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ABSTRACT
Context. Coronal loops are the basic building block of the upper solar atmosphere as seen in the extreme UV and

X-rays. Comprehending how these are energized, structured, and evolve is key to understanding stellar coronae.

Aims. Here we investigate how the energy to heat the loop is_generated by photospheric magneto-convection, transported
into the upper atmosphere, and how the internal structure of a coronal magnetic loop forms.

Methods. In_a 3D magnetohvdrodynamics (MHD) model, we study an isolated coronal loop rooted with both footpoints
in a shallow layer within the convection zone using the MURaM code. To resolve its internal structure, we limited the
computational domain to_a rectangular box containing a single coronal loop as a straightened magnetic flux tube. Field-
aligned heat conduction, gray radiative transfer in the photosphere and chromosphere, and optically thin radiative losses
in the corona were taken into account. The footpoints were allowed to interact self-consistently with the granulation
surrounding them.

Results. The loop is heated by a Poynting flux that is self-consistently generated through small-scale motions within
individual magnetic concentrations in the photosphere. Turbulence develops in the upper lavers of the atmosphere as
a response to the footpoint motions. We see little sign of heating by large-scale braiding of magnetic flux tubes from
different photospheric concentrations at a given footpoint. The synthesized emission, as it would be observed by the
Atmospheric Imaging Assembly (AIA) or the X-ray Telescope (XRT), reveals transient bright strands that form in
response to the heating events. Overall, our model roughly reproduces the properties and evolution of the plasma as
observed within (the substructures of) coronal loops.

Conclusions. With this model we can buildvarcoherentipicturerofthowitherenergyrfluxitorlieatitierupperratmosphere is
generated near the solar surface and how this process drives and governs the heating and dynamics of a coronal loop.
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1. Introduction

~— found in the quiet sun as we

@ Solar coronal loops are bright structures of hot plasma con-
o) fined by the magnetic field, observable in X-ray and extreme
—y ultraviolet (EUV) light 2014.. Coronal loops can be
as in active regions. The

° plasma temperatures in the coronal loops range from 1 to
about 10 MK. The heating mechanism that sustains coro-
nal loops is subject to active discussions. Proposed models

) include wave heating Alfvén|1947; van Ballegooijen et al.

2011} |Parnell & De Moortel||2012] van Ballegooljen et al.

z 2014;|Shi et al.|2021) and the braiding of the magnetic field
>< lines by photospheric motions (Parker||1972, |1983} [1988|
o .

<

|Priest et al.|[2002| Rappazzo et al.|[2008

In the direct current (DC) model, small-scale horizontal
photospheric motions at the loop footpoints lead to tangling
of the magnetic field lines. The reconnection of braided field
lines is thought to lead to small, impulsive heating events

with energies of 1024 erg, the so-called nanoflares (Parker

11972, 1983/ |1988). Many such heating events could be ca-
pable of heating the corona to the observed temperatures.
The necessary energy inflow into the corona estimated from
observations is ' = 107 ergcm~2s~! above an active region
(Withbroe & Noyes|[1977), which leads to an estimate for
the average heating rate of @ =4 x 1072 ergcm ™ 3s™! (van
|Ballegooijen et al. 2011[).

How energy injection and dissipation determines the in-
ternal structure of a loop is the subject of active research.
Energy and mass transport predominantly occurs along the
magnetic field. Instead of being a monolithic isolated struc-
ture, a loop potentially consists of a bundle of multithermal
thinner flux tubes . Imaging instruments such
as the High-resolution Coronal Imager (Hi-C;|Cirtain et al.
|2013| Rachmeler et al.||2019[) have yielded observations of
fine threads in the loops. It has been suggested that the
interior of coronal loops is dynamic and has a substruc-
ture at scales below the instrumental resolution
. Theoretical considerations suggest that the in-
dividual threads could have widths down to 10 to 100 km
(Beveridge et al.|2003| |Cargill & Klimchuk|2004; |Vekstein|
2009). So far, Hi-C has provided the highest resolution in
coronal observations and provided evidence of strands be-
ing as thin as 200 km (Brooks et al.|2013; |Williams et al.|
2020b). Thick monolithic Toops, however, have also been
ound in Hi-C observations, which do not show evidence for
any substructure below 1.5 Mm (Peter et al.[2013).

The spatial resolution that can be achieved with numer-
ical simulations based on magnetohydrodynamics (MHD)
models covering a full active region is insufficient to fully
take the internal driving inside a flux tube due to com-
putational limitations into account. With grid spacings on
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the order of hundreds of kilometers, coronal structures are
resolved by only a few grid points across their diameter
(Bingert & Peter||2011; |Rempel|2017; |[Warnecke & Peter
2019)), leading to less structured loops and potentially less
energy input. High resolution simulations are required to
resolve the internal loop structure and study the heating
mechanism in more detail.

Therefore, we simplify the loop geometry and straighten
the coronal loop to fit into a Cartesian box. The coronal
loop is modeled as a magnetic flux tube between two pho-
tospheric layers evolving independently. This is possible if
the loop diameter is small compared to the radius of curva-
ture of the loop, which is comparable to the loop length. In
straightened loop simulations, coronal loops are represented
as straightened magnetic flux bundles anchored in a layer
within the convection zone at each footpoint. In simulations
of a curved loop with a single photosphere, the actual loop
to be modeled will fill only a small fraction of the coronal
volume. This makes simulations with high resolution and
long time-duration very costly in terms of computational
time compared to our approach of a straightened loop in a
box. This general type of stretched-loop model goes back
to the seminal work of|Galsgaard & Nordlund|(1996).

Models of magnetic braiding and MHD turbulence in
a straightened-out coronal loop in a rectangular box have
been employed in a number of works. Many of these impose
a photospheric driver and then investigate its influence on
the coronal structure and heating. This is usually done by
prescribing a velocity field driving the magnetic field line
braiding at the boundary of the simulation domain. |Rap-
pazzo et al. (2008 12010| [2013) study braiding models in
reduced MHD with a prescribed velocity driver to mimic
photospheric flows. MHD turbulence is found to be respon-
sible for the transport of energy to small scales (Rappazzo
et al.||2008} |Buchlin & Velli [2007) where it is dissipated.
These studies propose a complex relation between driving
motions and resulting turbulent flows.

The first study of a straightened loop in full MHD was
conducted by |Galsgaard & Nordlund| (1996) and investi-
gated the response of an initially homogeneous magnetic
field to shearing motions at two boundaries. This has been
complemented by including stratification in a 2D simulation
(Galsgaard & Roussev|2002).

Instead of the energy transport into the corona, sev-
eral studies of straightened loops focus on the energy trans-
fer from the magnetic field to the plasma and investigate
the turbulent relaxation of a braided initial magnetic field
(Wilmot-Smith et al.[|2010] (2011} |Pontin & Hornig||2015]
Pontin et al.|[2016} |2017). Local instabilities in flux tubes
can trigger energy release by magnetic avalanches if the un-
stable flux tube disrupts neighboring threads (Hood et al.
2016; |Reid et al.|2018}2020).

The realism of the photospheric driving in previous
stretched-loop studies ranges from a simple shearing motion
as employed in|Galsgaard & Nordlund| (1996), to superpo-
sition of pulses recreating the observed coronal power spec-
trum used in|Pagano & De Moortel| (2019). Both shearing
and twisting motions are studied. In |Reale et al.|(2016) the
magnetic field is braided by random rotational motions. In
these simulations of straightened loops, photospheric foot-
point motions are assumed to occur on the length scale of
granulation. van Ballegooijen et al.|(2011) instead consider
transverse motions within a magnetic concentration on a
length scale smaller than the flux element to be responsible
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for coronal heating by Alfvén wave turbulence. De Moor-
tel & Galsgaard| (2006a/b) look at the interaction between
two flux tubes subjected to rotating and spinning motions,
whereas van Ballegooijen et al.|(2011) consider only a single
flux concentration. Thus it does not take the splitting up
and merging of flux elements that might play an important
role for the energy supply into account.

The cancellation of small-scale magnetic flux elements
with a dominant main polarity and reconnection at the loop
footpoints could play an important role for the energization
and mass supply of coronal loops (Chitta et al.|2017;|Priest
et al.|2018), but has not been considered in any of these
models. In particular, none of these models consider a re-
alistic boundary condition at the photosphere, where mag-
netoconvection self-consistently drives the energization of
the loop above. In previous straightened-loop studies, the
boundary of the simulation domain is located in the lower
corona or chromosphere, not including the physics of the
photosphere or convection zone where the actual driving
takes place. Additionally, mass transport between photo-
sphere, chromosphere, and corona and the interaction of
magnetic elements and flux emergence at the surface is not
considered.

We aim to study the internal structure of a loop and

its connection to the photosphere, while having a self-
consistent energy input into the corona arising from granu-
lar motion. Here we carry out simulations in full 3D MHD.
A large fraction of previous studies of straightened coronal
loops employ reduced MHD, which is not valid if the per-
turbation of the magnetic field becomes as strong as the
guide field, which is the case if turbulence develops in the
loop. In the framework of reduced MHD, the magnetic field
is assumed to be a superposition of a strong magnetic guide
field and a small perturbation perpendicular to the guide
field. In contrast to reduced MHD, we solve the complete
nonlinear system of MHD equations unrestricted by the as-
sumption that the perpendicular component of the mag-
netic field is small compared to the guide field (Oughton
et al.|2017).
Our model includes the photosphere and near-surface con-
vection zone. Including the upper layers of the convection
zone in the simulation domain self-consistently leads to
heating of the chromosphere and corona due to changing
magnetic structures at the loop foot-points. In contrast to
more idealized experiments studying one process in isola-
tion, with a realistic driver for the magnetic field multiple
heating processes are instead excited simultaneously. Ob-
servations point to coronal loops having a substructure be-
low the instrument resolution, which cannot be resolved in
models of a full active region. Such models can resolve only
a few 100 km (Warnecke & Peter|2019).

The structure of the paper is as follows. We describe the
methods and our loop model in detail in Sect.|2] analyze
heat generation, transport, dissipation, and loop structure
in Sect. |3} discuss our results in Sect. |4| and present con-
clusions in Sect.

2. Coronal loop model

In this section we describe our loop model, the code used to
conduct the numerical experiments, the simulation setup,
and employed initial conditions. In addition, we discuss the
driving at the photosphere and the synthesis of the EUV
and X-ray emission expected from the model. The loop is
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modeled in a simplified geometry as a straightened flux tube
in a Cartesian box spanning the space between two shallow
convection zone layers at its footpoints.

2.1. Equations and loop model

Radiative 3D MHD simulations are performed with the
MURaM code (Vogler et al.||2005), using the extension of
the code for coronal simulations by|Rempel (2017). We solve
the system of radiative magneto-hydrodynamic equations
on a Cartesian grid in the form (Rempel|2014}|2017):

op
XL =Y (), 1)
%Ltv = -V (pvv) = VP +pg(2)2 + F, +V -7
+ FsgR, (2)
OFup .
O — 9 fo(Brn + P+ 4B/|BI)] + pv - (6:(2)2)
+v-Fr, 4+ v Fsg + Qrad + Qthin
+ Qnum,res + v : (T : 'U), (3)
B
aa—t =V x (v X B) + Dpum res, (4)
0q 1 5
= — fsaraT??B/|B| - VT — q).
= ——(~fsuoT*B/|B|- VT ~q) 5)

The system of equations that is being solved consists of the
equations for the conservation of mass, momentum, and
energy as well as the induction equation and the equation
for heat conduction. p, v, P and B are mass density, ve-
locity, pressure, and magnetic field, respectively. See Sect.
for a definition of the gravitational acceleration gs(z)
and discussion of the loop model. F'sr is a semi-relativistic
correction term limiting the Alfvén velocity in order to al-
leviate constraints on the timestep by using an artificially
reduced speed of light (see Rempel |2017). The Lorentz

force F1, is computed as Fp, = %V . (BB— %IBz) +
(1 — fa)=(V x B x B). | is the identity matrix and the

prefactor fa =1/4/1+ (UTA) determines the transition be-

tween different treatments of the Lorentz force for high-
and low beta regions to avoid spurious field-aligned com-
ponents of the Lorentz force. Instead of the total energy
that would include also the magnetic energy, the plasma
energy FEyp is used, which is the sum of internal and ki-
netic energy: Eyp = Fing +O.5pf02. In order to maintain the
V - B = 0 condition, the code uses hyperbolic divergence
cleaning (Dedner et al.|2002).

The model includes gray local thermodynamic equilib-
rium (LTE) radiative transfer in the photospheric and chro-
mospheric layers as well as Spitzer heat conduction along
the magnetic field and optically thin radiative losses in the
corona. (Qyaq is the radiative heating or cooling computed
from LTE radiative transfer, while Qpnin denotes the opti-
cally thin radiative losses of the form Qqnin = —nenuA(T),
where n. is the electron density, ny the number density
of hydrogen nuclei, and A(T) is a tabulated loss function
(Rempel(|2017). ¢ - B/|B] is the field-aligned conductive
heat flux. 7 is the strain-rate tensor. The viscous force V- 7
arising from nonzero viscosity is added in the momentum
equation. The work done by the viscous term also leads
to a contribution in the energy equation of v - (V - 7) =

V- (r-v)—7:(Vv), where the second term on the right-
hand-side is the energy taken out of the kinetic energy reser-
voir and added to the internal energy by viscous heating.
Since the numerical scheme is conservative for the sum of
kinetic and internal energy, the viscous heating term is not
explicitly included in the energy equation. The energy re-
moved from the kinetic energy reservoir by viscous heating
is added to the internal energy reservoir and thus does not
lead to a net change in the sum Fjyt + Fyin-

Instead of explicit viscosity and a constant magnetic re-
sistivity, only numerical resistivity and viscosity are taken
into account in the simulations.The resistive heating is com-
puted from the numerical fluxes at the cell interfaces for the
magnetic field components. Instead of evaluating the strain-
rate tensor, the viscous terms are calculated in a similar
fashion from the fluxes for the velocity components. The
numerical fluxes are calculated from a slope-limited diffu-
sion scheme using a piecewise-linear reconstruction of the
variables at the cell interfaces (for details on the diffusion
scheme see |[Rempel|2014}2017). The behavior of the diffu-
sion is controlled by the parameter h, which, set to zero, will
lead to a second order Lax-Friedrichs scheme, higher val-
ues concentrate the diffusion around monotonicity changes.
Thus, the diffusivity of the scheme decreases with increas-
ing h. For the h parameter a value of h=2.0 was used in
the convection zone and photosphere. In the corona, a value
of h=1.25 was employed for the diffusion of mass, energy
and momentum. A value of h=5.0 was used for the mag-
netic field. For a value of h >1 the diffusivity is switched
off in sufficiently smooth regions and only kicks in around
discontinuities in the solution (Rempel||2014}|2017). This
leads to a nonuniform resistivity in the simulation box.
The resistive heating term Qnumres is then added in the
energy equation to account for conservation of energy. The
viscous heating is computed only for diagnostic purposes.
However, there is an energy flux due to numerical effective
viscous force, which is nonzero but very small compared to
the other terms. This viscous energy flux is added in the
energy equation for consistency. The values we chose for
the free parameter h correspond to the high Prandtl num-
ber setting in Rempel|(2017). As a consequence, the viscous
heating dominates over the resistive heating, especially in
the chromosphere and low corona. In the coronal part, the
viscous heating rate is roughly a factor of three higher than
the resistive heating rate. To close the system of equations,
we use an equilibrium ionization equation of state (Rempel
2017).

In order to avoid time step constraints from the nu-
merical treatment of the heat conduction and to speed up
the simulation, hyperbolic heat conduction as described
in |Rempel| (2017) is used to limit the maximum signal
propagation speed. ¢ is the field-aligned heat flux, the pa-
rameter fg,y is a factor taking into account the satura-
tion of the conductive heat flux and o is the constant of
the Spitzer heat conductivity, for which we use a value of
0 =107% ergem 's 7' K. Teona is a parameter chosen
to determine the maximum propagation speed of the heat
front.

Likewise, we use the Boris correction in order to limit
the Alfvén speed to 3000 km/s to avoid very small timesteps
(Rempel|2017). The Boris correction makes use of a semi-
relativistic treatment of the MHD equations with an artifi-
cially reduced speed of light, leading to an asymptotic limit
of the Alfvén velocity.
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Fig. 1. Sketch to illustrate the loop geometry.

The simulation box spans the solar atmosphere from the
upper convection zone through the photosphere to the hot
corona. The simulation domain is periodic in the x- and
y-direction and has a horizontal extent of 6 Mm x 6 Mm.
At both ends of the simulation box in the s-direction, there
is a photosphere and shallow convection zone driving the
plasma evolution in the loop. The depth of the convection
zone layer at each footpoint is 3.5 Mm and the extent of the
box along the loop axis is 57 Mm, leading to an effective
loop length of 50 Mm. Due to its length, it can be assumed
that footpoints of the loop at both ends are far apart (about
30 Mm in case of a semi-circular loop of the same length).
The simulation domain is covered by 100 x 100 x 950 grid-
points, giving a spatial resolution of 60 km. The grid is
equidistant. The current version of MURaM does not allow
for mesh refinement to better resolve the transition region
or photosphere. In later studies this resolution will be sig-
nificantly increased.

2.2. Loop geometry

The MURaM code was modified to allow for a simpli-
fied loop geometry. Here we define z as the geometrical
height above the photosphere and s as the coordinate along
the loop axis. The gravitational acceleration was modified
above the photospheric layer to account for the curved ge-
ometry of the loop assuming a semicircular shape. Only the
component along the loop axis, here in the s-direction was
considered,

5(2) = hphoto ) ' (©)

gs(z) =g¢g-cos | T——————
S() ( Smax_z'hphoto

Here we assumed a semi-circular loop with straight verti-
cal ends. The gravitational acceleration was modified above
the photosphere, below the solar surface a constant value
was assumed. Here, while hphoto is the height of the photo-
sphere measured from the bottom boundary of the sim-
ulation box, which we set to 3.5 Mm. The coordinate
s(z) = 0 x (/180 - R) is the arclength of the loop with
R being the loop radius. With a height of the convection
zone layer of 3.5 Mm and a loop length of 50 Mm, we have
a loop radius of ca. 15.915 Mm.

Smax 1S the total extent of the simulation box in the di-
rection along the loop axis, which is 57 Mm in our case.
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The setup and the relation between the height z and the
coordinate s along the loop axis are illustrated in Fig.
The component of the gravitational force perpendicular to
the loop axis can be neglected if the gravitational force is
negligible compared to the Lorentz force. This condition is
fulfilled for regions with low plasma-beta, defined as the
ratio of gas pressure to magnetic pressure 8 = £222 The

Pmag

condition 8 < 1 is fulfilled for the coronal part of the sim-
ulation box.

Both boundaries at the loop footpoints are located in
the near-surface convection zone about 3.5 Mm below opti-
cal depth unity. At these boundaries we allow for mass flux
across the boundary layer so that the shallow convection
zone can develop below the surface. The simulated layers of
the bottom of these shallow convection zone layers at both
ends of the loop are open for outflows (downward directed).
The entropy and pressure of the inflows through the bottom
boundaries is prescribed in order to fix the mass contained
in the box and the brightness of the solar surface.

Further adjustments were made to the radiative transfer
computation. The optical depth was integrated from both
sides of the loop from the boundary in the convection zone
upward in the direction of the loop apex. The incoming
radiation from each side was set to zero in the midplane
at the loop apex to ensure that the radiation coming from
the photosphere on one side does not heat the opposite
photospheric layer. In the coronal part of the computational
domain, only optically thin radiative losses play a role and
the plasma is not affected by the incoming radiation from
both footpoints.

2.3. Initial conditions

As a first step toward an initial condition we used a strati-
fied atmosphere in hydrostatic equilibrium. We started from
a shallow convection simulation without a corona, which
extends only 1 Mm above the surface. We define the loca-
tion of the photosphere as the height at which the horizon-
tally averaged optical depth is unity. The shallow simula-
tion box was evolved without a magnetic field until con-
vection reaches a statistically steady state. Subsequently, a
uniform axial magnetic field of 30 G was added and the box
was evolved for an hour. This corresponds to many con-
vective turnover times and several Alfvén crossing times.
This should ensure that the solution becomes independent
of the initial condition. During this time, the magnetic field
is advected into the intergranular lanes due to convective
motions. The magnetic field is concentrated in flux tubes of
kilogauss strength. The average unsigned surface magnetic
field is amplified by the convection to roughly 70 G, which
corresponds to a weak plage region.

To get the initial condition for the coronal loop model,
we took a shallow box of near-surface magnetoconvection,
duplicated it, flipped the polarity, and stitched these two
boxes together with a long coronal part. The shallow
rectangular box formed the loop footpoints at both
boundaries and a hot corona was added between the two
photospheric layers. Before that, a small random velocity
was added to each gridpoint for one of the shallow boxes
to ensure an independent evolution of the plasma in the
box and therefore of the magnetic field at each footpoint.
As initial condition in the coronal part, we chose a plane
parallel atmosphere. We prescribed an initial temperature
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profile following a hyperbolic tangent in each loop leg with
a maximum temperature of 1 MK at the loop apex. The
temperature profile is symmetric to the loop midplane.
Density and pressure were then calculated from the
temperature profile under the assumption of hydrostatic
equilibrium. The setup was evolved for another hour in
order to become independent of the initial condition.

Some important effects have been neglected in this
setup, such as the expansion of the loop with height above
the chromosphere. A study of the effect of loop geometry on
heating is conducted for 1D models in|Miki¢ et al.| (2013).
For loop models with nonuniform cross-section, the authors
find a higher density at the apex and a higher pressure at
the coronal base, which leads to an increased emission in
EUV compared to the model with a uniform cross-section.
This is due to an increased maximum heat flux into the loop
for the nonuniform cross-section models leading to larger
radiative losses in the transition region. Since the temper-
ature at the apex is roughly the same for both the uniform
and the nonuniform area models, the density at the apex
is enhanced for the expanding loop models. Therefore, we
expect our model to underestimate the loop density and
hence the coronal emission.

2.4. Magnetoconvection in the bottom layers

The simulation is driven by magnetoconvection. Fig.
shows the vertical magnetic field B, at unity optical depth
at 500 nm, (r) = 1, for both photospheric layers at each
footpoint of the coronal loop. Magnetoconvection concen-
trates the magnetic field in flux tubes at the vortices of
granular downflow lanes (Rempel||2014)). These magnetic
elements with kilogauss field strengths have widths of sev-
eral tens to hundreds of kilometers. Blue contours in Fig.
highlight several flux tubes with |B,| > 1000 G.

In addition to displacement of the flux concentrations
by convective motions, transverse motions occur within flux
elements on length scales smaller than the flux element
(van Ballegooijen et al.|2011| [Moll et al.|2012;|Yadav et al.
2020a}, |2021). Observations do point to such internal mo-
tions (Chitta et al.|2012)). This is possible because the flux
tubes are surrounded by turbulent convective downflows.
Flux elements are not only displaced as in the flux tube
tectonics model by |Priest et al.| (2002), but also deformed
and field lines rooted within them are intermixed. Fig.[2]is
supplemented with a movie showing the time evolution of
the photospheric magnetic field. Small-scale footpoint mo-
tions within the kG flux tubes have an rms velocity around
2 kms~!. The rms velocity of photospheric motions away
from flux concentrations is larger, about 3 kms~!. The in-
ternal motions within a flux tube are comparable to the
setup by [van Ballegooijen et al.| (2011). Instead of being
prescribed at the boundaries, the driving of each loop foot-
point at the coronal base thus arises self-consistently from
magnetoconvection.

2.5. Synthetic emission

In order to compare our loop model to observational data,
we computed synthetic observations as would be seen in
EUV and X-ray emission. To characterize emission from the
corona around 1 to 2 MK we synthesized the EUV channels

of the Atmospheric Imaging Assembly (AIA; |Lemen et al.
2012). For the synthesis of X-ray emission we used the re-
sponse for the Al-Poly filter of the X-Ray Telescope for the
Hinode Mission (XRT; |Golub et al.||2007). The emission
is dominated by collisionally excited lines. In case of XRT
there is also a contribution from the X-ray continuum. Thus
the emission is proportional to the product of electron and
hydrogen number density and the energy loss per time and
unit volume is given as

e =nengK(T), (7)
where K (T) is a kernel given by the contribution function
of the lines and continua in the bandpass accounting for
the effective area of the instrument. These kernels for ATA
are given in|Boerner et al.|(2012), and [Lemen et al.| (2012).
For XRT, the kernels for the different filters are given in
Golub et al.| (2007). Here we used these kernels as they
are provided through the SolarSof package for ATA and
XRT. We computed the emission from the temperature and
density in each gridpoint of the output data. The synthetic
observations were then obtained by integrating along the
line of sight perpendicular to the loop axis:

F= /nenHK(T)dx. (8)

3. Results

In the following sections, we discuss the general proper-
ties and time evolution of the loop, the injection of energy
into the upper atmosphere, its dissipation, and the result-
ing overall structure and dynamics of the loop. We also
synthesize observables from the simulation data.

3.1. Overall behavior

The simulation setup is illustrated in Fig. [3|] The snapshot
displayed is the same as in Fig.[2] The vertical component
of the magnetic field is plotted in two cuts at the heights of
each photosphere. Magnetic field lines were traced from the
location of strong photospheric magnetic field. The field line
bundles reveal an internal twist of the loop caused by pho-
tospheric motions. Panels b) and ¢) show a volume render-
ing of density and temperature, respectively. A contiguous
substructure with locally enhanced temperature and den-
sity develops in the coronal part of the simulation box and
is aligned with the magnetic field. A close-up of the loop
footpoints is shown in Fig The fieldlines were traced from
locations with increased magnetic field in the lower corona
to the photosphere. The magnetic field is mainly rooted in a
few strong magnetic elements. At both footpoints, the mag-
netic field lines show signs of internal twisting and braiding
within a single magnetic concentration.

The time evolution of the averages of coronal tempera-
ture, electron density, and heating rate is displayed in Fig.
All quantities were averaged over the coronal part of the
computational domain, which is defined here as the part
of the simulation domain with densities below 10712 g/cm3
or particle densities below 5.98 x 10*! cm~3. All quantities
show oscillatory behavior with periods of several minutes.
The total heating rate, which is the sum of viscous and
resistive heating, shows several strong heating events at

! https://www.lmsal.com /solarsoft /
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Fig. 2. Vertical magnetic field at the photosphere at both loop footpoints at the depth where () = 1. The snapshot was taken at
t = 24.34 min. The red arrows show the magnitude of the horizontal velocity at the photospheric level (see legend at top right).
The blue contours indicate regions with |B,| > 1000 G. The green triangles mark the footpoints of the fieldline investigated in
Sect. For a discussion of the initial condition for the magnetic field see Sect. A movie is available online.
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Fig. 3. Simulation setup. (a) Example magnetic field lines in the simulation box traced from locations with strong magnetic field.
The vertical magnetic field is plotted on a horizontal cut at the average photospheric height. (b) Volume rendering of the loop
temperature in K. (c) Volume rendering of the loop density in gcm 3. The s-axis (along the loop) has been compressed by a factor
of two for better visibility.
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Fig. 5. Averaged quantities in the coronal part of the simulation
domain as a function of time. We define t=0 s as the time when
we start collecting snapshots after the simulation extended to
the coronal part has run for an hour of solar time. Panel (a)
shows the temperature, panel (b) the electron density and panel
(c) the sum of viscous and resistive heating. All quantities have
been averaged over regions with densities below 1072 g/cm?.
The vertical dashed lines highlight several strong heating events.
For a discussion of the time evolution see Sect. and

37.7 min, 62.2 min and 65.3 min. The heating rate is in-
termittent, energy is injected in pulses of varying duration.
Longer heating events with lifetimes of five to ten minutes
are superposed with short spikes of a duration on the order
of seconds to minutes.

This is qualitatively consistent with the results of
\Bingert & Peter| (2013) for a global active region simula-
tion, where they find heating transient in time and space
with pulses having a duration of a few minutes up to half
an hour. Their study, however, is conducted with a lower

Fig. 4. Close-up of the footpoints of the loop
shown in Fig. |3| Magnetic field lines are traced
from regions of enhanced magnetic field at a
height of 2 Mm above the photosphere. The colors
show the fieldline seed index.
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Fig. 6. Normalized intensity integrated over the coronal part of
the simulation domain as a function of time. The vertical dashed
lines highlight the same strong heating events as in Fig. [5| For
a discussion of the time evolution see Sect.[3.1] and [4.1]

resolution of 390 km in the x- and y-direction and 240 km
in the z-direction.

Bursty heating, which occurs on shorter timescales than
the temperature evolution, is also found by [Reid et al.
lb for a simulation of an MHD avalanche in three
twisted magnetic field threads triggered by a local insta-
bility. Once the system reaches a continuously driven state,
it continues to generate short bursts of heating superposed
on a continuous background heating rate.

Over a simulation time of one hour, the mean temper-
ature varies from 1.3 to 1.8 MK. We find mean electron
densities on the order of 5 x 10° cm™ in the corona. After
the heating events at 37.7 min and 62.2 min, the coronal
temperature shows a steep increase. Between 60 min and
70 min the electron density increases roughly by a factor
of 1.5, reaching a peak with a delay of five minutes after
the temperature peak at 62.2 min. The mean temperature
reaches its maximum value at 38 min and decreases to a lo-
cal minimum value over a timescale of a quarter of an hour.

In response to an increase in temperature and density,
the loop brightens in EUV and X-ray wavelengths. A time
evolution of the normalized emission in the coronal part of
the loop in the 171, 193, and 211 A bands as well as in the
Al-poly filter of XRT is shown in Fig. |§| After the heating
event at 37.7 min, the loop brightens up in the X-ray band
first. As the loop cools, the increase in X-ray emission is fol-
lowed by peaks in the 211, the 193, and the 171 A channel,
which are sensitive to emission from plasma at subsequently
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lower temperatures. Further peaks in the emission appear
after the heating events at 52 min, 62.2 min, and 65.3 min.

3.2. Poynting flux and heating

In this section we discuss the energy input and heating. We
start with briefly outlining the field line tracing method
and follow this with a discussion of energy injection as well
as dissipation along an individual field line in time. We
then present a description of the spatial distribution of the
injection of Poynting flux into the loop, the resulting loop
structure and the development of current sheets.

3.2.1. Field line tracing

In order to relate heating events to energy influx from the
photosphere, we followed a set of magnetic field lines in
time and space. The field lines were integrated in space
from randomly chosen seed points at the apex using a 4th
order Runge-Kutta algorithm. We followed each field line
in time by assuming that the magnetic field and the plasma
are frozen together because of the high electric conductiv-
ity. The seed point chosen to lie on the midplane of the loop
(that is, the loop apex) was advected with the velocity field
of the plasma. The updated field line at the next time step
was traced from the updated location of the seed point,
then the intersection of the new field line with the mid-
plane of the simulation box was used as the new seed point
to be advected in the subsequent timestep. To show results
for one sample fieldline, we selected an individual field line
connected to plasma reaching a temperature of several mil-
lion Kelvin at the loop apex. This field line was found to be
anchored in the kilogauss magnetic concentrations at each
loop footpoint.

3.2.2. Behavior of an individual field line

We now investigate one selected field line to illustrate the
changes along field lines in time. The temperature at the
apex of this field line reaches values of up to 4.0 MK, thus
the selected field line is connected to one of the hottest
strands within the loop. The Poynting flux to heat this
strand originates from both footpoints. The preferred di-
rection of the Poynting flux at each footpoint is upward
into the loop (red on the left side, blue on the right side
in Fig. . The values of various coronal quantities inter-
polated along the selected field line in form of a spacetime
diagram as a function of arclength along the field line and
time over a time range of 35 minutes are displayed in Fig.
B

The Poynting flux in the loop shows periodic behavior.
While this period is difficult to see by eye in Fig 8c, or in
Fig 9, a Fourier analysis of the (mean) axial Poynting flux
shows a clear enhancement of power for periods between 30
s and 50 s. This timescale corresponds to the Alfvén crossing
time through the coronal part of the loop. The spacetime di-
agram shows bursty intermittent heating distributed along
the field line as a response to the energy influx. Between
t = 35 min and ¢ = 55 min a number of strong short-lived
heating events occur, which cause the field line to heat up.
A clear increase in temperature is seen in panel (b) after
t = 35 min. Following the onset of the heating, the electron
density shows filling of the loop with plasma.
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The evolution of the same quantities at the apex of the
selected field line is shown in Fig. [9] The Poynting flux in
the selected time range stems predominantly from the left
footpoint. While the temperature reaches its maximum be-
tween 17 and 20 minutes and subsequently decreases, the
electron density continues to rise in response to the upflows
from the footpoints. The two strongest Poynting flux events
are associated with a dip in the electron density and sub-
sequent increase. Both are closely followed by spikes in the
total heating rate. While especially longer heating events
lead to higher temperatures, some strong but short events
are not associated with an increase in temperature, for ex-
ample the first event marked by a vertical line in Fig. @

It is not straightforward to determine a preferred lo-
cation of energy deposition in the corona. Regions of the
highest level of volumetric heating are concentrated mainly
near the footpoints in the chromospheric parts of the loop.
The coronal part of the field line shows several strong iso-
lated heating events, but moderate heating occurs along
the whole length of the field line. Overall, there seems to
be no preferred spatial location for heating in the corona
apart from a slight increase in the number of strong local-
ized heating peaks in the upper parts of the loop, which is
consistent with |Reid et al.| (2020).

We find instances at which the Poynting flux injected at
one footpoint reaches the chromospheric layer at the other
footpoint of the loop, for example at ¢ = 38 min (see ar-
row 1 in Fig. , but at the same time find evidence for
the Poynting flux being dissipated in the atmosphere be-
fore reaching the opposite footpoint of the loop, thereby
heating the plasma. One example is shown at ¢ = 48 min
where Poynting flux is injected into the loop from both
sides and dissipated near the loop apex, leading to a strong
heating event (see arrow 2). Reflection of Poynting flux at
the opposite transition region due to the steep gradient of
the Alfvén velocity in the lower atmosphere cannot be ex-
cluded. We do not see possible reflection events every time
the Poynting flux reaches the chromosphere at the opposite
side of the loop, instead the Poynting flux seems to be ab-
sorbed by the denser material in the lower atmosphere in
most cases.

Several reconnection events take place along the field-
line during the time covered in Fig. In the time range
from ¢ = 35 min to 50 min, when the highest tempera-
tures and the strongest Poynting flux input along the field
lines are observed, the field line is connected to the interior
or the edges of the kilogauss flux tubes where plasma is
pushed into the downflow lanes at least at one footpoint.
The largest Poynting flux is seen for a combination of the
field line being connected to a region with high magnetic
field and strong horizontal flows at the photospheric level.

It is not trivial to follow the field lines in time because
they do not retain their identity over a long time range.
Similar to the simulation of |[Reid et al.|(2018), the field line
undergoes frequent reconnection events with neighboring
field lines. Furthermore, in the numerical model the frozen-
in condition is not strictly fulfilled due to a finite resistiv-
ity, so that the field line can slip through the plasma. Due
to numerical inaccuracies, the field line tracing algorithm
can jump to a neighboring fieldline. The algorithm becomes
structurally unstable near reconnection regions, where field
lines cannot be clearly defined. The arrow (3) in Fig.
at time t=35.1 min indicates a possible reconnection event
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Fig. 7. Volume rendering of the axial component of the Poynting flux in the Solar atmosphere in a given snapshot at time
24.34 min. The Poynting flux directed in the positive s-direction (that is, from left to right in this figure) is shown in red and the
Poynting flux directed in the negative s-direction is shown in blue. The s-axis is defined as the coordinate along the loop axis. The
range of the color scale is —1 x 10® to 4+1 x 10® erg cm? s~*. The figure shows the volume encompassing chromosphere and corona
between the two photospheres, one at each footpoint. See Sect.mg

identified by discontinuities in density and a strong increase
in heating rate along the field line.

3.3. Loop structure

The magnetoconvection at the solar surface distorts the
magnetic field. Photospheric motions such as divergence,
shear, and rotation tangle the magnetic field lines. This
leads to a Poynting flux into the upper Solar atmosphere.
Figure shows a volume rendering of the axial component
of the Poynting flux entering the loop from the photospheric
layer at each footpoint. The resulting Poynting flux has a
complex structure of oppositely directed strands in close
proximity. The Poynting flux varies on short timescales. In
our model we find that the axial component of the Poynt-
ing flux associated with transverse flows dominates over
the contribution by vertical motions carrying the horizon-
tal magnetic field. The entanglement of strands of Poynting
flux suggests braiding of the magnetic field.

The distribution of temperature and density across the
loop is highly inhomogeneous. Fig. and Fig. show
cuts through the simulation box. Fig.[10|reveals a complex
structure of the loop cross-section at the loop apex.

Several regions of enhanced Poynting flux are visible in
panel (f) of Fig. A complex structure of strong thin
current sheets has formed in the loop This is consistent
with the well-known scaling relations (for example Rosner
et al.|1978) that predict higher temperature and density in
the case of increased energy flux into the loop (for example
Egs. 3 and 4 of |Peter et al.|2012). Tracing back magnetic
field lines from the loop apex shows that the hottest regions
are connected to the interior of magnetic concentrations.

In our model, we find the loop to form numerous strands
all along the loop, creating clearly discernible substructures.
This is in contrast to|Reale et al.|(2016) who find only one
smooth homogeneous hot and dense structure in their nu-
merical model. Instead, in our model the loop consists of
individual filaments exhibiting a wide range of tempera-
tures in the midplane from 0.9-4 MK and electron densi-
ties from 1 x 108 ecm™3 to 5 x 10® cm™3. The top panel of

2 The unit abampere per square centimeter (biot cm72) corre-
sponds to 1 x 10°A m~2 in SI units and to ¢ stA cm™2 in the
CGS-ESU system, with ¢ being the speed of light. (see panel
(g)) in Fig.|10). The regions with increased Poynting flux show
enhanced temperature. The location of the hottest plasma fila-
ments does not exactly coincide with the highest plasma densi-
ties, but the hot regions show enhanced densities.

Fig. shows that the temperature is enhanced in numer-
ous strands spanning the entire loop length. Likewise, the
electron density is increased in structures with a width of
several hundred kilometers in the coronal part of the loop.
We speculate that we find substructures in our simulation
because of the significantly lower diffusivity of our numer-
ical model compared to |Reale et al.|(2016). Alternatively,
it might be that |[Reale et al.  (2016) do not find substruc-
tures in the loop because they apply a smooth driving at
the footpoints.

Up- and downflows occur within the loop structure at
the same time along different strands within the loop. Fig-
ure|10|e) shows two regions with oppositely-directed flows
in the midplane, seen clearly as patches colored in red and
blue. In each region the plasma is moving predominantly in
one direction along the loop axis. As illustrated in Fig.
we find cool and dense upflows with a temperature around
10* K into the corona with a width of several hundred kilo-
meters and velocities of 10 to 30 km s~! while low-density
plasma in the coronal part of the loop at temperatures
at and above 1 MK can reach axial velocities of over 50
km s~!. Structures of cool plasma extend up to several
megameters above the solar surface. These jets, however,
are too slow to be type II spicules (de Pontieu et al.|2007).
The upflow velocity, however, is compatible with typical
speeds of type I spicules of 10-20 km s~!. We do not ex-
pect to accurately simulate Type II spicules due to the low
resolution of the chromosphere and transition region. Addi-
tional physics may also be required; for example, ambipo-
lar diffusion is necessary to generate spicules in simulations
with the Bifrost code (Martinez-Sykora et al.|2017).

3.3.1. Current sheets and heating rate

The current sheets resulting from the footpoint motions
are elongated along the loop axis (see Fig.|12). Many of
the current sheets are stretched all along the Toop, roughly
aligned with the magnetic field. This is similar to the cur-
rent sheets in the straightened-loop simulations by [Rap-
pazzo et al.| (2017) and the simulation of a stable active
region by (Bingert & Peter|2011). Due to the approximate
alignment with the magnetic field, the inclination of the
current sheets points to fieldline braiding. In agreement
with findings of those earlier studies, we see that the tem-
perature profile follows predominantly the concentrations
of the current.
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Fig. 8. Spatio-temporal evolution along a field line with the arclength of the field line on the abscissa and time on the ordinate.
The quantities shown are electron density (a), temperature (b), axial component of the Poynting flux (c), and total heating rate
(d). Temperature and heating rate are scaled logarithmically. Positive Poynting flux (red) indicates energy propagating in the
direction of increasing arc length (to the right), negative Poynting flux (blue) is in the opposite direction. The seed point from
which the field line is traced is advected in time with the plasma velocity. The arrows mark locations of Poynting flux reaching

the opposite chromosphere (1), dissipation (2), and reconnection (
containing the strongest heating event at 37.7 min depicted in Fig.

The relation between the heating rate arising from nu-
merical diffusivity and current sheets is nontrivial. A com-
parison between the numerical heating and the current
sheets computed from the magnetic field is shown in Fig.
The cuts through the x-y-plane in panels (a) and (b) show
that clearly the temperature is enhanced where most energy
is deposited. The energy dissipation term is numerical and
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see Sect.m For clarity, only the part of the time series
is shown.

3),

tailored to act only in locations with the largest gradients,
as we pointed out in Sect. 2.1 and as described in more
detail by . Here we show the total (numeri-
cal) heating rate, that is, viscous plus resistive. The spatial
distribution of these two components is very similar, with
(for this snapshot) the viscous heating being about a factor
of 5.4 stronger than the resistive term in the coronal part.
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Fig. 9. Time evolution of various quan-
tities at the intersection of the field line
shown in Fig.with the loop apex. The red
dashed lines mark the two strongest Poynt-
ing flux events, while the green dotted lines
mark the six strongest heating events, see
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Fig. 10. Cut through the loop at the apex (cross section perpendicular to the loop axis). (a) Temperature; (b) Electron density;
(c) Magnitude of the velocity perpendicular to the loop axis; (d) emission in the 211 A channel of AIA, (e) Axial component of
the velocity; (f) Axial component of the Poynting flux; (g) Axial component of the current density, (h) emission as seen with the
Al-poly filter of XRT. The black arrows illustrate the horizontal velocity field. The yellow box highlights the location of a vortex
with enhanced temperature and density. The snapshot was taken at t = 41.02 min. See Sect.[3.3]

With the heating being defined through a numerical proce-
dure, we cannot expect an exact one-to-one correlation to
the currents, or more precisely the currents squared. Still,
comparing panels (b) and (c) we see that mostly threads of
enhanced currents and enhanced (numerical) heating rate
coincide. This is underlined by panel (d) that shows that
there is a correlation between the two quantities, albeit with
significant scatter.

The evolution of the loop is dynamic, current sheets con-
tinuously form and dissipate. Variations can be seen on a

timescale down to seconds, though not shown in Fig.
While the current sheets evolve on a short timescale, the
evolution of the heated plasma filaments occurs at a slower
rate. The evolution of the temperature of individual heated
filaments occurs on time scales >5 min because of the longer
cooling time scales through heat conduction and radiation.

The location of the current sheets is associated with
strong horizontal flows as can be seen in panels (¢) and
(f) of Fig.[10] We find the formation of multiple small-scale
current sheets, which are continuously formed and fragment
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Fig. 11. Axial cut through the simulation box. From top to bottom: Temperature, electron density, axial component of the velocity.

For a discussion see

Fig. 12. Volume rendering of the current density squared in the computational box. The range of the color scale is from 4.8 x 10~2*
to 8 x 1077 biot? cm ™. See Sect.

into smaller parts. The observed range of scales of the cur-
rent sheets extends down to the dissipation scale, indicating
turbulent behavior (Hood et al.|2016).

The substructure of the loop is often organized in swirls.
These are best seen through the velocity component per-
pendicular to the loop. In Fig.c we show a cut at the loop
apex that shows one prominent swirl (highlighted by the
box). Swirling motions in the lower atmosphere due to rota-
tional motions at the solar photosphere have been reported
in observations and simulations. They have been related to

heating in locations of shear flows (e.g., |Wedemeyer—B6hm|

et al.||2012; ' Wedemeyer & Steiner|2014} Moll et al.[2011]
2012} |Yadav et al|[2021). Here we now see such swirls to
extend all the way into the corona where they can still be
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found at the apex of a coronal loop at a height above the
photosphere of 16 Mm. A detailed analysis of these struc-
tures will be presented in a subsequent paper.

Likewise, we find these swirls to show an increased tem-
perature as illustrated in Fig.a which shows a rotating
structure with a width of 2 Mm in the loop midplane (see
yellow box). Current density, temperature, and Poynting
flux are all enhanced at the outer edge of the swirl (pan-
els (a), (e), (g)). Currents building up at the edges of flux
tubes due to the shear caused by the velocity gradient were
studied before in De Moortel & Galsgaard, (2006a), but in
our model these swirls are driven self-consistently by the
near-surface magnetoconvection. The rotating swirl is also
clearly visible in the EUV emission at 211 A and in X-rays
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(see Fig. and h. While it appears bright in X-rays, in
the EUV it is darker than the surrounding loop. This is also
the case for the other swirls in the loop cross-section. This
is because in this swirl the temperature exceeds 2 MK (Fig
8a) and it thus is too hot to emit in the 211 A channel of
ATA. With X-rays being sensitive to higher temperatures,
these then show a significant brightening. The role these
vortices play for coronal loop heating will be subject to a
separate study.

Motions perpendicular to the magnetic field are mainly
responsible for carrying energy upward into the corona. In
our model we find that this s-component of the Poynt-
ing flux (along the loop axis) dominates the contribution
by vertical motions carrying the horizontal magnetic field
(in the = and y directions). Rotating motions that extend
upward in nearly vertical vortices are common in the in-
tergranular lanes, but other driving motions such as shear
motions are equally possible. Figure shows a 2D his-
togram of the temperature, total heating rate, and squared
current density at the loop apex as a function of the ve-
locity perpendicular to the loop axis. This is generally in
agreement with|Yadav et al.| (2020a||2021), although their
simulations do not reach into the corona. The total heat-
ing rate is the sum of resistive and viscous heating. An
increase of the heat input results in an immediate tempera-
ture increase and thus an increase of coronal emission. Con-
sequently, we find a positive correlation between the coro-
nal emission and the velocities perpendicular to the loop.
We find that increased heating rates, current densities, and
plasma temperatures are clearly associated with higher per-
pendicular velocities. The temperature is enhanced at the
location of current sheets created by velocity shear. What
one has to keep in mind is that due to the low plasma beta

-15.5

(c) Squared current density; (d) 2D histogram of
the total numerical heating rate vs. the squared
current density.

of 7 x 1073 the Lorentz force will dominate over the gas
pressure and the plasma dynamics in the corona are driven
by the magnetic field, which follows vortical photospheric
flows, not the other way around. The correlation we find
between emission and LOS-velocity (panel (d)) in Fig.
is consistent with the observed correlation between line in-
tensity and nonthermal broadening (e.g.,
|P0ntieu et al.||2015b. We do not see an instantaneous corre-
lation between a peak in the heating rate and the density
(Figs.and Fig.|9). A temperature increase, however, leads
to chromospheric evaporation and thus a delayed increase of
the loop density. The data have been averaged over 15 min-
utes of solar time before computing the histograms, so that
delayed effects of the heating are also taken into account.
The parts of the loop with increased heating are eventually
filled with higher-density plasma and brighten in the X-ray
band.

3.3.2. Isotropy of the velocity amplitude

The velocity components perpendicular to the loop axis
have different properties compared to the velocity parallel
to the loop axis. The perpendicular velocity is structured
on small scales like the currents and is driven by the tur-
bulent motions of the magnetic field. The parallel velocity
is structured on larger scales and driven in response to the
evaporation of plasma along the guide field due to heating.
The distribution of the magnitude of the velocity compo-
nents, however, is nearly isotropic. We find velocities in the
corona perpendicular to the loop axis with an amplitude of
up to 80 km s~!. The flows along the loop axis have a sim-
ilar amplitude. However, comparing the spatial structuring
of the perpendicular and the axial flows (Fig. and e re-
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veals that in general the axial flows are organized on larger
spatial scales (across the loop) ranging from several hun-
dred kilometers up to 2 Mm.

This is in contrast to|Pontin et al.| (2020), whose loop
models lack the dynamics along the guide field because they
do not include the interaction with the chromosphere and
thus evaporation of plasma that drives the parallel flows.
Hence, [Pontin et al.| (2020) find a strong deviation from
isotropy with the axial speeds being much smaller than the
flow speeds perpendicular to the loop axis.

3.4. Synthesized emission

To compare our loop model directly to actual observations
by, for example, ATA or XRT we derived the emission from
the model as these instruments would observe it. For this we
employed the procedure described in Sect. The average
loop temperature ranges from 1.3 MK to 1.8 MK as can be
seen in Fig.[5| Consequently, the emission corresponding to
the ATA 171 A channel is very much concentrated at the
footpoints, with negligible emission in the upper part of the
loop compared to the footpoints as shown in panel (a) of
Fig. This is very similar to the moss emission observed
at the footpoints of hot loops (e.g.,|de Pontieu et al.|[1999|
Berger et al.||1999). In this sense the loop we study here
represents a hot loop with moss emission at its footpoints.
Consequently, to investigate the substructure of the loop
in the corona we employed an ATA channel showing hotter
plasma and X-rays. For the AIA instrument we chose to
focus on the 211 A band, which is sensitive to emission
from plasma with a temperature near 2 MK.

The plasma in our simulation reaches temperatures of
three million Kelvin or more in the coronal part of the
simulation domain, with the peak temperature being 5.2
MK. Plasma at these temperatures emits mainly in the
X-ray part of the spectrum. The synthesized emission for
the 211 A band and the X-ray emission is shown in Fig.
115b and c, respectively. The emission in both wavelength
bands displays a clear substructure with several bright slen-
der strands running almost from footpoint to footpoint.

The emission computed in the AIA bands is significantly
stronger near the footpoints where the plasma is colder and
denser than in the upper atmosphere. The AIA 211 A emis-
sion near the footpoints shows multiple bright thin features
that show heated dense low-lying plasma. A future study
will have to show to what extent these are low-lying fea-
tures separate from the coronal part of the loop, or if these
are actually a signature of small-scale heating events in the
low part of the loop that contribute (significantly) to the
energization of the corona as a whole.

Discrete strands are visible both in the 211 A chan-
nel and in X-ray. To illustrate the fine structure of the
loop emission, Fig.shows a cut through the line-of-sight
integrated emission for both filters. We applied a multi-
Gaussian fit to the cross-sectional cuts to determine the
full width at half maximum (FWHM) of the strands. This
FWHM in the range of of 290 to 1200 km for the strands
in the 211 A channel and 370 to 1300 km for the strands
in X-ray emission. This is consistent with typical strand
widths observed by Hi-C (e.g.,Brooks et al.|2013} Williams
et al.||2020b). Also, the finding that the structures appear
broader at higher temperature is consistent with observa-
tions that show structures at higher temperatures to be-
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come more fuzzy (e.g., Tripathi et al.|2009). The lifetime of
the strands is 3 to 20 minutes.

When comparing the artificial emission to observations,
we need to take into account the pixel sizes of the instru-
ments, which differ from the pixel size of our simulation.
The AIA instrument has a plate scale of 0.6” per pixel
(and a resolution of about 1.4”). On the Sun near disk cen-
ter this corresponds to a pixel size of 450 km. For XRT the
plate scale is 1" per pixel (corresponding to 725 km) at a
resolution of about 2. We resampled the synthesized emis-
sion to the instrument plate scale. For simplicity we did not
convolve with the point spread function, which should be
sufficient here for illustrative purposes. The count rates for
a patch of neighboring pixels of the numerical model, which
correspond to the instrument plate scale, were summed up.
While individual strands are still visible in parts of the loop
for AIA, discerning different strands is more difficult for
XRT which has a coarser resolution. The resampled syn-
thesized emission is displayed in panels (d) and (e) of Fig.
For XRT the emission shows two main structures, a
bright wide strand and a dimmer narrow strand. For the
decreased resolution, only the widest strand is clearly dis-
tinguished from the background, while the dimmer strand
is only visible in parts of the loop and appears to be par-
tially merged with the larger strand. For the emission in
the 211 A channel, the four main strands that appear in
the undegraded emission are still distinguishable, although
not along the whole length of the loop. The substructure
on scales of a few hundred kilometers that is shown in the
perpendicular cut in Fig. is not resolved.

4. Discussion

In this section we cover the source of the energy injection
into the corona in our simulation, the formation of current
sheets in the loop, the relation between the photospheric
driver and flows in the hot corona, energy input by global
loop oscillations, and, finally, predictions for observation
of the simulated loop with AIA and XRT. We compare
our results to previous models of straightened loops and
observations.

4.1. Poynting flux and heating

Convective motions lead to the deformation of magnetic
concentrations that twist and shear the magnetic field. As
the main source of the heating we find photospheric mo-
tions within elements of strong magnetic flux concentrated
in the intergranular downflow lanes, rather than braiding
due to horizontal motions of magnetic features relative to
each other. We observe rotational motions of the plasma
within the magnetic concentrations that lead to rotation
and twisting of traced magnetic field lines. The small-scale
horizontal motions within the magnetic patches and the de-
formation of the patches lead to an upward directed Poynt-
ing flux into the loop. The magnetic field lines connected to
hot patches in the corona are mainly anchored in parts of
the intergranular downflow lanes which show both strong
magnetic fields and increased horizontal flows (see, for in-
stance, the footpoint of field line in Fig.. Rotational mo-
tions have also been found in simulations by [Wedemeyer-
Bohm et al.|(2012);|Moll et al.|(2012);|Shelyag et al.|(2013);
Yadav et al.|(2020b)); |Battaglia et al.|(2021). The Poynting
flux is injected into the coronal loop from both footpoints.
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Fig. 14. 2D histograms of the temperature, total heating, squared current density, and X-ray emission at the apex vs. the velocity
perpendicular to the loop axis. The X-ray emission has been computed to correspond to what XRT on Hinode would measure.
The quantities have been averaged over a time range of 15 minutes. See Sect.
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Fig. 15. View of the simulated loop from the side as seen in EUV and X-ray observations. Panels (a) to (c¢) show the view at
the original resolution of the numerical model, panels (d) and (e) the images downsampled to the plate scale of the instruments.
From top to bottom: Synthetic emission for the 171 A and 211 A AIA bands integrated along the y-axis, emission as would be
measured with the Al-poly filter of XRT, degraded synthetic emission in the 211 A band taking into account the pixel size of the
ATA instrument of 0.6”, degraded emission for XRT with a pixel size of ~ 1”. The synthetic emission has been integrated along
the line of sight perpendicular to the loop axis. See Sect.

Article number, page 15 of 19



A&A proofs: manuscript no. paper

a) AIA211A I
13 4 4.5

12 4 4.0 1

3.5 1
114

3.0 1
10

counts [DN pix s]
counts [DN pix s]

2.5

2.01

XRT Al - poly
Fig. 16. Cross-sectional cut of the

loop in coronal emission. The gray
thick lines show cuts at the apex
of the loop as displayed in Fig.
for AIA 211 A and XRT at the orig-
inal resolution. To quantify these
cross-sectional cuts we show multi-
Gaussian fits with a constant back-
ground in each case. The individual

V 1.5 4

N Gaussians of the fit are shown in

It is dissipated throughout the corona without a preferred
location in the coronal loop.

We find a "bursty" heating profile along individual field
lines that strongly varies on short timescales and small spa-
tial scales (see Sect. . Heating events are of short du-
ration and distributed throughout the atmosphere. While
heating can occur along the full length of a field line, strong
heating events appear to be more localized. Both Poynting
flux and heating rate fluctuate strongly in space and time.
We find that strong Poynting flux events at a point along
the field line (here chosen to be the apex) are associated
with or closely followed by an increase in the heating rate
and a delayed increase in density along the studied fieldline,
consistent with chromospheric evaporation (see Fig.@[).

Peaks in the total heating rate are superimposed on con-
tinuous background heating. Bingert & Peter|(2011) inves-
tigate energy input and heating along individual field lines
in their 3D active region simulation. They find heating pre-
dominantly near the footpoints for fieldlines connecting the
main polarities of the spots in the simulated active region to
network due to the higher velocity shear at the footpoints
located in weaker magnetic field concentrations, but also
find field lines that show strong heating events at the loop
top consisting of several short small-scale events. In our
simulation, we find no clear concentration of the heating
near the footpoints. Bingert & Peter| (2013) investigate the
temporal statistics of heating events and find short spikes
below a minute imposed on slower variations in individual
gridpoints, which is consistent with our results.
also studied the size distribution of the
heating events and found that large energy release events
are favored, which is in contrast to our findings, which show
many small events. Their algorithm used to identify heat-
ing events, however, cannot resolve clusters of small heating
events that are closely packed, thus the number of small
heating events might be underestimated in their analysis.

4.2. Current sheets

The structure of the current density in our model quali-
tatively resembles the current sheets found by |Reid et al.
as a result of a magnetic avalanche.|Reid et al.|(2018))
study the disruption of three magnetic threads after under-
going an initial instability. The end state of the simulation
after the onset of the Kink instability and the magnetic
avalanche is a braided system that undergoes continuous
dissipation. The current sheets then form a network of small
complex structures enabling reconnection of magnetic field

lines and subsequent heating 1 2020)).
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green, the sum of all Gaussians in

red. See Sect.[3:4]

The resistivity in numerical simulations is several orders
of magnitude higher than on the real sun. This leads to
an onset of reconnection at smaller misalignment angles
between magnetic field lines than would occur in the plasma
on the sun. This problem is avoided in relaxation studies
by starting from a prescribed braided flux tube with large
misalignment angles of the field lines as initial condition.
In contrast to relaxation models such as the simulations
conducted by Wilmot-Smith et al.|(2010) and [Pontin et al.|
, we do not start with an artificially braided field
as an initial condition that undergoes an instability and
relaxes to a new equilibrium. Instead, the system is in a
continuously driven state due to photospheric motions.

'Rappazzo et al.| (2008) conducted simulations of a coro-
nal loop in Cartesian coordinates in which slow photo-
spheric motions drive a Poynting flux, leading to a turbulent
cascade of energy from the scale of convective motions to
small scales where the energy is dissipated. They find that
the field lines are barely entangled, current sheets still form
and are continuously dissipated. This is similar to the situ-
ation we find in our simulations. The original Parker model
predicts angles of 20° between braided field lines, which is
not observed (van Ballegooijen et al.[2011). We find an in-
clination angle of the magnetic field in the range of 0-70° in
the coronal part of the loop with a mean value of 5.4° . This
is consistent with previous simulations. Thus, reconnecting
field lines in the coronal part of the computational domain
are almost parallel. These angles are much smaller than the
value of 30° predicted by nanoflare theories and not com-
patible with the large misalignment angles required for the
secondary instability to set in (Dahlburg et al.|[2005).

4.3. Atmospheric coupling

An unanswered question is how the magnetic structure at
the loop footpoints affects the internal structure of the loop.
One possibility is that the topology of the photospheric
driver strongly influences the dynamics of the loop
ipazzo et al.|2010). Electric currents should develop along
field lines with footpoints that are subject to shear mo-
tion. The magnetic field would then be a mapping of the
velocity pattern driving the field line tangling. As found in
Rappazzo et al.| (2007) and Rappazzo et al.| (2008| [2010)
the magnetic field lines have a topology mostly indepen-
dent of the photospheric velocities. Rappazzo et al.|(2008|
argue that the formation and dissipation of current
sheets arises from the nonlinear nature of the system and
does not require complex footpoint motions of the magnetic
field lines. |Ritchie et a1.|42016 , however, argue that the na-
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ture of the energy release does depend on the complexity of
the photospheric driver, with coherent motions leading to
a smaller number of large events and more complex drivers
causing frequent small heating events. We find both im-
prints of the photospheric motions such as vortices in our
simulations as well as turbulent flows not directly related
to footpoint motions. Therefore, both statements are not
mutually exclusive.

Although temperature and density are generally en-
hanced in the region of the simulation box above the
strongest magnetic field concentrations in the photosphere,
in our model the distribution of temperatures in the corona
does not follow directly the distribution of the magnetic
field at the photosphere. Instead, the photospheric driving
leads to a braided state showing aspects of turbulent behav-
ior. The key role that MHD turbulence plays here is that
it transports energy to smaller scales where it is dissipated
(Rappazzo et al.|2008)), for example by creating small-scale
local field reversals (Jafari et al.|2020).

Care has to be taken when following individual field
lines in a turbulent flow. The algorithm can jump between
different field lines due to numerical errors and becomes
structurally unstable in the vicinity of reconnection regions.
It is therefore not possible without a doubt to distinguish
between field line jumps due to physical reconnection events
and jumps due to numerical inaccuracies. As illustrated in
Fig.|8| changes of identity of a field line can be identified by
a sudden change of plasma parameters. In between those
events, however, tracing of a field line is reasonably reli-
able, although the output of the field line tracing algorithm
should be checked manually.

4.4. Emission

In agreement with [Pontin et al.| (2017), we find that the
synthesized emission does not necessarily show a braided
appearance despite the braided state of the magnetic field.
The bright strands in the 211 A channel have a smooth ap-
pearance and do not show clear indications of overlapping
strands. This is not necessarily a sign, however, that no
braiding of loop strands occurs (Pontin et al.|2017). Espe-
cially in the hot part of the loop, evidence for the crossing of
strands is visible in some snapshots in the X-ray emission.
The discrete strands visible in the emission are in con-
trast to the simulation by |Reale et al.| (2016) which yields
a loop that appears monolithic. The appearance of a sub-
structure might be due to the significantly lower diffusivity
of our numerical model. We find an effective resistive diffu-
sivity of 2.4 x 1012 em?s™! in the corona (see Sect. 3.3).
The width and lifetime of the strands that we see in
the synthesized observations is compatible with observed
threads in coronal loops (Brooks et al.|2013} Williams et al.
2020b/a). Strand widths range from 250 to 1400 km FWHM
for the AIA 211 A channel and 600 to 1500 km FWHM for
the XRT channel. |Brooks et al.|(2013) examine a set of 91
loops observed by Hi-C and find strand widths from 212
km FWHM to 1665 km FWHM, thus the strand widths
we find in our simulation are within the observed range for
both channels. | Williams et al.| (2020a) find that most of
the strands have widths between 200-760 km FWHM ob-
served by Hi-C 2.1. The lifetimes that we find for individual
coronal loop strands is on the order of minutes, which is
consistent with observed temporal variablity of loop emis-

sion, although observed loops (in which, most probably, the
strands are not resolved) usually remain bright as a whole
for several hours (Reale|2014).

If the synthesized emission is degraded to the in-
strument resolution of AIA and XRT, the loop has a
mostly smooth appearance. To detect the substructure, a
higher resolution would be needed. The Hi-C instrument
(Kobayashi et al.|[2014) and the EUI instrument (Rochus
et al.]|2020) on Solar Orbiter have a high enough spatial
resolution to detect strands of the width found in our sim-
ulations. The emission in the 211 A channel exhibits more
fine structuring than the emission from hotter plasma in
X-ray which has a smoother appearance, consistent with
observations (Tripathi et al.|2009).

A cut perpendicular to the axial direction, as shown in
Fig. reveals a highly complex structure of the density
and temperature distribution throughout the loop cross-
section, the strands seen in the emission after integration
along the line of sight might therefore in part be caused by
projection effects. [Pontin et al.| (2017) also find a nonzero
angle between magnetic field lines and bright strands in
regions exhibiting frequent reconnection events which cause
changes of the connectivity on a timescale on the order of
the timescale of heat conduction parallel to the field lines.

5. Conclusions

In this paper we investigated how the energy to heat a coro-
nal loop is generated in the photosphere, injected along the
magnetic field, and finally dissipated. We tailored the 3D
computational domain to contain a single coronal loop. Es-
sentially, this is a straightened loop, with gravity pointing
downward on both ends and decreasing to zero at the apex
of the loop. This setup allows us to study the details within
the loop on scales not achievable in a 3D model covering
a whole active region. What distinguishes our model from
previous setups that have been similar in geometry (e.g.,
Reale et al.|2016; Rappazzo et al.|2008) is the realistic treat-
ment of the bottom boundary at the solar surface (at each
of the ends of the loop). Here we fully account for the near-
surface magneto-convection that self-consistently drives the
evolution of the photosphere where the loop is rooted. With
this model setup, we can investigate the formation and evo-
lution of (sub)structures within the loop and how they are
driven by the motions of magnetic patches at the surface. As
a response to the driving, a complex fine structure of small-
scale current sheets and flows develops in the loop. In its
coronal part, the loop plasma exhibits turbulent behavior,
for instance, visualized through the spatial structures of the
current and the velocity in cuts across the loop. The tem-
perature distribution higher up in the loop, however, does
not, directly follow the magnetic field distribution at the
photosphere in a simple fashion. Energy is supplied to the
upper atmosphere via the Poynting flux originating from
the photospheric layer, and we can follow the Poynting flux
as it propagates along individual field lines. At the same
time, we see frequent reconnection of fieldlines, illustrated
through sudden changes of, for example, density. The en-
ergy input, intermittent in both space and time, results in
a substructure of the loop seen in synthesized EUV and
X-ray emission.

In our study we showed the power of loop-in-a-box
models with a realistic photosphere driven by magneto-
convection. After having proven the concept, one of our
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next steps will be to conduct a detailed analysis of the (mag-
netic) coupling from the photosphere to the hot corona, and
of the photospheric roots of the individual strands seen in
emission. Another topic will be an in-depth analysis of the
(an)isotropy of the velocity field that would be uncovered
in real observations through an analysis of emission line
widths. We find indications for oscillations and waves in
the simulations, which we also plan to study more closely.
With these types of studies we will be able to improve the
quantification of contributions of different heating mecha-
nisms, such as field-line braiding, wave heating, or low-lying
reconnection. Future tests of our model simulations may
be expected from the Solar Orbiter mission (Miiller et al.
2020)), in particular from the High Resolution Imager of the
Extreme Ultraviolet Imager (EUI, [Rochus et al.| (2020))
combined with the magnetic field measurments made by
the High Resolution Telescope of the Polarimetric and He-
lioseismic Imager (PHI, [Solanki et al.| (2020)).

Improved future simulations would profit from a sig-
nificantly smaller grid size. Also, the current simulations
suffer from the treatment of radiation in the chromosphere
in LTE. This shortcoming will eventually be addressed by
using the new version of MURaM (Przybylski et al.|[2021).
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