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1. Fundamental physical processes and modeling

Twisted currents of coronal loops
in 3D MHD simulations

J. Warnecke, H. Peter

Max Planck Institute for Solar System Research, Göttingen, Germany

The magnetic field in the low plasma-beta solar corona is often assumed to be nonlinear force-free.
We find that this assumption is not necessarily fulfilled in extreme UV bright loop structures. In a 3D
numerical MHD model of a corona above an emerging active region a coronal loop forms self-consistently
as a consequence of the emerging magnetic flux and the horizontal motions at the surface. We find that
the current along the emerging loop changes its sign from being antiparallel to parallel to the magnetic
field from one leg to the other. This is caused by the inclination of the loop together with the footpoint
motion. Around the loop, the currents form a complex non-force-free helical structure. This is directly
related to a bipolar current structure at the loop footpoints at the base of the corona and a local
reduction of the background magnetic field (i.e., outside the loop) caused by the plasma flow into and
along the loop. Furthermore, the locally reduced magnetic pressure in the loop allows the loop to
sustain a higher density, which is crucial for the emission in extreme UV. We find that twisted currents
quantified in terms of current helicity seems to coincide with the hot and bright UV loops, indicating
a direct connection between current helicity and to the heating process. This might imply also a link
to the underlying dynamo mechanism, where current helicity can be produced and transported to the
surface. To investigate the role of current helicity further, we, therefore, also present some results of
3D MHD simulations of the solar corona, where we enhance the current helicity at the photosphere and
study its response as seen in the corona.
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reliable (Sect. 5). Therefore, one has to be careful not to over-
interpret quantitative results on heating through current dissipa-
tion or on energy storage of the magnetic field based on force-
free extrapolations.

This paper mainly relys on basic considerations concern-
ing the force and energy balance. However, the figures com-
pare these basic results to a 3D magneto-hydrodynamics (MHD)
model of the corona above an evolved active region by Bingert &
Peter (2011), and we find that the numerical simulation supports
our basic arguments (for details of the model we refer to the orig-
inal paper). This 3D MHD model includes an energy equation
accounting for radiative losses and heat conduction. Therefore,
the pressure derived from that model can be trusted (cf. Peter
2015), which is essential when calculating plasma �. This trust
is further supported by these types of models, reproducing e.g.
the width of coronal loops (Peter & Bingert 2012), the 3D struc-
ture of loops (Bourdin et al. 2013), or the patterns of loops in an
emerging active region (Chen et al. 2014).

2. Constraints on plasma � in the corona
from observations, models, and theory

The plasma � is a dimensionless number comparing the gas pres-
sure p and the energy density of the magnetic field B,

� =
p

B2/(2µ0)
, (1)

with the magnetic permeability µ0. Because the pressure essen-
tially is the internal energy density (apart of a factor of 3/2 for a
monoatomic ideal gas), � compares the internal energy density
to the magnetic energy density in a plasma.

The magnetic field in the corona is di�cult to observe di-
rectly and consequently � is not well constrained by observa-
tions. However, the technique of coronal seismology allows us
to obtain access at least to the (average) magnetic field along
an oscillating coronal loop (Edwin & Roberts 1983). The ap-
plicability of this method to the real Sun and what this aver-
age value actually means has been confirmed, for example by
De Moortel & Pascoe (2009) and Chen & Peter (2015). To ob-
tain the pressure, in studies of coronal seismology the density
and temperature are derived using extreme UV spectroscopy or
imaging (or in the worst case they are just assumed to be at the
canonical coronal values for the density of n ⇡ 109 cm�3 and
the temperature of T ⇡ 1 MK). Typically, in coronal seismology
long loops (100 Mm to 200 Mm long) are studied and magnetic
field strengths of some 5 G to 20 G are found, which is consis-
tent with direct coronagraphic measurements using the Zeeman
e↵ect (Lin et al. 2000, 2004).

Here we just highlight three studies, basically reflecting the
findings in coronal seismology (for a review see Nakariakov &
Verwichte 2005). Guo et al. (2015) find in a cool (0.65 MK) and
dilute (5 ⇥ 108 cm�3) loop system a field strength of about 8 G,
corresponding to � ⇡ 0.02. In a hotter (1.05 MK) and denser
(2 ⇥ 109 cm�3) loop Nakariakov & Ofman (2001) find a mag-
netic field of about 13 G, corresponding to � ⇡ 0.05. For a larger
sample of a dozen loops, White & Verwichte (2012) find a range
of magnetic field strengths from about 3 G to 20 G. While they
did not employ a density analysis, when using a typical coronal
density of 109 cm�3, this corresponds to values of � in the range
of 0.4 to 0.01. So based on these observations of coronal seis-
mology, in general, plasma � ranges from a few percent to more
than 10 %, which is not very small.

Fig. 1. Plasma � in a 3D MHD model. The plot shows a 2D histogram
of � according to (1) as a function of temperature in the computational
domain (above 5 Mm). The yellow-red dashed line indicates the median
variation (here similar to the mean variation). The solid blue lines show
the 25 and 75 percentiles, i.e. half of the data points are in between these
lines. The colour bar shows the frequency in the histogram. Data based
on the model presented in Bingert & Peter (2011); see Sect. 2.

One of the major references when it comes to giving support
to the assumption that � should be small is the group of mod-
els by Gary (2001). Even recent reviews (e.g. Wiegelmann &
Sakurai 2012) use this as the sole justification that � would be
small. Most quoted is Fig. 3 of Gary (2001), which shows � as
a function of height for two models as extreme cases, one for a
field-coming out of the middle of the umbra and one from a plage
region. At a height of some 40 Mm, i.e. at the apex of a typical
coronal loop of 120 Mm length, � is 0.004 and 0.1 for the umbra
and plage case, respectively. However, fieldlines from the centre
of the umbra are not associated with coronal loops, and thus the
line Gary (2001) shows for the plage region might be more typi-
cal for coronal loops. Therefore, even the study by Gary (2001),
usually used to argue for a very small � in the corona, actually
does indicate that � is not so small.

A good estimate for � can also be inferred from 3D
MHD models. If these models include a proper description of the
energy equation, in particular, accounting for heat conduction
and radiative losses, they give a realistic estimate for the coro-
nal pressure and can provide a good match to the observed real
Sun (Peter 2015). These models show a wide range of plasma �
in the corona, with a median value of � ⇡ 0.1 around temper-
atures of about 1 MK (Peter et al. 2006, Fig. 12). In emerging
active regions where the magnetic field is comparably strong,
the 3D MHD models show small values of � ⇡ 0.003 (based on
data from Chen et al. 2015), but in general � is larger. In par-
ticular, Peter et al. (2006) showed that in bright regions in the
corona above an active region � is not small, but can reach val-
ues even above unity. Small but non-negligible values of � ⇡ 0.1
are also found in the coronal part (T from 1 MK to 1.5 MK) of
the 3D MHD model of an evolved active region by Bingert &
Peter (2011). This and the considerable scatter of � values in the
corona is illustrated in Fig. 1.

Besides the above approaches through observations and
modelling, one can also estimate plasma � based on basic the-
oretical considerations by combining results from heating pro-
cesses and scaling laws. In their model, to heat the upper atmo-
sphere through Alfvén waves, van Ballegooijen et al. (2011) give
a parameterisation for the volumetric heat input, H, depending
on the magnetic field in the loop, B, and loop length L. Their
Eq. (63) reads H / B

0.55
L
�0.92. At the same time, following

Rosner et al. (1978) one can find scaling relations determining
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Fig. 4. 3D rendering of the current and mag-
netic field lines of the loop in the emerging ac-
tive region of Chen et al. (2014, 2015). The two
panels show the side view (top panel) and the
top view (bottom panel) on part of the compu-
tational box. The black lines are the field lines
within the EUV loop (same as in Fig. 2) and
the colored lines show current lines (or stream-
lines of the vector field of the current). The gray
scale images show the vertical magnetic field
at a height of z = 2.9 Mm at the base of the
corona where the field already expanded and
is rather smooth. The three color sets of cur-
rent lines traced from di↵erent starting points:
near the positive polarity (red), negative polar-
ity (purple), and from the loop apex (green). We
refer to Sect. 3.1.

coronal part is found between the vertical dotted lines. In this
coronal part, the plasma on the respective field line is hotter than
1 MK. All the field lines show a roughly similar behavior: In
about three quarters of the coronal part the total current I is neg-
ative, whereas in the remaining quarter I is positive. This flip-
ping in sign is also consistent with the angle � between magnetic
field and currents, which changes from almost 180� to 30� at the
same location (Fig. 3b). At first glance this sign flip of the cur-
rents seems to be counter-intuitive because it is not consistent
with the approximation of a force-free magnetic field, where the
total current has to be constant and either parallel or antiparal-
lel throughout the whole loop (cf. Fig. 1a and Sect. 1). Thus in
this simulation certainly the magnetic field is not force-free. Of
course, we have to investigate why the magnetic field and cur-
rent density are parallel on one side of the loop and antiparallel
on the other side.

As a first step, we track the field lines or streamlines of the
vector field of the current density. In the following we refer to
these as current lines; they basically track the currents in our sys-
tem. In Fig. 4 we show these current lines together with the mag-
netic field lines in a 3D volume rendering. The magnetic field
lines we plot here are confined within the small cross-section of
the actual loop seen in EUV and are the same field lines as shown
in Fig. 2. These field lines within the EUV loop run more or less
parallel without showing a notable sign of a helical structure. If
we were to also plot field lines further away from the center of
the EUV loop, these would run roughly parallel, too, also not
showing clear signs of a helical structure (we did not show these
field lines further out to avoid a cluttering of the figure). The two
footpoints of the field lines of the EUV loop are rooted in the pe-
riphery of the magnetic centers, or sunspots, of the active region,
as expected (we refer also to discussion and Fig. 9 in Chen et al.
2014).

In contrast to the magnetic field lines, the overall shape of
the current lines is helical, winding around the magnetic field
lines. To illustrate the overall structure of the current system, we
highlight three types of current lines by color in Fig. 4.

– The red current lines are traced starting from the positive
magnetic polarity (right side of Fig. 4) and mostly continu-
ously connect to the other negative magnetic polarity on the
left side. They illustrate the continuous currents mostly an-
tiparallel to the magnetic field. In addition, they show some
winding around the magnetic field lines of the loop.

– In contrast, the purple current lines are traced from the nega-
tive magnetic pole on the left side and first closely follow the
loop to the apex. However, following this they change their
direction and connect back to the same negative magnetic
polarity on the left side.

– The green current lines are traced from the apex of the loop
in both directions towards the surface. These lines are helical
and wind around the magnetic field lines of the loop. Further-
more, there seems to be more current lines connecting from
the apex to the positive polarity than to the negative one.

These cases of current lines illustrate that the current along one
single loop can have both signs, meaning that currents in the left
leg of the loop are pointing downwards, so parallel to the mag-
netic field (cf. Fig. 3), and then further up change sign to become
antiparallel with the magnetic field. This is because currents
lines from outside the loop close inside the loop and thus run in
the seemingly wrong direction. Only when considering the full
3D picture as in Fig. 4 can we understand the seemingly strange
change of sign of the current within the loop as shown in Fig. 3a.
In their model, Archontis & Hansteen (2014), investigate the in-
jection of a magnetic flux sheet into a convection-driven model
of the solar corona. They also find a complex current structure
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Fig. 4. 3D rendering of the current and mag-
netic field lines of the loop in the emerging ac-
tive region of Chen et al. (2014, 2015). The two
panels show the side view (top panel) and the
top view (bottom panel) on part of the compu-
tational box. The black lines are the field lines
within the EUV loop (same as in Fig. 2) and
the colored lines show current lines (or stream-
lines of the vector field of the current). The gray
scale images show the vertical magnetic field
at a height of z = 2.9 Mm at the base of the
corona where the field already expanded and
is rather smooth. The three color sets of cur-
rent lines traced from di↵erent starting points:
near the positive polarity (red), negative polar-
ity (purple), and from the loop apex (green). We
refer to Sect. 3.1.

coronal part is found between the vertical dotted lines. In this
coronal part, the plasma on the respective field line is hotter than
1 MK. All the field lines show a roughly similar behavior: In
about three quarters of the coronal part the total current I is neg-
ative, whereas in the remaining quarter I is positive. This flip-
ping in sign is also consistent with the angle � between magnetic
field and currents, which changes from almost 180� to 30� at the
same location (Fig. 3b). At first glance this sign flip of the cur-
rents seems to be counter-intuitive because it is not consistent
with the approximation of a force-free magnetic field, where the
total current has to be constant and either parallel or antiparal-
lel throughout the whole loop (cf. Fig. 1a and Sect. 1). Thus in
this simulation certainly the magnetic field is not force-free. Of
course, we have to investigate why the magnetic field and cur-
rent density are parallel on one side of the loop and antiparallel
on the other side.

As a first step, we track the field lines or streamlines of the
vector field of the current density. In the following we refer to
these as current lines; they basically track the currents in our sys-
tem. In Fig. 4 we show these current lines together with the mag-
netic field lines in a 3D volume rendering. The magnetic field
lines we plot here are confined within the small cross-section of
the actual loop seen in EUV and are the same field lines as shown
in Fig. 2. These field lines within the EUV loop run more or less
parallel without showing a notable sign of a helical structure. If
we were to also plot field lines further away from the center of
the EUV loop, these would run roughly parallel, too, also not
showing clear signs of a helical structure (we did not show these
field lines further out to avoid a cluttering of the figure). The two
footpoints of the field lines of the EUV loop are rooted in the pe-
riphery of the magnetic centers, or sunspots, of the active region,
as expected (we refer also to discussion and Fig. 9 in Chen et al.
2014).

In contrast to the magnetic field lines, the overall shape of
the current lines is helical, winding around the magnetic field
lines. To illustrate the overall structure of the current system, we
highlight three types of current lines by color in Fig. 4.

– The red current lines are traced starting from the positive
magnetic polarity (right side of Fig. 4) and mostly continu-
ously connect to the other negative magnetic polarity on the
left side. They illustrate the continuous currents mostly an-
tiparallel to the magnetic field. In addition, they show some
winding around the magnetic field lines of the loop.

– In contrast, the purple current lines are traced from the nega-
tive magnetic pole on the left side and first closely follow the
loop to the apex. However, following this they change their
direction and connect back to the same negative magnetic
polarity on the left side.

– The green current lines are traced from the apex of the loop
in both directions towards the surface. These lines are helical
and wind around the magnetic field lines of the loop. Further-
more, there seems to be more current lines connecting from
the apex to the positive polarity than to the negative one.

These cases of current lines illustrate that the current along one
single loop can have both signs, meaning that currents in the left
leg of the loop are pointing downwards, so parallel to the mag-
netic field (cf. Fig. 3), and then further up change sign to become
antiparallel with the magnetic field. This is because currents
lines from outside the loop close inside the loop and thus run in
the seemingly wrong direction. Only when considering the full
3D picture as in Fig. 4 can we understand the seemingly strange
change of sign of the current within the loop as shown in Fig. 3a.
In their model, Archontis & Hansteen (2014), investigate the in-
jection of a magnetic flux sheet into a convection-driven model
of the solar corona. They also find a complex current structure
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Fig. 6. 3D rendering of the current and mag-
netic field lines around the loop in a top view
from above the active region of Chen et al.
(2014, 2015). The colored plane at the bottom
shows the vertical current Jz at z = 2.9 Mm
at the base of the corona; the color-coding and
scale are similar to those in Fig. 5a for the same
quantity at the same height. The gray-colored
lines display the magnetic field lines connecting
the positive and negative vertical current con-
centrations with each other. The red line shows
a current line (or a streamline of the vector field
of the current) connecting the positive verti-
cal current concentration on the right-hand side
to the negative concentration on the left-hand
side. The yellow line also shows a current line,
but connecting the positive and negative current
concentrations on the right-hand side. We refer
to Sect. 3.2.

The other fieldline connects the two patches of negative currents.
So, at each of the two footpoints of each fieldline, the vertical
current points in the same vertical direction (both times in or out
of the loop). This is not a feature of these two selected fieldlines,
but a general feature and reflects the discussion of the currents
along selected fieldlines in Sect. 3.1.

The current lines behave di↵erently. One current line (red)
starts from the positive concentration on the right-hand-side,
close to one of the field lines and ends at the negative concentra-
tion of the left-hand-side close to other magnetic field lines. On
its way from one side to the other it leaves the magnetic field line
that it started with, winds around the magnetic field (indicating a
circular component of the current) and ends up with the another
magnetic field line. The other current line (yellow) starts on the
right side not too far from the other current line at the positive
concentration, but connects to the negative current concentration
on the same right side close to the other field line. This clearly
shows that the currents along magnetic field lines change their
sign, because the current lines have to connect the two di↵erent
current polarities and therefore cannot be aligned with the mag-
netic field. Furthermore, the bipolar current structure is crucial
for the current field line to wind around the loop or even turn
back to the same side of the loop. However, in Sect. 3.4 we dis-
cuss that the plasma flows within the loop also have an influence
on the helical loop structure.

3.3. Induced magnetic field and the coronal currents

The complex helical current system around the bright loop struc-
ture is a consequence of the magnetic field structure and the
forces associated with it. The large-scale current system in the
corona associated with the loop turns out to be strongly influ-
enced by induced coronal magnetic field that locally reduces the
background magnetic field of the active region.

As a first step, we investigate how the magnetic field deviates
from a current-free magnetic field, that is, a potential field. For
this purpose, we extrapolate a potential field using the vertical
magnetic field at the bottom boundary (z = 0). We identify the
di↵erence of the potential and the actual magnetic field as the
induced magnetic field Bind. This is the component of the mag-
netic field associated with the currents. To illustrate the induced
field we show a vertical cut through the mid-plane between the
two loop footpoints (y-z plane at x = 75 Mm) in Fig. 7a. Near

Fig. 7. Magnetic field strength and inclination at the apex of the loop
at x = 75 Mm of Chen et al. (2014, 2015). Panel a: induced magnetic
field: color-coded Bind

x together with magnetic field vectors Bind in y-
z plane. We note that the positive x direction is pointing out of the plane
of view. Panel b: angle � between current density J and the magnetic
field B, see Eq. (2). The locations, where the magnetic field lines Fig. 3
breach through the plane are marked with yellow crosses. We refer to
Sect. 3.3.

the loop apex (at z ⇡ 15 Mm) Bind
x has up to 4 G in the positive

x direction. Because the overall magnetic field B points in the
negative x direction at the apex with a strength of around 100 G,
the induced field Bind reduces the background magnetic field by
around 5%. The induced magnetic field in Fig. 7a has a shape
similar to a tilted mushroom (also visible in Fig. 8 of Chen et al.
2014). The induced field vectors in the vertical cut form a left-
handed helical field above and beside the loop, where the field
strength is smaller than in the x direction (Fig. 7a). Below the
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Fig. 4. 3D rendering of the current and mag-
netic field lines of the loop in the emerging ac-
tive region of Chen et al. (2014, 2015). The two
panels show the side view (top panel) and the
top view (bottom panel) on part of the compu-
tational box. The black lines are the field lines
within the EUV loop (same as in Fig. 2) and
the colored lines show current lines (or stream-
lines of the vector field of the current). The gray
scale images show the vertical magnetic field
at a height of z = 2.9 Mm at the base of the
corona where the field already expanded and
is rather smooth. The three color sets of cur-
rent lines traced from di↵erent starting points:
near the positive polarity (red), negative polar-
ity (purple), and from the loop apex (green). We
refer to Sect. 3.1.

coronal part is found between the vertical dotted lines. In this
coronal part, the plasma on the respective field line is hotter than
1 MK. All the field lines show a roughly similar behavior: In
about three quarters of the coronal part the total current I is neg-
ative, whereas in the remaining quarter I is positive. This flip-
ping in sign is also consistent with the angle � between magnetic
field and currents, which changes from almost 180� to 30� at the
same location (Fig. 3b). At first glance this sign flip of the cur-
rents seems to be counter-intuitive because it is not consistent
with the approximation of a force-free magnetic field, where the
total current has to be constant and either parallel or antiparal-
lel throughout the whole loop (cf. Fig. 1a and Sect. 1). Thus in
this simulation certainly the magnetic field is not force-free. Of
course, we have to investigate why the magnetic field and cur-
rent density are parallel on one side of the loop and antiparallel
on the other side.

As a first step, we track the field lines or streamlines of the
vector field of the current density. In the following we refer to
these as current lines; they basically track the currents in our sys-
tem. In Fig. 4 we show these current lines together with the mag-
netic field lines in a 3D volume rendering. The magnetic field
lines we plot here are confined within the small cross-section of
the actual loop seen in EUV and are the same field lines as shown
in Fig. 2. These field lines within the EUV loop run more or less
parallel without showing a notable sign of a helical structure. If
we were to also plot field lines further away from the center of
the EUV loop, these would run roughly parallel, too, also not
showing clear signs of a helical structure (we did not show these
field lines further out to avoid a cluttering of the figure). The two
footpoints of the field lines of the EUV loop are rooted in the pe-
riphery of the magnetic centers, or sunspots, of the active region,
as expected (we refer also to discussion and Fig. 9 in Chen et al.
2014).

In contrast to the magnetic field lines, the overall shape of
the current lines is helical, winding around the magnetic field
lines. To illustrate the overall structure of the current system, we
highlight three types of current lines by color in Fig. 4.

– The red current lines are traced starting from the positive
magnetic polarity (right side of Fig. 4) and mostly continu-
ously connect to the other negative magnetic polarity on the
left side. They illustrate the continuous currents mostly an-
tiparallel to the magnetic field. In addition, they show some
winding around the magnetic field lines of the loop.

– In contrast, the purple current lines are traced from the nega-
tive magnetic pole on the left side and first closely follow the
loop to the apex. However, following this they change their
direction and connect back to the same negative magnetic
polarity on the left side.

– The green current lines are traced from the apex of the loop
in both directions towards the surface. These lines are helical
and wind around the magnetic field lines of the loop. Further-
more, there seems to be more current lines connecting from
the apex to the positive polarity than to the negative one.

These cases of current lines illustrate that the current along one
single loop can have both signs, meaning that currents in the left
leg of the loop are pointing downwards, so parallel to the mag-
netic field (cf. Fig. 3), and then further up change sign to become
antiparallel with the magnetic field. This is because currents
lines from outside the loop close inside the loop and thus run in
the seemingly wrong direction. Only when considering the full
3D picture as in Fig. 4 can we understand the seemingly strange
change of sign of the current within the loop as shown in Fig. 3a.
In their model, Archontis & Hansteen (2014), investigate the in-
jection of a magnetic flux sheet into a convection-driven model
of the solar corona. They also find a complex current structure
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Fig. 6. 3D rendering of the current and mag-
netic field lines around the loop in a top view
from above the active region of Chen et al.
(2014, 2015). The colored plane at the bottom
shows the vertical current Jz at z = 2.9 Mm
at the base of the corona; the color-coding and
scale are similar to those in Fig. 5a for the same
quantity at the same height. The gray-colored
lines display the magnetic field lines connecting
the positive and negative vertical current con-
centrations with each other. The red line shows
a current line (or a streamline of the vector field
of the current) connecting the positive verti-
cal current concentration on the right-hand side
to the negative concentration on the left-hand
side. The yellow line also shows a current line,
but connecting the positive and negative current
concentrations on the right-hand side. We refer
to Sect. 3.2.

The other fieldline connects the two patches of negative currents.
So, at each of the two footpoints of each fieldline, the vertical
current points in the same vertical direction (both times in or out
of the loop). This is not a feature of these two selected fieldlines,
but a general feature and reflects the discussion of the currents
along selected fieldlines in Sect. 3.1.

The current lines behave di↵erently. One current line (red)
starts from the positive concentration on the right-hand-side,
close to one of the field lines and ends at the negative concentra-
tion of the left-hand-side close to other magnetic field lines. On
its way from one side to the other it leaves the magnetic field line
that it started with, winds around the magnetic field (indicating a
circular component of the current) and ends up with the another
magnetic field line. The other current line (yellow) starts on the
right side not too far from the other current line at the positive
concentration, but connects to the negative current concentration
on the same right side close to the other field line. This clearly
shows that the currents along magnetic field lines change their
sign, because the current lines have to connect the two di↵erent
current polarities and therefore cannot be aligned with the mag-
netic field. Furthermore, the bipolar current structure is crucial
for the current field line to wind around the loop or even turn
back to the same side of the loop. However, in Sect. 3.4 we dis-
cuss that the plasma flows within the loop also have an influence
on the helical loop structure.

3.3. Induced magnetic field and the coronal currents

The complex helical current system around the bright loop struc-
ture is a consequence of the magnetic field structure and the
forces associated with it. The large-scale current system in the
corona associated with the loop turns out to be strongly influ-
enced by induced coronal magnetic field that locally reduces the
background magnetic field of the active region.

As a first step, we investigate how the magnetic field deviates
from a current-free magnetic field, that is, a potential field. For
this purpose, we extrapolate a potential field using the vertical
magnetic field at the bottom boundary (z = 0). We identify the
di↵erence of the potential and the actual magnetic field as the
induced magnetic field Bind. This is the component of the mag-
netic field associated with the currents. To illustrate the induced
field we show a vertical cut through the mid-plane between the
two loop footpoints (y-z plane at x = 75 Mm) in Fig. 7a. Near

Fig. 7. Magnetic field strength and inclination at the apex of the loop
at x = 75 Mm of Chen et al. (2014, 2015). Panel a: induced magnetic
field: color-coded Bind

x together with magnetic field vectors Bind in y-
z plane. We note that the positive x direction is pointing out of the plane
of view. Panel b: angle � between current density J and the magnetic
field B, see Eq. (2). The locations, where the magnetic field lines Fig. 3
breach through the plane are marked with yellow crosses. We refer to
Sect. 3.3.

the loop apex (at z ⇡ 15 Mm) Bind
x has up to 4 G in the positive

x direction. Because the overall magnetic field B points in the
negative x direction at the apex with a strength of around 100 G,
the induced field Bind reduces the background magnetic field by
around 5%. The induced magnetic field in Fig. 7a has a shape
similar to a tilted mushroom (also visible in Fig. 8 of Chen et al.
2014). The induced field vectors in the vertical cut form a left-
handed helical field above and beside the loop, where the field
strength is smaller than in the x direction (Fig. 7a). Below the
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Fig. 9. Flows, curl of electromotive force, and induced magnetic field
in the loop structure of Chen et al. (2014, 2015). The vertical cuts are
perpendicular to the loop in the y-z plane at x ⇡ 75 Mm (panel a) and
along the loop in the x-z plane at y ⇡ 30 Mm (panels b–d) as indicated
by the vertical lines in the corresponding cuts. Panels a,b show the ve-
locity u in, the arrows indicating the components within the plane, and
the color of the component out of the plane. Panel c shows curl of the
electromotive force in the x direction [r ⇥ (u ⇥ B)]x color-coded in the
x-z plane. Panel d displays the induced magnetic field Bind, color-coded
for the x component and the arrows showing the vectors in the x-z plane.
The yellow contours in panels a–c indicate the levels of 2.5, 3, 4 G for
Bind

x . We refer to Sect. 3.4.

As a next step we want to investigate which contribution
of the flow acting on the magnetic field is dominant. The x

Fig. 10. x component of the curl of electromotive force [r ⇥ (u ⇥ B)]x
(black solid line) together with its main contributions, advection (blue),
compression (red) and shear (orange) plotted over height z in the lo-
cation of high induced magnetic field (x = 75 Mm, y = 30 Mm, also
indicated in Figs. 9a, c as vertical lines); we refer also to Eqs. (3)–(6)
for the contributions. Additionally we over-plot the same component of
induced magnetic field Bind

x (dashed black). The horizontal black dotted
line represents the zero value. Data from of Chen et al. (2014, 2015).
We refer to Sect. 3.4.

component of curl of the electromotive force can be divided into
four terms;

[r ⇥ (u ⇥ B)]x =

�uy@Bx/@y � uz@Bx/@z advection (3)
�Bx@uy/@y � Bx@uz/@z compression (4)
+By@ux/@y + Bz@ux/@z shear (5)
+ux@By/@y + ux@Bz/@z solenoidality of B. (6)

We note that the terms ux@Bx/@x and Bx@ux/@x are often added
for completeness, but because their contributions cancel out, we
do not show them here. Furthermore, we prefer this kind of sepa-
ration because it makes it easier to disentangle the di↵erent con-
tributions. The last contribution turns out be small and is ne-
glected in the following discussion. In Fig. 10, we plot the first
three contributions over height at a location, where Bind

x is large
in the middle of the loop (x = 75 Mm, y = 30 Mm, also indicated
in Figs. 9a, c as black vertical lines). Again, a positive electro-
motive force coincides with large values of Bind

x . This is true be-
tween 11 and 17 Mm in height. Below and above [r⇥ (u⇥ B)]x
is negative and Bind

x small. The positive values of the curl of elec-
tromotive force can be mostly associated with the advection (3)
of magnetic field along the plasma. Between z = 14 and 17 the
contribution of the shear (5) and between z = 11 and 13 the con-
tribution of the compression (4) is also positive, but the advec-
tion (3) always dominates at these heights. A more detailed anal-
ysis reveals that compression becomes dominating in the legs. It
is clear that considering all contributions is important to obtain-
ing a full and accurate picture of magnetic field evolution. Pure
advection would result in an overly large change in the magnetic
field, therefore only fully compressible 3D MHD simulations are
able to capture these plasma forces acting on the magnetic field
and leading to the observed helical current structure.

The prominent flows and the induced magnetic field have an
additional e↵ect on the plasma and the force balance of the sys-
tem. As shown in Fig. 8c of Chen et al. (2014), the loop shows a
concentration of density in the top-right part of the mushroom-
type structure seen in the cross-sectional cut of the loop. This
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Fig. 8. Relative induced magnetic field and current density in the y-z
plane of the loop apex at x = 75 Mm of Chen et al. (2014, 2015). The
ratio of the modulus of the induced magnetic field in the x direction
|Bind

x | and the modulus of the total magnetic field |Bx| is color-coded. The
red arrows indicate vectors of the current density J in the y-z plane. We
refer to Sect. 3.3.

loop, there exists a strong vertically upward-pointing induced
magnetic field with a comparable strength to Bind

x . In essence,
while the overall magnetic field is running more or less straight
from one footpoint to the other, this shows that the induced field
has a clear helical structure. Nevertheless, because the induced
field has a strength of only 5% of the overall background field,
the helicity is not visible when simply plotting magnetic field
lines.

To check that the induced magnetic field is consistent with
the currents, we plot these together in Fig. 8. Here we see
the mushroom-type enhancement of the induced field that is
restricted to the vicinity of the loop. While the actual EUV
loop visible in coronal emission has a diameter of some 2 Mm
(Chen et al. 2014), here the region of the induced magnetic
field covers a region (in a vertical cut near the apex) of almost
10 ⇥ 5 Mm2. While in this region the induced field is of the or-
der of 5% of the background field, it is practically zero outside
in the corona (of course, in the photo- and chromosphere where
the field is far from being force-free the induced magnetic field
is much larger). The currents in the vertical cut in Fig. 8 show
a clear counter-clockwise rotation, which according to the right-
hand-rule is directly related to induced magnetic field in the pos-
itive x direction covering an area much larger than the EUV loop.

To relate the induced magnetic field to the current system
around the loop, we define the angle � between current and mag-
netic field so that

cos � =
J · B
|J | |B| · (2)

This allows us to quantify the discussion of the helical currents
around the loop as visualized in Fig. 4. To this end we plot the
angle � in Fig. 7b in the same vertical mid-plane between the
footpoints as in Fig. 7a. In accordance with Fig. 3 we see that
at the position of the loop (indicated by the yellow crosses), the
currents are antiparallel to the field (� ⇡ 180�). In contrast, away
from the center of the loop the magnetic field deviates signifi-
cantly from a force-free state as emphasized by values of � close
to 90� with currents being almost perpendicular to the magnetic
field, in particular in a large patch directly above the loop (see
Fig. 7b). This consideration clarifies that the strongest deviation

from a force-free field is found outside the loop. One might be
tempted to conclude that the field is force-free inside the loop,
where the EUV emission is strong. However, this would not be
correct. While there the currents are indeed parallel or antiparal-
lel to the field (consistent with force-free) the currents can switch
sign in response to the closing of the current system surrounding
the loop (cf. Sect. 3.1), which cannot be captured by a force-free
description of the magnetic field.

We summarize that in a region significantly larger than the
coronal loop seen in EUV we find a significant disturbance of
the magnetic field directly related to the current systems. Inside
and outside the EUV loop the assumption of a force-free field
breaks down.

3.4. Plasma flows and induced magnetic field

To understand the origin of the induced magnetic field, we inves-
tigate the plasma motions in the loop structure. These motions
can generate a (small) change in the magnetic field through the
electromotive force. The plasma flows from the bottom of the
corona into the loop are shown in Figs. 9a, b, where we plot the
plasma velocities in the y-z and x-z planes, that is, in vertical
planes across and along the loop. The flows are mostly upwards
in both legs of the loop (Fig. 9b). The cut perpendicular to the
loop in the y-z plane reveals that the plasma moves upwards in
the middle of the loop and disperses in the top of the loop in
horizontal directions (Fig. 9a). Transported away from the loop
the plasma falls down again generating a small vortex-like flow
structure in the y-z plane together with a velocity in the x direc-
tion. In one of these vortex-like structures the x-component of
the induced magnetic field has a maximum, indicated with the
yellow contours in Fig. 9a. A vertical cut through this location at
29.5 Mm (Fig. 9b) shows the upflows along the legs of the loop,
the horizontal flow at top of the loop, and the downflows below
the apex. The upward motion along the legs is consistent with
the analysis by Chen et al. (2014), where the flow is found to be
driven by the Joule heating at the base of the corona.

The presence of the flow vortex and the induced mag-
netic field at the same location (Fig. 9a) indicates a connection
between these two. To check this, we computed the curl of the
electromotive force in the x direction because this is the main
contribution for changing Bx in time. We find positive values
for the electromotive force of some 20 mG/s to 60 mG/s (in the
positive x direction) at similar locations where also the large
values of induced magnetic field are found (cf. Fig. 9c). In
particular, this is also the case at the same height as the loop
and slightly below. Analyzing the same simulation, Chen et al.
(2014) found that the flows into the loop last some 100 s (their
Fig. 3d). Consequently, together with the electromotive force,
over this timescale we can expect an induced magnetic field of
some 2 G to 6 G. This is just the induced magnetic field we find
(cf. Fig. 9d), that also points in the positive x direction. This
induced magnetic field then slightly suppresses the background
magnetic field, which is pointing in the negative x direction near
the loop top. So from this we can conclude that the flow in the
loop induces a magnetic field that is directed opposite to the
background field and thus reduces the field strength in the loop.

The induced magnetic field also has components in the other
directions (Fig. 9d), but we focus here on the x component as it
is tightly related to the helical currents around the loop; we re-
fer to Sect. 3.3. However, the other components of the induced
magnetic field can also be linked in a similar way to their corre-
sponding components of the curl of electromotive force.
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Fig. 9. Flows, curl of electromotive force, and induced magnetic field
in the loop structure of Chen et al. (2014, 2015). The vertical cuts are
perpendicular to the loop in the y-z plane at x ⇡ 75 Mm (panel a) and
along the loop in the x-z plane at y ⇡ 30 Mm (panels b–d) as indicated
by the vertical lines in the corresponding cuts. Panels a,b show the ve-
locity u in, the arrows indicating the components within the plane, and
the color of the component out of the plane. Panel c shows curl of the
electromotive force in the x direction [r ⇥ (u ⇥ B)]x color-coded in the
x-z plane. Panel d displays the induced magnetic field Bind, color-coded
for the x component and the arrows showing the vectors in the x-z plane.
The yellow contours in panels a–c indicate the levels of 2.5, 3, 4 G for
Bind

x . We refer to Sect. 3.4.

As a next step we want to investigate which contribution
of the flow acting on the magnetic field is dominant. The x

Fig. 10. x component of the curl of electromotive force [r ⇥ (u ⇥ B)]x
(black solid line) together with its main contributions, advection (blue),
compression (red) and shear (orange) plotted over height z in the lo-
cation of high induced magnetic field (x = 75 Mm, y = 30 Mm, also
indicated in Figs. 9a, c as vertical lines); we refer also to Eqs. (3)–(6)
for the contributions. Additionally we over-plot the same component of
induced magnetic field Bind

x (dashed black). The horizontal black dotted
line represents the zero value. Data from of Chen et al. (2014, 2015).
We refer to Sect. 3.4.

component of curl of the electromotive force can be divided into
four terms;

[r ⇥ (u ⇥ B)]x =

�uy@Bx/@y � uz@Bx/@z advection (3)
�Bx@uy/@y � Bx@uz/@z compression (4)
+By@ux/@y + Bz@ux/@z shear (5)
+ux@By/@y + ux@Bz/@z solenoidality of B. (6)

We note that the terms ux@Bx/@x and Bx@ux/@x are often added
for completeness, but because their contributions cancel out, we
do not show them here. Furthermore, we prefer this kind of sepa-
ration because it makes it easier to disentangle the di↵erent con-
tributions. The last contribution turns out be small and is ne-
glected in the following discussion. In Fig. 10, we plot the first
three contributions over height at a location, where Bind

x is large
in the middle of the loop (x = 75 Mm, y = 30 Mm, also indicated
in Figs. 9a, c as black vertical lines). Again, a positive electro-
motive force coincides with large values of Bind

x . This is true be-
tween 11 and 17 Mm in height. Below and above [r⇥ (u⇥ B)]x
is negative and Bind

x small. The positive values of the curl of elec-
tromotive force can be mostly associated with the advection (3)
of magnetic field along the plasma. Between z = 14 and 17 the
contribution of the shear (5) and between z = 11 and 13 the con-
tribution of the compression (4) is also positive, but the advec-
tion (3) always dominates at these heights. A more detailed anal-
ysis reveals that compression becomes dominating in the legs. It
is clear that considering all contributions is important to obtain-
ing a full and accurate picture of magnetic field evolution. Pure
advection would result in an overly large change in the magnetic
field, therefore only fully compressible 3D MHD simulations are
able to capture these plasma forces acting on the magnetic field
and leading to the observed helical current structure.

The prominent flows and the induced magnetic field have an
additional e↵ect on the plasma and the force balance of the sys-
tem. As shown in Fig. 8c of Chen et al. (2014), the loop shows a
concentration of density in the top-right part of the mushroom-
type structure seen in the cross-sectional cut of the loop. This
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Fig. 8. Relative induced magnetic field and current density in the y-z
plane of the loop apex at x = 75 Mm of Chen et al. (2014, 2015). The
ratio of the modulus of the induced magnetic field in the x direction
|Bind

x | and the modulus of the total magnetic field |Bx| is color-coded. The
red arrows indicate vectors of the current density J in the y-z plane. We
refer to Sect. 3.3.

loop, there exists a strong vertically upward-pointing induced
magnetic field with a comparable strength to Bind

x . In essence,
while the overall magnetic field is running more or less straight
from one footpoint to the other, this shows that the induced field
has a clear helical structure. Nevertheless, because the induced
field has a strength of only 5% of the overall background field,
the helicity is not visible when simply plotting magnetic field
lines.

To check that the induced magnetic field is consistent with
the currents, we plot these together in Fig. 8. Here we see
the mushroom-type enhancement of the induced field that is
restricted to the vicinity of the loop. While the actual EUV
loop visible in coronal emission has a diameter of some 2 Mm
(Chen et al. 2014), here the region of the induced magnetic
field covers a region (in a vertical cut near the apex) of almost
10 ⇥ 5 Mm2. While in this region the induced field is of the or-
der of 5% of the background field, it is practically zero outside
in the corona (of course, in the photo- and chromosphere where
the field is far from being force-free the induced magnetic field
is much larger). The currents in the vertical cut in Fig. 8 show
a clear counter-clockwise rotation, which according to the right-
hand-rule is directly related to induced magnetic field in the pos-
itive x direction covering an area much larger than the EUV loop.

To relate the induced magnetic field to the current system
around the loop, we define the angle � between current and mag-
netic field so that

cos � =
J · B
|J | |B| · (2)

This allows us to quantify the discussion of the helical currents
around the loop as visualized in Fig. 4. To this end we plot the
angle � in Fig. 7b in the same vertical mid-plane between the
footpoints as in Fig. 7a. In accordance with Fig. 3 we see that
at the position of the loop (indicated by the yellow crosses), the
currents are antiparallel to the field (� ⇡ 180�). In contrast, away
from the center of the loop the magnetic field deviates signifi-
cantly from a force-free state as emphasized by values of � close
to 90� with currents being almost perpendicular to the magnetic
field, in particular in a large patch directly above the loop (see
Fig. 7b). This consideration clarifies that the strongest deviation

from a force-free field is found outside the loop. One might be
tempted to conclude that the field is force-free inside the loop,
where the EUV emission is strong. However, this would not be
correct. While there the currents are indeed parallel or antiparal-
lel to the field (consistent with force-free) the currents can switch
sign in response to the closing of the current system surrounding
the loop (cf. Sect. 3.1), which cannot be captured by a force-free
description of the magnetic field.

We summarize that in a region significantly larger than the
coronal loop seen in EUV we find a significant disturbance of
the magnetic field directly related to the current systems. Inside
and outside the EUV loop the assumption of a force-free field
breaks down.

3.4. Plasma flows and induced magnetic field

To understand the origin of the induced magnetic field, we inves-
tigate the plasma motions in the loop structure. These motions
can generate a (small) change in the magnetic field through the
electromotive force. The plasma flows from the bottom of the
corona into the loop are shown in Figs. 9a, b, where we plot the
plasma velocities in the y-z and x-z planes, that is, in vertical
planes across and along the loop. The flows are mostly upwards
in both legs of the loop (Fig. 9b). The cut perpendicular to the
loop in the y-z plane reveals that the plasma moves upwards in
the middle of the loop and disperses in the top of the loop in
horizontal directions (Fig. 9a). Transported away from the loop
the plasma falls down again generating a small vortex-like flow
structure in the y-z plane together with a velocity in the x direc-
tion. In one of these vortex-like structures the x-component of
the induced magnetic field has a maximum, indicated with the
yellow contours in Fig. 9a. A vertical cut through this location at
29.5 Mm (Fig. 9b) shows the upflows along the legs of the loop,
the horizontal flow at top of the loop, and the downflows below
the apex. The upward motion along the legs is consistent with
the analysis by Chen et al. (2014), where the flow is found to be
driven by the Joule heating at the base of the corona.

The presence of the flow vortex and the induced mag-
netic field at the same location (Fig. 9a) indicates a connection
between these two. To check this, we computed the curl of the
electromotive force in the x direction because this is the main
contribution for changing Bx in time. We find positive values
for the electromotive force of some 20 mG/s to 60 mG/s (in the
positive x direction) at similar locations where also the large
values of induced magnetic field are found (cf. Fig. 9c). In
particular, this is also the case at the same height as the loop
and slightly below. Analyzing the same simulation, Chen et al.
(2014) found that the flows into the loop last some 100 s (their
Fig. 3d). Consequently, together with the electromotive force,
over this timescale we can expect an induced magnetic field of
some 2 G to 6 G. This is just the induced magnetic field we find
(cf. Fig. 9d), that also points in the positive x direction. This
induced magnetic field then slightly suppresses the background
magnetic field, which is pointing in the negative x direction near
the loop top. So from this we can conclude that the flow in the
loop induces a magnetic field that is directed opposite to the
background field and thus reduces the field strength in the loop.

The induced magnetic field also has components in the other
directions (Fig. 9d), but we focus here on the x component as it
is tightly related to the helical currents around the loop; we re-
fer to Sect. 3.3. However, the other components of the induced
magnetic field can also be linked in a similar way to their corre-
sponding components of the curl of electromotive force.
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Fig. 2. Snapshot of coronal loop and field lines studied here. The back-
ground image shows the synthesized EUV emission as it would be seen
in the 193 Å channel of AIA showing mainly 1.5 MK hot plasma. Over-
plotted are twelve selected magnetic field lines (red) within the EUV
loop. This shows a snapshot at time t = 12.5 min based on the data
from the model by Chen et al. (2014, 2015). The two panels show a
view from straight above (top panel) and the side (bottom panel) of part
of the computational domain; we refer to Sect. 2.

In the coronal model of Chen et al. (2014, 2015) coupled to the
flux emergence simulation this results in the formation of a coro-
nal loop structure that is non-steady in nature. Thus this coronal
simulation is well suited to studying the currents hosted in an
active-region corona during phases of significant evolution.

We focus our study mainly on a snapshot at t = 12.5 min of
the coronal simulation of Chen et al. (2014, 2015)2. Besides two-
dimensional (2D) cuts and 3D volume rendering, we follow in-
dividual field lines and determine physical properties along them
using the same technique as in Bingert & Peter (2011, 2013) and
Chen et al. (2014). As an illustration, we show in Fig. 2 the field
lines over-plotted with the bright loop visible in EUV emission
at time t = 12.5 min. Here we display the emission as it would
be seen by the Atmospheric Imaging Assembly (Boerner et al.
2012) in its 193 Å channel showing basically Fexii forming at
about 1.5 MK. All the field lines are well inside the EUV loop
and are therefore well suited to describing its plasma, magnetic
field, and current properties. The EUV loop is bright only above
⇡3 Mm because of the sensitivity in terms of temperature of the
AIA 193 Å channel. The currents along these field lines in the
loop play a crucial role for the heating of the loop and its visibil-
ity in the EUV (for further details see Chen et al. 2014).

3. Results

3.1. Electric current system in and around the loop

We start by analyzing currents along the magnetic field lines
in the loop structure seen in EUV. For this we define the total

2 Actually this is more than an hour from the start of the coronal sim-
ulation when the first clear loop has formed. For the definition of the
zero-time we refer to Chen et al. (2014, 2015) and their online material.

Fig. 3. Current properties along a loop in an emerging active region of
Chen et al. (2014, 2015). The format is the same as for the loop in the
stable active region in Fig. 1. Panel a shows the total current I along the
loop that now changes sign and panel b displays the angle � between
current and magnetic field. Just as in Fig. 1 we show I and � for twelve
selected field lines in the loop (cf. Fig. 2) over the normalized arc length.
Zero arc length is at the left footpoint of the loop (see Fig. 4). The two
vertical dotted lines indicate the coronal region (above 1 MK) and the
dashed line indicates zero current. We refer to Sect. 3.1.

current I along the magnetic field B as

I =
J · B
|B| A, with A = |Bz(z = 0)|

|B| ⇡r2
0, (1)

where J = µ�1
0 r ⇥ B is the current density and A is the cross-

section of the loop with the constant r0 = 0.5 Mm. By following
an individual field line and normalizing by the magnetic field
this is equivalent to following a flux tube that has an infinitesi-
mally small diameter at the lower boundary. Just for convenience
we used a value of 2r0 = 1 Mm at the height z = 0, that is, the
bottom boundary in the photosphere. The loop is then expand-
ing according to flux conservation, that is, the cross-section A
increases with decreasing magnetic field strength |B|. Basically
calculating I through Eq. (1) corresponds to integrating the cur-
rent density over the cross-section of a magnetic flux tube de-
fined by a collection of field lines. The actual choice of r0 does
not matter in our analysis and is only used for convenience to
get sensible units and values for I. A di↵erent value of r0 would
only result in a di↵erent amplitude of the I but would not give a
di↵erent dependency along the loop.

We now address the question of if and how the total current
changes along the loop in this emerging active region model.
For this we plot in Fig. 3a the total current I as a function of
normalized arc lengths for twelve di↵erent field lines, where the
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Conclusions

Loop above emerging active region shows helical current structure

Bipolar current structure at each footpoint; movement of  footpoints

Plasma flows into the loop drive non-potential magnetic field

Loop cannot be described by force-free modelling 

Heating and emission correlate with current helicity

Magnetic helicity injection leads to higher temperatures

Helical magnetic field can play an important role in 
understanding the Rotation-Activity-Relation of  stars


