like coronal holes (e.g., n, ~ 10% cm™3,
case G6), despite their lower photon count rates, plasmoids may
still be discernible through sit-and-stare images with exposure
times of ~ 10 s. However, for off-limb observations, the lower
photon count rates indicate visibility of plasmoids only in higher
density regions, requiring exposure times of > 10 s, making a
full-raster image impractical due to the extended time exceed-
ing two minutes. It is also noteworthy that our plasmoids induce
short-lived fluctuations of 2 — 3 km s™! in the Doppler shift and
0.5 - 0.7 km s™" in the line width of the MUSE/SG Ferx 171 A
spectra. This additional line broadening is due to the plasmoids
moving with a velocity distinctly different from the bulk velocity
of the surrounding plasma, giving rise to a secondary peak in the
line profile. The secondary peak can only be distinguished from
the main peak in the non-instrumental line profile, as it is over-
shadowed by the instrumental broadening in the MUSE/SG Fe 1x
171 A line profile, but still contributes in increasing the total line
width. Since the MUSE/SG’s specified maximum uncertainties
are 5 km s™! for Doppler shift and 10 km s~! for the line width
(De Pontieu et al. 2020), it is quite likely that these plasmoid im-
prints could be overshadowed by Gaussian noise. Consequently,
for certain detections, plasmoids would need velocities that are
at least twice as fast as in our cases.

In the case of Solar-C/EUVST, we obtain similar results
to those from MUSE/SG. In particular, focusing on the Fex
174 A line, the largest Doppler shift caused by our plasmoids
is ~ 5 km s~!, which could be resolved with the EUVST instru-
ment whose maximum uncertainty is expected to be 2 km s~!.
However, the line width broadening we obtain is still small to
discern the plasmoids separately from the background, given
the expected maximum instrumental uncertainty of 4 km s~ for

the line width. Consequently, plasmoids would need to move at
least 1.5 times faster than those from our simulations to indicate
markedly distinguishable imprints in the line width.

With respect to the diagnostics focused on Fe xu 195 A, the
typical temperature of our simulated plasmoids (~ 0.8 MK)
is far below the peak formation temperature of this line (~
1.5 MK). Therefore, we do not obtain detectable signals for ei-
ther MUSE/CI 195 A or Solar-C/EUVST Fe xu 195 A. Nonethe-
less, it is interesting to see that if the plasmoid temperature was
around 1.5 MK, Solar-C/EUVST could reveal more distinct im-
prints of the plasmoids, particularly in changes of the Doppler
width and line shift of up to, approximately, 10 km s~! and 3
km s~!, respectively.

For the future, it would be interesting to expand this study
into 3D to get a deeper insight on how coronal plasmoids pro-
duced under fan-spine reconnection can be studied with the
above-mentioned instruments. This could be done by setting up
a 3D fan-spine topology akin to that of Nébrega-Siverio et al.
(2023) and impose a boundary driving velocity similar to the one
applied in this paper. Plasmoids in 3D tend to have the shape of
solenoidal flux tubes, or magnetic flux ropes (Archontis et al.
2006; Mei et al. 2017). Consequently, such 3D plasmoids could
possibly appear as sigmoids in the synthetic on-disk intensity
maps for the instruments discussed in this paper.

It is important to point out that our studies do not outrule
the possibility of observing plasmoids with SDO/AIA. Synthetic
EUYV observables of simulated jets triggered by flux emergence
(Li et al. 2023) and plasmoid-fed prominence formation (Zhao &
Keppens 2022) clearly show coronal plasmoids resolvable with
AIA. An important difference here, however, is that the above-
mentioned simulations have asymmetric reconnection, meaning
that the two inflow regions of the reconnection site are clearly
different in terms of density and temperature. In typical flux
emergence simulations, for instance, the dense and cool emerg-
ing dome reconnects with the rarefied hot corona. Asymmetric
reconnection tends to modify the onset, scaling, and dynamics
of the plasmoid instability significantly (e.g., see Murphy et al.
2013; Murphy & Lukin 2015). In such cases, as the emerging
dome expands, current sheets with lengths of several megame-
ters typically break down in several places, which would poten-
tially allow for more plasmoids to merge and thereby become
considerably larger before being ejected out of the current sheet.
Our simulations, in contrast, deal with fan-spine reconnection
in a uniform environment composed of purely hot and rarefied
coronal plasma, basically a symmetric case in terms of inflow
properties. Consequently, the plasmoids in these cases are much
more challenging to observe, as they contain rarefied plasma
with a typically low coronal density. Additionally, the current-
sheet length is also short compared to typical flux emergence
experiments, hence reducing the possibilities of plasmoid coa-
lescence and putting a stricter limit to the plasmoid sizes. There-
fore, there could be way more smaller plasmoids than those al-
ready seen with SDO/AIA. Our results highlight the potential
of Solar Orbiter, along with the forthcoming MUSE and Solar-
C missions, to study such extreme cases with small-scale plas-
moids in the solar corona. This is a crucial step in advancing
our understanding of plasmoid-mediated reconnection in the so-
lar atmosphere, complementing existing research on transition-
region and chromospheric small-scale plasmoids (e.g., Rouppe
van der Voort et al. 2017; Guo et al. 2020; Rouppe van der Voort
et al. 2023).
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