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Scope of this talk
How the hot plasma structures outlining magnetic field 

lines in the corona are dynamically connected to 
fragmented surface magnetic field in the photosphere?
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Numerical models of coronal loops

van Ballegooijen et al. (2011) Reale et al. (2016)



sheets, one of which is in the interior of the loops and one of
which separates the intermediate loops. The large loops in
turn have two extra sheets in their interior. In practice the
actual coronal loops will be considerably more complex
than this, with about 10 sheets inside each loop that links to
a network element and about 100 sheets within an ephem-
eral region.

The picture we have is of many separatrix current sheets
within each coronal loop formed because each loop has
multiple intense flux-tube sources in the photosphere that
move independently. Figure 4a shows schematically the
magnetic sources around the network in the photosphere,
while Figures 4b and 4c indicate the locations of current
sheets at a small height (say, 1 Mm) above the photosphere
and at a larger height (say, 10 Mm). Thus, at the low height

Fig. 2.—Sketches of various aspects of the structure of coronal loops. (a) A TRACE loop connects to the surface in a spider of fingers separated by
separatrix current sheets. (b) Over several supergranules a range of coronal loops (from above) shows a mixture of short and long loops. (c) A three-
dimensional view within the network indicates that the photospheric flux elements (dashed ovals) are in general connected to a range of neighbors.
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Fig. 3.—Schematic representation of the tectonics of the solar corona,
showing separatrix current sheets (thick curves) along the boundaries of
small loops (S) and both within and on the boundaries of intermediate (I)
and large (L) loops. Each loop consists of one or several elementary flux
tubes, each of which is bounded by a current sheet and linked to a discrete
source in the photosphere.
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Flux-tube tectonics model of Priest et al. (2002)

444 VAN BALLEGOOIJEN ET AL. Vol. 509

FIG. 9.ÈPotential-Ðeld model of magnetic Ñux tubes in the solar atmosphere. The model corresponds to a small region in frame 40 of the La Palma data
set (the region is indicated by the white box in Fig. 6a).

ing rapid motion of Ðeld lines in the vicinity of the fan plane.
In we show that the functional dependence ofAppendix A
the velocity near the separatrix surface is determined by the
eigenvalues of the magnetic gradient tensor at the null
point.

In the present model, we assume for simplicity that '(x, y,
0, t) \ 0, which implies that the Ñux tubes exhibit no rota-
tional motion about their vertical axes. As two neighboring
Ñux tubes move relative to each other, the line connecting
the two Ñux tubes rotates with time, but this rotation is not

FIG. 10.È(a) Horizontal velocity at a height of 1500 km in the chromosphere, as predicted from the potential-Ðeld model for the region shown in Fig. 9.
The longest arrows in this plot correspond to 5 km s~1, and the bold arrows show the direction of the Ðeld in regions where the horizontal velocity exceeds 5
km s~1. (b) Separatrices between di†erent Ñux tubes.

van Ballegooijen et al. (1998)

Numerical models of coronal loops

Observations: Porter et al. (1994); De Pontieu 
et al. (2003); Aschwanden & Title (2004); Peter 
et al. (2013); Régnier et al. (2014); Wang (2016) 



A more detailed picture of coronal loop footpoints 
with Sunrise Observations

IMaX + SuFI covering solar lower atmosphere
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Sunrise observations — context
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1015 Mx s-1

Magnetic connection: photosphere to corona



Sunrise/IMaX SDO/AIA
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Heating scale height : Magnetic energy decay with height : 
close down of magnetic loops

A cartoon of the observed scenario

Heating scale height

Flux cancellation
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Interpretation of heating scale height
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(c) (d)Nonlinear force-free field model (Chitta et al. 2014)

S. Bingert and H. Peter: Intermittent heating in the solar corona employing a 3D MHD model
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Fig. 5. Horizontally averaged heating rate per unit volume for one snap-
shot. In the upper part above 4 Mm the average heating rate drops expo-
nentially with an almost constant scale height of about 5 Mm. Vertical
dotted lines as in Fig. 3.
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Fig. 6. Top panel: histogram shows the distribution of field line length
in the domain respecting the periodic boundaries. Equally distributed at
z = 0 have been selected for the tracing algorithm 2562 starting points.
Vertical dotted line depicts the local maximum at 15 Mm.

3.1. Average spatial distribution of the heating rate

The average heating rate drops dramatically with height up to
some 4 Mm and then falls offmore slowly but still exponentially
(cf. Fig. 5). Below 4 Mm most of the small-scale magnetic field
lines emerging from the photosphere are closed back to the sur-
face and thus causing the bend seen in Fig. 5, which is discussed
in Sect. 3.1.1. In contrast, the average heating rate per particle
peaks at some 7 Mm height (cf. Sect. 3.1.2). Overall, the av-
erage heating rate through Ohmic dissipation corresponds well
with the average Poynting flux into the upper atmosphere at all
heights (cf. Sect. 3.1.3).

3.1.1. The magnetic transition region

The vertical magnetic field at the lower boundary consists of two
strong opposite polarities and small-scale network flux patches.
Field lines emerging from the active region reach high up into
the atmosphere and build the coronal loop. Field lines starting at
lower flux concentrations close back earlier and thus are shorter.
The top panel of Fig. 6 shows a histogram of lengths of field lines
traced from the lower boundary. The 256 × 256 starting points
are equally distributed in the x-y-plane. The number of field lines
decreases in roughly inverse proportion to length. But there is a
change in the distribution function at roughly 15 Mm. Below,
i.e. from 0 to 15 Mm, the number of field lines per length inter-
val decrease more slowly than exponentially. The total fraction
of magnetic field lines in this interval is 75%. These field lines
connect network patches and reach a height of roughly 4−5 Mm

when semi-circular loops are assumed. For lengths above 15 Mm
the number of field lines decreases roughly exponentially up to
some 40 Mm. For even longer field lines we find a clustering
with the longest field lines reaching almost the top of our do-
main. These field lines connect the main polarities and are less
than 1% in total.

A distinct change in the distribution of field line lengths is
visible in Fig. 6 at a length of about 15 Mm. This field line
length corresponds to an apex height of about 4 Mm (assum-
ing a semi-circular loop). This indicates that at heights in the
computational domain below roughly 4 Mm the magnetic field
topology is dominated by short loops connecting small-scale fea-
tures. Above this height the volume is dominated by the longer
field lines connecting the two main magnetic patches of the ac-
tive region. We therefore denote this height range at about 4 Mm
where the magnetic topology changes from small-scale to large-
scale as the magnetic transition region. This can also be seen as
a kink in the distribution of currents (or more exactly the heat-
ing rate ∝ j2) with height in Fig. 5 (Sect. 4.2). This definition is
similar to Jendersie & Peter (2006).

3.1.2. Foot-point dominated heating

We analyzed the heating rate for each snapshot of our model by
investigating the Ohmic heating rate (cf. Eq. (3)) ηµ0 j2 at all grid
points. It corresponds to the volumetric heating rate and Fig. 5
shows its horizontal averages for one time step. The volumetric
heating rate decreases over more than ten orders of magnitude
from the photosphere to the corona.

From the photosphere to the upper chromosphere at 4 Mm,
the heating rate decreases about eight orders of magnitude. Thus
99% of the energy is deposited in the chromosphere, and the
chromosphere acts as an energy buffer.

Above 4 Mm (lefthand side in Fig. 5) the heating rate drops
exponentially with a scale height being on average around 5 Mm.
Gudiksen & Nordlund (2005b) found an average scale height of
5 Mm in their model, too. For both the transition region and
the corona, the heating scale height is constant. The volumet-
ric heating rate at the top of the chromosphere is approximately
10−5 W m−3.

The density scale height (cf. Fig. 3) at roughly 104 K (below
5 Mm) is about 0.3 Mm. Due the rapid temperature increase up
to 106 K the density scale height becomes 13 Mm above 7 Mm.
Between the heights of 5 Mm and 7 Mm, the volumetric heating
rate drops exponentially with a scale height between the density
scales at these levels. This leads to a maximum specific heating
rate per particle as illustrated in Fig. 7. The specific heating rate,
i.e. per particle, increases starting at the lower chromosphere
with a scale height of 0.5 Mm, whereas the specific heating rate
drops exponentially with a scale height of 6 Mm above 7 Mm
height. Thus, even though most of the energy is deposited in the
chromosphere, the available energy per particle is higher in the
corona.

The volumetric heating rate (cf. Fig. 5), as well as the heating
rate per particle (cf. Fig. 7), shows that the heating of the coronal
loops is foot-point dominated, and yet there is heating also in the
upper part of the corona.

3.1.3. Energy flux into the atmosphere

The volumetric heating rate can be converted into an energy flux
by assuming that all energy comes from the lower boundary.
This is the case for the Ohmic heating as the driving occurs at

A112, page 5 of 12

3D MHD model (Bingert & Peter 2011)

4—6 orders of magnitude drop in the heating rate

Heating scale height ≈ 500 km

Small-scale mixed polarity
Active region



Average magnetic energy flux ≈ 109 erg cm-2 s-1

Photospheric Poynting flux due to convective motions
≈ 5×107 erg cm-2 s-1

Heating scale height of 500 km

+

-+-
Flux cancellation (1015 Mx s-1)

A cartoon of the observed scenario

(e.g. Welsch 2015)



A&A 556, A104 (2013)

only two pixels wide, with the intensity enhancement clearly
above the error level2. This confirms that Hi-C can detect small
structures down to its resolution limit.

The nature of the small-scale intensity enhancements in the
Hi-C 193 Å band needs some investigation. In Fig. 5 we plot the
context of this small plage region in various AIA channels to
investigate the connection throughout the atmosphere. The re-
gion of the strong brightening in 193 Å coincides with enhanced
emission from the chromosphere as seen in the AIA 1600 Å
channel (dominated by the Si i continuum). Even though this
is not a pixel-to-pixel correlation, it is clear that the enhanced
coronal emission occurs in a region with enhanced chromo-
spheric activity. The emission in the 304 Å band dominated by
the He ii line shows plasma below 105 K and is still closely re-
lated to the chromospheric network. The emission in the 131 Å,
171 Å, and 193 Å channels, which is dominated by plasma at
0.5 MK (Fe viii), 0.8 MK (Fe ix), and 1.5 MK (Fe xii), is very
concentrated above one edge of the plage region. The image
in the 211 Å channel (2.0 MK; Fe xiv) is almost identical to the
193 Å channel, which is why we do not include it here.

This enhanced coronal emission in the plage area could ei-
ther be due to small coronal loops within that region or could
originate in footpoints of long hot loops rooted in that patch of
enhanced magnetic field. However, the 335 Å and especially the
94 Å channels that should show hotter plasma – if it were be
present – do not show any signature of a long hot loop rising
from the patch in the center of the region. The 94 Å channel has
two main contributions, one around 1.2 MK (Fe x) and another
one at 7.5 MK (Fe xviii). However, the emission pattern in the
94 Å channel is very similar to the 171 Å channel, which indi-
cates that there is relatively little plasma reaching temperatures
of ⇡7.5 MK along the line of sight. Likewise the 335 Å channel
has main contributions around 0.1 MK, 1 MK, and 3 Mm, but
lacks the signature of a long hot loop and shows more similar-
ities to the 171 Å channel (albeit much noisier). For a detailed
discussion of the temperature response of the AIA channels see
(Boerner et al. 2012)3.

Unfortunately, there is no X-ray image taken at the same
time and location. However, an inspection of an image from the
Hinode X-ray telescope (XRT, Golub et al. 2007) taken about an
hour before does not clearly resolve the issue. Therefore we as-
sume that in the field of view of Fig. 5, the 193 Å emission in the
center square is not moss-type emission from a large hot loop.

Based also on Hi-C data, Testa et al. (2013) see moss-type
emission at the base of a hot (>5 MK) loop and find that it shows
a high temporal variability. However, they look at a di↵erent part
of the Hi-C field-of-view, which is near a footpoint of a hot loop.
In contrast, the brightening we discuss here is not related to a hot
loop, as outlined above.

2 To estimate the error we assumed Poisson statistics of the photon
counting, and propagated this error to the count rate (0.244 photons per
DN) accounting for a read-out noise of 18.5 DN.
3 One could also speculate that the AIA short wavelength channels
might show mainly cool transition region emission; in particular, the
193 Å and 211 Å channels have a significant contribution from tempera-
tures around 0.2 MK (O v) in quiet Sun conditions. However, then these
two channels should share some characteristics with the 304 Å channel,
which they do not. In fact, the brightening in 193 Å and 211 Å does not
overlap at all with the pattern in 304 Å. Thus we can conclude that the
193 Å and 211 Å channels really show plasma primarily at 1.5 MK to
2 MK.
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Fig. 5. Context of the plage region shown in Fig. 4. The AIA images in
7 channels show a 10100 ⇥ 10100 region and are taken within seconds of
the 193 Å Hi-C image. The squares indicate the field-of-view shown in
Fig. 4 and are co-spatial with the small squares in Fig. 3 labeled “plage”.
In Fig. 4 the 193 Å images of Hi-C and AIA zooming into the small
square are shown. Only there can the miniature loop be identifies in
the Hi-C image. The top left panel shows the co-spatial line-of-sight
magnetogram in the photosphere as seen by HMI, taken within seconds
of the other images. See Sect. 3.1.

If we can rule out that in our case the emission we see above
the plage patch is coming from the footpoint of long hot loops,
it has to come from small compact hot loops that close within
the network patch. Such small loops are clearly not resolved by
the AIA images. However, in the zoom to the Hi-C image of the
plage area in Fig. 4a we can identify at least one structure that
could be interpreted as a miniature hot loop that reaches tem-
peratures of (at least) about 1.5 MK because we distinctively see
it in the 193 Å channel of Hi-C (see arrows in panels a and c
in Fig. 4). This loop would have a length (footpoint distance) of
about only 1.500 corresponding to 1 Mm. For the width only an
upper limit of 0.2 to 0.300 (150 km to 200 km) can be given, be-
cause the cross section of this structure is barely resolved.

The HMI magnetogram in Fig. 5 shows only one polarity in
the plage area, which would argue against a miniature coronal
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Peter et al. (2013)

H. Peter et al.: Structure of solar coronal loops
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Fig. 3. Loop system at the periphery of the active region. This shows the 10300 ⇥ 10300 region indicated by the square in Fig. 1. The left panel shows
the Hi-C observation (1000⇥ 1000 pixels), the right displays the data in the same wavelength channel (193 Å) recoded by AIA (173⇥ 173 pixels).
The AIA image is spatially aligned with the Hi-C image and was taken at roughly the same time. The two squares here indicate regions that are
magnified in Figs. 4 and 6 and that are located in areas dominated by a plage region and a loop system.

for a rotation of 1.9� and found the (linear) pixel scaling from
Hi-C to AIA to be a factor of 5.81. For our analysis we also
use images from the other AIA channels, all of which have been
taken between 3 s before and 6 s after the Hi-C image. These
we spatially scaled and aligned to match the AIA 193 Å image,
and then applied the same rotation as for the 193 Å image to
have a set of co-spatial images from Hi-C and AIA. We also
make use of the magnetogram taken by the Helioseismic and
Magnetic Imager (HMI/SDO; Scherrer et al. 2012) at 18:53:56,
just 20 s before the Hi-C image. We scale, rotate and align the
magnetogram to match the AIA 1600 Å image, so that it is also
co-spatial with the Hi-C image.

3. Coronal structures

A rough inspection of the region-of-interest for our study as dis-
played in Fig. 3 already shows that parts of the Hi-C image look
much crisper than the AIA 193 Å image, which is a clear e↵ect
of the improved spatial resolution of Hi-C. However, other parts
of the image look quite alike, which is particularly true for the
large loops in the middle of the region-of-interest.

3.1. Miniature coronal loops in plage region

To highlight that Hi-C shows miniature coronal loop-like struc-
tures almost down to its resolution limit, we first investigate a
small region in the upper left of the region-of-interest, labeled
“plage” in Fig. 3. A zoom of this area is shown in the top panels
of Fig. 4. Here the increased spatial resolution of Hi-C is clearly
evident. To emphasize this, panel c of Fig. 4 shows diagonal cuts
through the Hi-C and AIA images in panels a and b. Prominent
substructures are seen in the Hi-C image that are some seven
to ten Hi-C pixels wide, corresponding to below 100. This corre-
sponds to 1.5 AIA pixels and is therefore not resolved by AIA.
Besides these, various intensity peaks are also visible, which are
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Fig. 4. Zoom of the plage region indicated in Fig. 3 by a square. The
top two panels show the Hi-C image (150⇥ 150 pixel) and the AIA im-
age (26⇥ 26 pixel) in that 1500 ⇥ 1500 region. The individual pixels are
clearly identifiable in the AIA image. The bottom panel shows the vari-
ation in the count rate across the structures along the diagonal indicated
by the dashed lines in the top panels. The pixels for the AIA data are
indicated by diamonds. The bars indicate the individual pixels of Hi-C,
the height of the bars represent the errors. For better comparison the
AIA count rate is scaled by the factor given in the plot. The arrows in
panels a) and c) indicate the position of a miniature coronal loop. See
Sect. 3.1
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Indirect evidence for the mixed polarity?

Régnier et al. (2014)
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Illustration of a coronal loop



Conclusions
• Sunrise observations revealed presence of small-

scale mixed polarity field at coronal loop footpoints

• A flux cancellation rate of 1015 Mx s-1 can provide a 
large reservoir of magnetic energy at the base of 
coronal loops

Question
• At what stage of active region evolution do this 

small-scale mixed polarity field will govern coronal 
dynamics?


