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• Larger telescopes collect more photons but resolve smaller scales

• The number of photons per resolution element is relatively constant

• The solar surface evolves rapidly

The problem of reconstructing magnetic fields:

The usual solutions:
• Longer integration times (while the solar surface keeps evolving!)

• Spatio-temporal binning (affects all model parameters)

• Filtering of Q,U&V (makes them inconsistent with Stokes I)
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Regularized Weak-Field approximation

Data courtesy of Michiel van Noort (MPS)
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A test of the weak-field approximation applied to MiHi  dataHα
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(from de la Cruz Rodríguez & Leenaarts 2024)

de la Cruz Rodríguez, J. and Leenaarts, J.: A&A, 685, A85 (2024)

in the strong network patches, small-scale loop-like features
can be discerned in the FOV. The inclusion of spatial regular-
isation greatly decreases the noise in the background, making
the small-scale loop-like features much more visible compared
to the unconstrained case. Temporal regularisation alone also
decreases the noise, perhaps yielding a slightly sharper model
than the spatially regularised one, while also decreasing the
temporal fluctuations of the background noise along the time
series. The combined action of temporal and spatial regularisa-
tion further decreases the noise compared to the previous cases
and yields a model with the highest S/N. The standard devi-
ation of the noise in the magnetic field, as measured in the
lower-right corner of the image, is reduced from 18 G in the
unconstrained case to 9 G in the fully regularised case. The
improvement induced by spatial regularisation is particularly
obvious in the movie showing the entire time series. The upper
panel in Fig. 4 further illustrates the reduction of the noise in the
regularised reconstructions along a slice through the FOV.

3.2. The non-linear case: Application to Milne-Eddington
inversions

The LM algorithm is one of the most e�cient methods for
reconstructing the parameters of non-linear models from obser-
vations. Regularised LM implementations are used in di↵erent
fields of astrophysics in order to constrain the parameters of the
model under consideration (e.g. Piskunov & Kochukhov 2002;
de la Cruz Rodríguez et al. 2019). The regularisation is repre-
sented by a set of Npen penalty functions rn(p) that are squared
in order to have ` � 2 norm regularisation. Following the nota-
tion of de la Cruz Rodríguez et al. (2019), the merit function �2

can generally be expressed as a function of the model parameter
vector p and the data points x:

�2(p, x) =
1

Ndata

NdataX

k=1

"
ok � s(p, xk)
�k

#2
+

NpenX

n=1

↵nrn(p)2, (3)

where the weights ↵n regulate the influence of the regularisa-
tion terms in the merit function. We note that, unlike in the lin-
ear case, the penalty functions are not independently defined for
each pixel (see below).

The model corrections predicted by the regularised LM algo-
rithm can be derived by linearising Eq. (3) and taking the deriva-
tive with respect to the model parameters. The correction to the
model parameters (�p), in vector form, is given by a linear sys-
tem of equations:

(J · JT + L · LT )�p = J · (o� s) � L · r, (4)

where J is the Jacobian matrix of the model and L is the Jaco-
bian matrix of the penalty functions. In this expression, all con-
stants and normalising factors are implicitly contained in the cor-
responding vectors. For any given parameter pt,y,x, the regulari-
sation functions are defined as:
X

r2
t,y,x = ↵t(pt,y,x � pt�1,y,x)2 + ↵s(pt,y,x � pt,y�1,x)2

+ ↵s(pt,y,x � pt,y,x�1)2 + ↵l(pt,y,x � p0)2, (5)

where we have included spatial, temporal, and low-norm regu-
larisation terms.

If the penalty functions have a linear dependence on the
model parameters, as in the ones used in this study, we can
express them as r = Lp + c, where the coupling is contained in
the Jacobian matrix L. Figure 5 illustrates the structure of L for a
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Fig. 4. Vertical cuts of the reconstructed magnetic field. The upper panel
shows a reconstruction of Bk with the weak-field approximation from
the 854.2 nm dataset along a cut indicated with red markers in Fig. 3.
The black curve shows the unconstrained reconstruction, and the red
curve shows the reconstruction with both spatial and temporal regulari-
sation. A similar plot is shown in the lower panel for the reconstruction
of B? from the ME inversion of the 617.3 nm dataset presented in Fig. 7.

problem with nt = 3, ny = 4, nx = 4, and npar = 2. The maximum
number of penalty functions should be npen < 4nxnynt, as some
functions are not defined at the edges of the problem. Figure 6
illustrates the approximate Hessian matrix of the regularisation
functions L · LT . The size of the approximate Hessian matrix is
set by the total number of free parameters of the problem, which
is also the size of one row of the LT matrix (4 ⇥ 4 ⇥ 3 ⇥ 2 = 96).
In the latter, the outer dark blue bands originate from the tem-
poral regularisation, whereas the inner light-blue bands contain
the spatial coupling terms. For npar = 1, this matrix is identical
in form to that shown in Fig. 2 for the linear case.

In this case, we are only including penalty functions that
compare a parameter value with its neighbouring values at t � 1,
y�1, and x�1. However, because the product L ·LT is similar to
a correlation of each penalty function with all others, the result-
ing coupling matrix in the left-hand side has identical structure
to that in the linear case where we also include explicit compar-
isons with the values at t + 1, y + 1, and x + 1.

In a previous study, de la Cruz Rodríguez (2019) imple-
mented a multi-resolution inversion code that included spatial
regularisation and allowed us to deal with the e↵ects of the
telescope point spread function in ME inversions (PyMilne1).
We extended this code to include temporal regularisation terms.
With these changes, the code can now invert a time series of
maps as a global problem. We inverted a time-series of 14 line

1 https://github.com/jaimedelacruz/pyMilne
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Díaz Baso et al.: Exploring spectropolarimetric inversions using neural fields
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Fig. 6: Magnetic field inference from a Ca i i 8542Å observation using the pixel-wise WFA, the NF WFA, and two additional
approaches introducing an explicit regularization term: using the information of a potential extrapolation of the magnetic field (third
row) and using the orientation of the fibrils (fourth row). The first column shows the longitudinal magnetic field, the second column
shows the transverse magnetic field and the third column shows the azimuth of the magnetic field.

i i) we apply a Sobel operator in each axis and take the arctangent
to retrieve the orientation of the fibrils, which is collapsed to the
range (0,180) degrees to avoid the 180 degrees ambiguity and i i i)
a Gaussian filter is applied to remove small artifacts at the edges
of the fibrils (see Fig. A.2 in the Appendix for more information).
As a result of the inference, Fig. 6 shows a magnetic field that is
aligned in general with the fibrils while still reproducing the polar-
ization signals. The middle panel shows that after incorporating
the orientation of the fibrils, the transverse component remains
almost the same. In fact, the estimation of the orientation of the
fibrils fails in the umbra where fibrils are not visible (see Fig. A.2)

but the strong polarization signals are enough to compensate for
that. This guided inferred magnetic field can be a much better
boundary condition for coronal field extrapolations.

Other potential regularizations that we should explore in the
future are forcing the divergence-free condition or the suppression
of strong electric currents. Both constraints can be computed from
derivatives of the output of the neural network with respect to
the input coordinates, which can be computed efficiently with
techniques from automatic differentiation. This could allow us to
resolve the Zeeman-180 degree azimuth ambiguity at the same
time we are reproducing the spectra.

Article number, page 9 of 15
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Early observational indications of the canopy effect imprinted in the Stokes V profiles!



Plage photospheres
A&A 576, A27 (2015)

     

     

�200

�150

�100

y 
[a

rc
se

c]

 

 

 a

�250 �240 �230 �220 �210
x [arcsec]

     

�200

�150

�100

y 
[a

rc
se

c]

 

 

 d
     

     

 

 

 

 

 

 b

�250 �240 �230 �220 �210
x [arcsec]

     

 

 

 

 

 

 e   
 

 

 

 

 

0

500

1000

1500

2000

M
ag

ne
tic

 fi
el

d,
 [G

]

     

     

 

 

 

 

 

 c

  
 

 

 

 

0

50

100

150

In
cl

in
at

io
n,

 �
 [d

eg
]

�250 �240 �230 �220 �210
x [arcsec]

     

 

 

 

 

 

 f

Fig. 2. a)–c) Magnetic field strength retrieved by the inversion at log(⌧) = 0,�0.9 and �2.3, from left to right. The colour scale given on the right
is identical in all the three images. d)–f) The line-of-sight inclination of the magnetic field obtained by the inversion at log(⌧) = 0,�0.9 and �2.3,
from left to right. All three images have the same colour scale. The black contours in all images encompass pixels where T < 5800 K.

vector. All these figures display the entire field of view (FOV) to
which the inversion code was applied. Figure 1 reveals that part
of the sunspot’s penumbra as well as pores of various sizes are
contained in the FOV and had to be excluded from the analysis.
The sunspot’s penumbra and the largest pores in the image were
cut out by excluding the lower right hand side of the FOV from
the analysis. However, many of the pores in the figure are only
a few pixels in size, illustrated by the contour lines in Figs. 1

and 2 and are often entirely embedded within a larger magnetic
feature. These small pores were removed from the analysis us-
ing a temperature threshold of T < 5800 K at log(⌧) = 0. Both
higher and lower temperature thresholds, ±150 K, were tested
with insignificant e↵ect upon the following results. The 5800 K
threshold was finally chosen since it corresponds to the lowest
temperature found in the quiet Sun, (see black box in Fig. 1).
An (alternative) intensity threshold to remove the pores yielded
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Fig. 2. a)–c) Magnetic field strength retrieved by the inversion at log(⌧) = 0,�0.9 and �2.3, from left to right. The colour scale given on the right
is identical in all the three images. d)–f) The line-of-sight inclination of the magnetic field obtained by the inversion at log(⌧) = 0,�0.9 and �2.3,
from left to right. All three images have the same colour scale. The black contours in all images encompass pixels where T < 5800 K.

vector. All these figures display the entire field of view (FOV) to
which the inversion code was applied. Figure 1 reveals that part
of the sunspot’s penumbra as well as pores of various sizes are
contained in the FOV and had to be excluded from the analysis.
The sunspot’s penumbra and the largest pores in the image were
cut out by excluding the lower right hand side of the FOV from
the analysis. However, many of the pores in the figure are only
a few pixels in size, illustrated by the contour lines in Figs. 1

and 2 and are often entirely embedded within a larger magnetic
feature. These small pores were removed from the analysis us-
ing a temperature threshold of T < 5800 K at log(⌧) = 0. Both
higher and lower temperature thresholds, ±150 K, were tested
with insignificant e↵ect upon the following results. The 5800 K
threshold was finally chosen since it corresponds to the lowest
temperature found in the quiet Sun, (see black box in Fig. 1).
An (alternative) intensity threshold to remove the pores yielded
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Buhler et al. (2015)

log τ500 = 0 log τ500 = − 2.3
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Fig. 2. a)–c) Magnetic field strength retrieved by the inversion at log(⌧) = 0,�0.9 and �2.3, from left to right. The colour scale given on the right
is identical in all the three images. d)–f) The line-of-sight inclination of the magnetic field obtained by the inversion at log(⌧) = 0,�0.9 and �2.3,
from left to right. All three images have the same colour scale. The black contours in all images encompass pixels where T < 5800 K.

vector. All these figures display the entire field of view (FOV) to
which the inversion code was applied. Figure 1 reveals that part
of the sunspot’s penumbra as well as pores of various sizes are
contained in the FOV and had to be excluded from the analysis.
The sunspot’s penumbra and the largest pores in the image were
cut out by excluding the lower right hand side of the FOV from
the analysis. However, many of the pores in the figure are only
a few pixels in size, illustrated by the contour lines in Figs. 1

and 2 and are often entirely embedded within a larger magnetic
feature. These small pores were removed from the analysis us-
ing a temperature threshold of T < 5800 K at log(⌧) = 0. Both
higher and lower temperature thresholds, ±150 K, were tested
with insignificant e↵ect upon the following results. The 5800 K
threshold was finally chosen since it corresponds to the lowest
temperature found in the quiet Sun, (see black box in Fig. 1).
An (alternative) intensity threshold to remove the pores yielded
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Fig. 4. Vertical slice through a typical MFC. The Y coordinate of this MFC is �15100. a)–c) Magnetic field, LOS inclination and LOS velocity from
left to right. d)–f) Temperature, microturbulence and azimuth from left to right.

4000 4500 5000 5500 6000 6500 7000
Temperature [K]

0.0
0.1

0.2

0.3

0.4

N
or

m
al

is
ed

 F
re

qu
en

cy

0 500 1000 1500 2000 2500 3000
Magnetic field [G]

0.00
0.05
0.10
0.15
0.20
0.25
0.30

N
or

m
al

iz
ed

 F
re

qu
en

cy

0 20 40 60 80
Inclination, � [degrees]

0.00
0.02
0.04
0.06
0.08
0.10
0.12

N
or

m
al

iz
ed

 F
re

qu
en

cy

�90 0 90 180 270
Azimuth, � [degrees]

0.00
0.02
0.04
0.06
0.08
0.10
0.12

N
or

m
al

iz
ed

 F
re

qu
en

cy

S W N E S

�2 0 2 4 6
Velocity [km/s]

0.0

0.1

0.2

0.3

N
or

m
al

iz
ed

 F
re

qu
en

cy

0 1 2 3 4 5
Microturbulence [km/s]

0.0

0.1

0.2

0.3

0.4

N
or

m
al

iz
ed

 F
re

qu
en

cy

�180 �90 0 90 180
Azimuth difference [degrees]

0.00

0.05

0.10

0.15

0.20

N
or

m
al

iz
ed

 F
re

qu
en

cy

Fig. 5. Histograms of B values found in MFCs. The three coloured his-
tograms are restricted to core pixels, where red refers to log(⌧) = 0,
green indicates log(⌧) = �0.9 and blue refers to log(⌧) = �2.3.
The dashed histogram shows the field strengths of canopy pixels at
log(⌧) = �2.3.

vertical kG magnetic fields that decrease with height, whilst the
MFC expands. The apparent asymmetric expansion of the fea-
ture at �288X arises from the merging of the feature’s canopy
with the canopy of a nearby MFC. Both the temperature and the
microturbulence are enhanced at mid-photospheric layers within
the MFC, but even more so at the interface between it and the
surrounding quiet Sun, where strong downflows are also present.
The feature lies between two granules, which can be identified
in the temperature image at log(⌧) = 0. The pixel-to-pixel vari-
ations seen in Fig. 4 are sizeable, but statistically the results are
quite robust in that they apply to most plage MFCs.

4.1. Magnetic field strength

Figures 2a–c indicate that the MFCs in plage regions are com-
posed of magnetic fields on the order of kG in the lower and
middle photosphere. This is confirmed by the histograms of
magnetic field strength in Fig. 5, which are restricted to pixels
selected using the magnetic field thresholds defined in Sect. 4.
Besides histograms of B of core MFC fields at each optical
depth, the histogram of the canopy pixels at log(⌧) = �2.3 is
plotted as well. Histograms of the magnetic field strength for the
canopy at log(⌧) = 0 and �0.9 have been omitted as at these
heights the atmosphere is similar to the quiet Sun or contains

other, weaker fields that are analysed in Sect. 4.9. According
to Fig. 5 the magnetic field strength at log(⌧) = �0.9 has an
average value of 1520 G. At this height the two Fe I absorp-
tion lines show the greatest response to all the fitted parameters,
making the results from this node the most robust and compa-
rable to results obtained from Milne-Eddington (ME) inversions
(e.g. Martínez Pillet et al. 1997) of this line pair. As expected,
the average magnetic field strength in core pixels decreases with
decreasing optical depth, so whilst at log(⌧) = 0 the average field
strength is 1660 G, at log(⌧) = �2.3 the average field strength
drops to 1180 G. Figure 5 also reveals that the widths of the his-
tograms using core pixels decreases with height. At log(⌧) = 0
the FWHM of the histogram is 800 G that then subsequently de-
creases to 580 G at log(⌧) = �0.9 and to 400 G log(⌧) = �2.3,
which is half the value measured at log(⌧) = 0. The compar-
atively broad distribution at log(⌧) = 0 appears to be intrin-
sic to the MFCs. Large MFCs display a magnetic field gradient
across the feature, beginning at one kG at its border and rising to
over two kG within the space of ⇡0.005. Smaller MFCs, too, often
decompose into several smaller features when higher magnetic
field thresholds are used. However, it cannot be completely ruled
out, that the field strengths of the smallest MFCs are partially
underestimated due to the finite resolution of SOT/SP. At greater
heights neighbouring MFCs merge to create a more homogenous
magnetic field with a smaller lateral gradient in B and appear to
loose some of their underlying complexity. Nonetheless, di↵er-
ences in the distance between neighbouring MFCs still can lead
to an inhomogeneous magnetic field strength above the merging
height of the field (Bruls & Solanki 1995), which itself strongly
depends on this distance.

The distribution of the canopy pixels indicated by the dashed
line in Fig. 5 reveals that B in the canopy is generally much
weaker than in the core pixels. The distribution also has no ob-
vious cut-o↵ save for the arbitrary 300 G threshold, suggesting
that the MFCs keep expanding with height in directions in which
they are not hindered by neighbouring magnetic features.

4.2. Magnetic field gradient

The change in the peak magnetic field strength in each of the
coloured histograms in Fig. 5 (see Sect. 4.1) indicates that
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Fig. 2. a)–c) Magnetic field strength retrieved by the inversion at log(⌧) = 0,�0.9 and �2.3, from left to right. The colour scale given on the right
is identical in all the three images. d)–f) The line-of-sight inclination of the magnetic field obtained by the inversion at log(⌧) = 0,�0.9 and �2.3,
from left to right. All three images have the same colour scale. The black contours in all images encompass pixels where T < 5800 K.

vector. All these figures display the entire field of view (FOV) to
which the inversion code was applied. Figure 1 reveals that part
of the sunspot’s penumbra as well as pores of various sizes are
contained in the FOV and had to be excluded from the analysis.
The sunspot’s penumbra and the largest pores in the image were
cut out by excluding the lower right hand side of the FOV from
the analysis. However, many of the pores in the figure are only
a few pixels in size, illustrated by the contour lines in Figs. 1

and 2 and are often entirely embedded within a larger magnetic
feature. These small pores were removed from the analysis us-
ing a temperature threshold of T < 5800 K at log(⌧) = 0. Both
higher and lower temperature thresholds, ±150 K, were tested
with insignificant e↵ect upon the following results. The 5800 K
threshold was finally chosen since it corresponds to the lowest
temperature found in the quiet Sun, (see black box in Fig. 1).
An (alternative) intensity threshold to remove the pores yielded
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Fig. 2. a)–c) Magnetic field strength retrieved by the inversion at log(⌧) = 0,�0.9 and �2.3, from left to right. The colour scale given on the right
is identical in all the three images. d)–f) The line-of-sight inclination of the magnetic field obtained by the inversion at log(⌧) = 0,�0.9 and �2.3,
from left to right. All three images have the same colour scale. The black contours in all images encompass pixels where T < 5800 K.

vector. All these figures display the entire field of view (FOV) to
which the inversion code was applied. Figure 1 reveals that part
of the sunspot’s penumbra as well as pores of various sizes are
contained in the FOV and had to be excluded from the analysis.
The sunspot’s penumbra and the largest pores in the image were
cut out by excluding the lower right hand side of the FOV from
the analysis. However, many of the pores in the figure are only
a few pixels in size, illustrated by the contour lines in Figs. 1

and 2 and are often entirely embedded within a larger magnetic
feature. These small pores were removed from the analysis us-
ing a temperature threshold of T < 5800 K at log(⌧) = 0. Both
higher and lower temperature thresholds, ±150 K, were tested
with insignificant e↵ect upon the following results. The 5800 K
threshold was finally chosen since it corresponds to the lowest
temperature found in the quiet Sun, (see black box in Fig. 1).
An (alternative) intensity threshold to remove the pores yielded
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Fig. 4. Vertical slice through a typical MFC. The Y coordinate of this MFC is �15100. a)–c) Magnetic field, LOS inclination and LOS velocity from
left to right. d)–f) Temperature, microturbulence and azimuth from left to right.
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Fig. 5. Histograms of B values found in MFCs. The three coloured his-
tograms are restricted to core pixels, where red refers to log(⌧) = 0,
green indicates log(⌧) = �0.9 and blue refers to log(⌧) = �2.3.
The dashed histogram shows the field strengths of canopy pixels at
log(⌧) = �2.3.

vertical kG magnetic fields that decrease with height, whilst the
MFC expands. The apparent asymmetric expansion of the fea-
ture at �288X arises from the merging of the feature’s canopy
with the canopy of a nearby MFC. Both the temperature and the
microturbulence are enhanced at mid-photospheric layers within
the MFC, but even more so at the interface between it and the
surrounding quiet Sun, where strong downflows are also present.
The feature lies between two granules, which can be identified
in the temperature image at log(⌧) = 0. The pixel-to-pixel vari-
ations seen in Fig. 4 are sizeable, but statistically the results are
quite robust in that they apply to most plage MFCs.

4.1. Magnetic field strength

Figures 2a–c indicate that the MFCs in plage regions are com-
posed of magnetic fields on the order of kG in the lower and
middle photosphere. This is confirmed by the histograms of
magnetic field strength in Fig. 5, which are restricted to pixels
selected using the magnetic field thresholds defined in Sect. 4.
Besides histograms of B of core MFC fields at each optical
depth, the histogram of the canopy pixels at log(⌧) = �2.3 is
plotted as well. Histograms of the magnetic field strength for the
canopy at log(⌧) = 0 and �0.9 have been omitted as at these
heights the atmosphere is similar to the quiet Sun or contains

other, weaker fields that are analysed in Sect. 4.9. According
to Fig. 5 the magnetic field strength at log(⌧) = �0.9 has an
average value of 1520 G. At this height the two Fe I absorp-
tion lines show the greatest response to all the fitted parameters,
making the results from this node the most robust and compa-
rable to results obtained from Milne-Eddington (ME) inversions
(e.g. Martínez Pillet et al. 1997) of this line pair. As expected,
the average magnetic field strength in core pixels decreases with
decreasing optical depth, so whilst at log(⌧) = 0 the average field
strength is 1660 G, at log(⌧) = �2.3 the average field strength
drops to 1180 G. Figure 5 also reveals that the widths of the his-
tograms using core pixels decreases with height. At log(⌧) = 0
the FWHM of the histogram is 800 G that then subsequently de-
creases to 580 G at log(⌧) = �0.9 and to 400 G log(⌧) = �2.3,
which is half the value measured at log(⌧) = 0. The compar-
atively broad distribution at log(⌧) = 0 appears to be intrin-
sic to the MFCs. Large MFCs display a magnetic field gradient
across the feature, beginning at one kG at its border and rising to
over two kG within the space of ⇡0.005. Smaller MFCs, too, often
decompose into several smaller features when higher magnetic
field thresholds are used. However, it cannot be completely ruled
out, that the field strengths of the smallest MFCs are partially
underestimated due to the finite resolution of SOT/SP. At greater
heights neighbouring MFCs merge to create a more homogenous
magnetic field with a smaller lateral gradient in B and appear to
loose some of their underlying complexity. Nonetheless, di↵er-
ences in the distance between neighbouring MFCs still can lead
to an inhomogeneous magnetic field strength above the merging
height of the field (Bruls & Solanki 1995), which itself strongly
depends on this distance.

The distribution of the canopy pixels indicated by the dashed
line in Fig. 5 reveals that B in the canopy is generally much
weaker than in the core pixels. The distribution also has no ob-
vious cut-o↵ save for the arbitrary 300 G threshold, suggesting
that the MFCs keep expanding with height in directions in which
they are not hindered by neighbouring magnetic features.

4.2. Magnetic field gradient

The change in the peak magnetic field strength in each of the
coloured histograms in Fig. 5 (see Sect. 4.1) indicates that
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Fig. 2. a)–c) Magnetic field strength retrieved by the inversion at log(⌧) = 0,�0.9 and �2.3, from left to right. The colour scale given on the right
is identical in all the three images. d)–f) The line-of-sight inclination of the magnetic field obtained by the inversion at log(⌧) = 0,�0.9 and �2.3,
from left to right. All three images have the same colour scale. The black contours in all images encompass pixels where T < 5800 K.

vector. All these figures display the entire field of view (FOV) to
which the inversion code was applied. Figure 1 reveals that part
of the sunspot’s penumbra as well as pores of various sizes are
contained in the FOV and had to be excluded from the analysis.
The sunspot’s penumbra and the largest pores in the image were
cut out by excluding the lower right hand side of the FOV from
the analysis. However, many of the pores in the figure are only
a few pixels in size, illustrated by the contour lines in Figs. 1

and 2 and are often entirely embedded within a larger magnetic
feature. These small pores were removed from the analysis us-
ing a temperature threshold of T < 5800 K at log(⌧) = 0. Both
higher and lower temperature thresholds, ±150 K, were tested
with insignificant e↵ect upon the following results. The 5800 K
threshold was finally chosen since it corresponds to the lowest
temperature found in the quiet Sun, (see black box in Fig. 1).
An (alternative) intensity threshold to remove the pores yielded
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Fig. 2. a)–c) Magnetic field strength retrieved by the inversion at log(⌧) = 0,�0.9 and �2.3, from left to right. The colour scale given on the right
is identical in all the three images. d)–f) The line-of-sight inclination of the magnetic field obtained by the inversion at log(⌧) = 0,�0.9 and �2.3,
from left to right. All three images have the same colour scale. The black contours in all images encompass pixels where T < 5800 K.

vector. All these figures display the entire field of view (FOV) to
which the inversion code was applied. Figure 1 reveals that part
of the sunspot’s penumbra as well as pores of various sizes are
contained in the FOV and had to be excluded from the analysis.
The sunspot’s penumbra and the largest pores in the image were
cut out by excluding the lower right hand side of the FOV from
the analysis. However, many of the pores in the figure are only
a few pixels in size, illustrated by the contour lines in Figs. 1

and 2 and are often entirely embedded within a larger magnetic
feature. These small pores were removed from the analysis us-
ing a temperature threshold of T < 5800 K at log(⌧) = 0. Both
higher and lower temperature thresholds, ±150 K, were tested
with insignificant e↵ect upon the following results. The 5800 K
threshold was finally chosen since it corresponds to the lowest
temperature found in the quiet Sun, (see black box in Fig. 1).
An (alternative) intensity threshold to remove the pores yielded
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log τ500 = 0 log τ500 = − 2.3

• The magnetic field is confined to inter granular lanes

• Gas pressure drops with height and the field can expand 
horizontally
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Fig. 4. Vertical slice through a typical MFC. The Y coordinate of this MFC is �15100. a)–c) Magnetic field, LOS inclination and LOS velocity from
left to right. d)–f) Temperature, microturbulence and azimuth from left to right.
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Fig. 5. Histograms of B values found in MFCs. The three coloured his-
tograms are restricted to core pixels, where red refers to log(⌧) = 0,
green indicates log(⌧) = �0.9 and blue refers to log(⌧) = �2.3.
The dashed histogram shows the field strengths of canopy pixels at
log(⌧) = �2.3.

vertical kG magnetic fields that decrease with height, whilst the
MFC expands. The apparent asymmetric expansion of the fea-
ture at �288X arises from the merging of the feature’s canopy
with the canopy of a nearby MFC. Both the temperature and the
microturbulence are enhanced at mid-photospheric layers within
the MFC, but even more so at the interface between it and the
surrounding quiet Sun, where strong downflows are also present.
The feature lies between two granules, which can be identified
in the temperature image at log(⌧) = 0. The pixel-to-pixel vari-
ations seen in Fig. 4 are sizeable, but statistically the results are
quite robust in that they apply to most plage MFCs.

4.1. Magnetic field strength

Figures 2a–c indicate that the MFCs in plage regions are com-
posed of magnetic fields on the order of kG in the lower and
middle photosphere. This is confirmed by the histograms of
magnetic field strength in Fig. 5, which are restricted to pixels
selected using the magnetic field thresholds defined in Sect. 4.
Besides histograms of B of core MFC fields at each optical
depth, the histogram of the canopy pixels at log(⌧) = �2.3 is
plotted as well. Histograms of the magnetic field strength for the
canopy at log(⌧) = 0 and �0.9 have been omitted as at these
heights the atmosphere is similar to the quiet Sun or contains

other, weaker fields that are analysed in Sect. 4.9. According
to Fig. 5 the magnetic field strength at log(⌧) = �0.9 has an
average value of 1520 G. At this height the two Fe I absorp-
tion lines show the greatest response to all the fitted parameters,
making the results from this node the most robust and compa-
rable to results obtained from Milne-Eddington (ME) inversions
(e.g. Martínez Pillet et al. 1997) of this line pair. As expected,
the average magnetic field strength in core pixels decreases with
decreasing optical depth, so whilst at log(⌧) = 0 the average field
strength is 1660 G, at log(⌧) = �2.3 the average field strength
drops to 1180 G. Figure 5 also reveals that the widths of the his-
tograms using core pixels decreases with height. At log(⌧) = 0
the FWHM of the histogram is 800 G that then subsequently de-
creases to 580 G at log(⌧) = �0.9 and to 400 G log(⌧) = �2.3,
which is half the value measured at log(⌧) = 0. The compar-
atively broad distribution at log(⌧) = 0 appears to be intrin-
sic to the MFCs. Large MFCs display a magnetic field gradient
across the feature, beginning at one kG at its border and rising to
over two kG within the space of ⇡0.005. Smaller MFCs, too, often
decompose into several smaller features when higher magnetic
field thresholds are used. However, it cannot be completely ruled
out, that the field strengths of the smallest MFCs are partially
underestimated due to the finite resolution of SOT/SP. At greater
heights neighbouring MFCs merge to create a more homogenous
magnetic field with a smaller lateral gradient in B and appear to
loose some of their underlying complexity. Nonetheless, di↵er-
ences in the distance between neighbouring MFCs still can lead
to an inhomogeneous magnetic field strength above the merging
height of the field (Bruls & Solanki 1995), which itself strongly
depends on this distance.

The distribution of the canopy pixels indicated by the dashed
line in Fig. 5 reveals that B in the canopy is generally much
weaker than in the core pixels. The distribution also has no ob-
vious cut-o↵ save for the arbitrary 300 G threshold, suggesting
that the MFCs keep expanding with height in directions in which
they are not hindered by neighbouring magnetic features.

4.2. Magnetic field gradient

The change in the peak magnetic field strength in each of the
coloured histograms in Fig. 5 (see Sect. 4.1) indicates that
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Fig. 2. a)–c) Magnetic field strength retrieved by the inversion at log(⌧) = 0,�0.9 and �2.3, from left to right. The colour scale given on the right
is identical in all the three images. d)–f) The line-of-sight inclination of the magnetic field obtained by the inversion at log(⌧) = 0,�0.9 and �2.3,
from left to right. All three images have the same colour scale. The black contours in all images encompass pixels where T < 5800 K.

vector. All these figures display the entire field of view (FOV) to
which the inversion code was applied. Figure 1 reveals that part
of the sunspot’s penumbra as well as pores of various sizes are
contained in the FOV and had to be excluded from the analysis.
The sunspot’s penumbra and the largest pores in the image were
cut out by excluding the lower right hand side of the FOV from
the analysis. However, many of the pores in the figure are only
a few pixels in size, illustrated by the contour lines in Figs. 1

and 2 and are often entirely embedded within a larger magnetic
feature. These small pores were removed from the analysis us-
ing a temperature threshold of T < 5800 K at log(⌧) = 0. Both
higher and lower temperature thresholds, ±150 K, were tested
with insignificant e↵ect upon the following results. The 5800 K
threshold was finally chosen since it corresponds to the lowest
temperature found in the quiet Sun, (see black box in Fig. 1).
An (alternative) intensity threshold to remove the pores yielded
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Fig. 2. a)–c) Magnetic field strength retrieved by the inversion at log(⌧) = 0,�0.9 and �2.3, from left to right. The colour scale given on the right
is identical in all the three images. d)–f) The line-of-sight inclination of the magnetic field obtained by the inversion at log(⌧) = 0,�0.9 and �2.3,
from left to right. All three images have the same colour scale. The black contours in all images encompass pixels where T < 5800 K.

vector. All these figures display the entire field of view (FOV) to
which the inversion code was applied. Figure 1 reveals that part
of the sunspot’s penumbra as well as pores of various sizes are
contained in the FOV and had to be excluded from the analysis.
The sunspot’s penumbra and the largest pores in the image were
cut out by excluding the lower right hand side of the FOV from
the analysis. However, many of the pores in the figure are only
a few pixels in size, illustrated by the contour lines in Figs. 1

and 2 and are often entirely embedded within a larger magnetic
feature. These small pores were removed from the analysis us-
ing a temperature threshold of T < 5800 K at log(⌧) = 0. Both
higher and lower temperature thresholds, ±150 K, were tested
with insignificant e↵ect upon the following results. The 5800 K
threshold was finally chosen since it corresponds to the lowest
temperature found in the quiet Sun, (see black box in Fig. 1).
An (alternative) intensity threshold to remove the pores yielded
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log τ500 = 0 log τ500 = − 2.3

• The magnetic field is confined to inter granular lanes

• Gas pressure drops with height and the field can expand 
horizontally

• Flux emergence can occur inside plage (Chitta et al. 2019)

A&A 576, A27 (2015)
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Fig. 4. Vertical slice through a typical MFC. The Y coordinate of this MFC is �15100. a)–c) Magnetic field, LOS inclination and LOS velocity from
left to right. d)–f) Temperature, microturbulence and azimuth from left to right.
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Fig. 5. Histograms of B values found in MFCs. The three coloured his-
tograms are restricted to core pixels, where red refers to log(⌧) = 0,
green indicates log(⌧) = �0.9 and blue refers to log(⌧) = �2.3.
The dashed histogram shows the field strengths of canopy pixels at
log(⌧) = �2.3.

vertical kG magnetic fields that decrease with height, whilst the
MFC expands. The apparent asymmetric expansion of the fea-
ture at �288X arises from the merging of the feature’s canopy
with the canopy of a nearby MFC. Both the temperature and the
microturbulence are enhanced at mid-photospheric layers within
the MFC, but even more so at the interface between it and the
surrounding quiet Sun, where strong downflows are also present.
The feature lies between two granules, which can be identified
in the temperature image at log(⌧) = 0. The pixel-to-pixel vari-
ations seen in Fig. 4 are sizeable, but statistically the results are
quite robust in that they apply to most plage MFCs.

4.1. Magnetic field strength

Figures 2a–c indicate that the MFCs in plage regions are com-
posed of magnetic fields on the order of kG in the lower and
middle photosphere. This is confirmed by the histograms of
magnetic field strength in Fig. 5, which are restricted to pixels
selected using the magnetic field thresholds defined in Sect. 4.
Besides histograms of B of core MFC fields at each optical
depth, the histogram of the canopy pixels at log(⌧) = �2.3 is
plotted as well. Histograms of the magnetic field strength for the
canopy at log(⌧) = 0 and �0.9 have been omitted as at these
heights the atmosphere is similar to the quiet Sun or contains

other, weaker fields that are analysed in Sect. 4.9. According
to Fig. 5 the magnetic field strength at log(⌧) = �0.9 has an
average value of 1520 G. At this height the two Fe I absorp-
tion lines show the greatest response to all the fitted parameters,
making the results from this node the most robust and compa-
rable to results obtained from Milne-Eddington (ME) inversions
(e.g. Martínez Pillet et al. 1997) of this line pair. As expected,
the average magnetic field strength in core pixels decreases with
decreasing optical depth, so whilst at log(⌧) = 0 the average field
strength is 1660 G, at log(⌧) = �2.3 the average field strength
drops to 1180 G. Figure 5 also reveals that the widths of the his-
tograms using core pixels decreases with height. At log(⌧) = 0
the FWHM of the histogram is 800 G that then subsequently de-
creases to 580 G at log(⌧) = �0.9 and to 400 G log(⌧) = �2.3,
which is half the value measured at log(⌧) = 0. The compar-
atively broad distribution at log(⌧) = 0 appears to be intrin-
sic to the MFCs. Large MFCs display a magnetic field gradient
across the feature, beginning at one kG at its border and rising to
over two kG within the space of ⇡0.005. Smaller MFCs, too, often
decompose into several smaller features when higher magnetic
field thresholds are used. However, it cannot be completely ruled
out, that the field strengths of the smallest MFCs are partially
underestimated due to the finite resolution of SOT/SP. At greater
heights neighbouring MFCs merge to create a more homogenous
magnetic field with a smaller lateral gradient in B and appear to
loose some of their underlying complexity. Nonetheless, di↵er-
ences in the distance between neighbouring MFCs still can lead
to an inhomogeneous magnetic field strength above the merging
height of the field (Bruls & Solanki 1995), which itself strongly
depends on this distance.

The distribution of the canopy pixels indicated by the dashed
line in Fig. 5 reveals that B in the canopy is generally much
weaker than in the core pixels. The distribution also has no ob-
vious cut-o↵ save for the arbitrary 300 G threshold, suggesting
that the MFCs keep expanding with height in directions in which
they are not hindered by neighbouring magnetic features.

4.2. Magnetic field gradient

The change in the peak magnetic field strength in each of the
coloured histograms in Fig. 5 (see Sect. 4.1) indicates that
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Plage chromospheres

R. Morosin et al.: Stratification of canopy magnetic fields in a plage region

Fig. 15. Inferred |B|, |B?| and ✓ (inclination) maps for spectral region (c) (i.e., based on Mg i 5173 Å core spectral window).

visible in panel c are now hidden below the canopy. The clear-
est example of this e↵ect can be found in the negative polarity
patches located around (x, y) = (1000, 4300). The overall topology
is smooth over the entire FOV.

5.2. Reconstruction of B?

While we have applied our method to all spectral windows, only
the results from spectral window (c) could be meaningfully inter-
preted as the data in the other spectral windows did not have
su�cient signal-to-noise over the entire plage patch. Figure 15
presents the resulting maps of |B|, |B?| and ✓. The |B| map con-
firms the results from our inference of Bk and the entire region
seems to be covered by a magnetic canopy with a mean value of
658 G. From the maps of B? it also becomes clear that the mag-
netic field in the center of the patch is more vertical and becomes
stronger only closer to the edges. The strongest horizontal values
that we get are around 607 G and they are anchored at the edge
of the patch with an approximate inclination of ✓ = 83� relative
to the line-of-sight. The mean inclination inside the plage patch
is about 25� in the observer’s reference frame.

5.3. Reconstruction of the depth stratification

Using the formation heights that we calculated in Sect. 4.3 we
can reconstruct the stratification of Bk along the slit illustrated in
Fig. 14. In each pixel we have four values of the magnetic field
and an associated z-value. We have interpolated Bk in all pixels
along the slit to a equidistant z-scale and the resulting stratifi-
cation is displayed in Fig. 16. On the left vertical axis we have
indicated the mean formation height of each spectral window
using colored ticks.

Assuming that our approximations are valid, this figure illus-
trates that the edge of the magnetic canopy must be located
between 300 km and 600 km from the continuum formation
layer. Table 1 summarizes some statistics of the reconstruction
of Bk. Although the mean magnetic field value does not change
significantly as a function of height from 500 km to 1000 km,
the large change in the standard deviation illustrates the e↵ect of
having a more homogeneous value in the upper layers and more
confined and extreme values deeper down. The mean canopy
magnetic field value at z = 1000 km is Bk = 449 G.
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Fig. 16. Vertical reconstruction of the canopy magnetic field from the
observations. The vertical cut corresponds to the blue slit indicated in
panel a of Fig. 14. The colored ticks indicate the mean formation region
of each spectral region indicated in Table 1: (a) blue, (b) red, (c) yellow
(d) black. The z-scale has been estimated for each pixel from its atmo-
sphere derived from an NLTE inversion assuming hydrostatic equilib-
rium.

6. Conclusions

We have implemented a spatially-regularized weak-field approx-
imation by imposing Tikhonov regularization. This type of `-
2 regularization has been commonly used in di↵erent stel-
lar Doppler imaging applications (Piskunov 1990; Piskunov &
Kochukhov 2002; Rosén et al. 2015; Kochukhov 2017), but to
our knowledge this is the first time it is used in combination
with the WFA in solar applications with spatially resolved data.
This method exploits the sparsity of solar data to find solutions
that are spatially coherent. Our implementation of the spatially-
regularized WFA is publicly available1.

Setting spatial constraints on the WFA reduces the noise
present in the reconstructed maps and it improves the fidelity of
the reconstruction by coupling the solution spatially. However,
the spatial resolution that this method is capable of achieving is
still set by the telescope di↵raction limit, by the spatial and spec-
tral sampling of the data and by the noise level. The latter is the
dominant factor in the upper-right part of our grid (Figs. 5 and 7)
as the higher spatial frequencies of the signal cannot be distin-
guished from noise any longer and we can only aim at retrieving
larger scale details. In our study the parameter dependence is lin-
ear and therefore, the regularized WFA method only required a
modification of the left-hand side term in the WFA equations.

The estimation of errors for the WFA becomes less obvious
because now the magnetic field solution depends on more than

1 https://github.com/morosinroberta/spatial_WFA
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R. Morosin et al.: Stratification of canopy magnetic fields in a plage region

Fig. 15. Inferred |B|, |B?| and ✓ (inclination) maps for spectral region (c) (i.e., based on Mg i 5173 Å core spectral window).

visible in panel c are now hidden below the canopy. The clear-
est example of this e↵ect can be found in the negative polarity
patches located around (x, y) = (1000, 4300). The overall topology
is smooth over the entire FOV.

5.2. Reconstruction of B?

While we have applied our method to all spectral windows, only
the results from spectral window (c) could be meaningfully inter-
preted as the data in the other spectral windows did not have
su�cient signal-to-noise over the entire plage patch. Figure 15
presents the resulting maps of |B|, |B?| and ✓. The |B| map con-
firms the results from our inference of Bk and the entire region
seems to be covered by a magnetic canopy with a mean value of
658 G. From the maps of B? it also becomes clear that the mag-
netic field in the center of the patch is more vertical and becomes
stronger only closer to the edges. The strongest horizontal values
that we get are around 607 G and they are anchored at the edge
of the patch with an approximate inclination of ✓ = 83� relative
to the line-of-sight. The mean inclination inside the plage patch
is about 25� in the observer’s reference frame.

5.3. Reconstruction of the depth stratification

Using the formation heights that we calculated in Sect. 4.3 we
can reconstruct the stratification of Bk along the slit illustrated in
Fig. 14. In each pixel we have four values of the magnetic field
and an associated z-value. We have interpolated Bk in all pixels
along the slit to a equidistant z-scale and the resulting stratifi-
cation is displayed in Fig. 16. On the left vertical axis we have
indicated the mean formation height of each spectral window
using colored ticks.

Assuming that our approximations are valid, this figure illus-
trates that the edge of the magnetic canopy must be located
between 300 km and 600 km from the continuum formation
layer. Table 1 summarizes some statistics of the reconstruction
of Bk. Although the mean magnetic field value does not change
significantly as a function of height from 500 km to 1000 km,
the large change in the standard deviation illustrates the e↵ect of
having a more homogeneous value in the upper layers and more
confined and extreme values deeper down. The mean canopy
magnetic field value at z = 1000 km is Bk = 449 G.
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Fig. 16. Vertical reconstruction of the canopy magnetic field from the
observations. The vertical cut corresponds to the blue slit indicated in
panel a of Fig. 14. The colored ticks indicate the mean formation region
of each spectral region indicated in Table 1: (a) blue, (b) red, (c) yellow
(d) black. The z-scale has been estimated for each pixel from its atmo-
sphere derived from an NLTE inversion assuming hydrostatic equilib-
rium.

6. Conclusions

We have implemented a spatially-regularized weak-field approx-
imation by imposing Tikhonov regularization. This type of `-
2 regularization has been commonly used in di↵erent stel-
lar Doppler imaging applications (Piskunov 1990; Piskunov &
Kochukhov 2002; Rosén et al. 2015; Kochukhov 2017), but to
our knowledge this is the first time it is used in combination
with the WFA in solar applications with spatially resolved data.
This method exploits the sparsity of solar data to find solutions
that are spatially coherent. Our implementation of the spatially-
regularized WFA is publicly available1.

Setting spatial constraints on the WFA reduces the noise
present in the reconstructed maps and it improves the fidelity of
the reconstruction by coupling the solution spatially. However,
the spatial resolution that this method is capable of achieving is
still set by the telescope di↵raction limit, by the spatial and spec-
tral sampling of the data and by the noise level. The latter is the
dominant factor in the upper-right part of our grid (Figs. 5 and 7)
as the higher spatial frequencies of the signal cannot be distin-
guished from noise any longer and we can only aim at retrieving
larger scale details. In our study the parameter dependence is lin-
ear and therefore, the regularized WFA method only required a
modification of the left-hand side term in the WFA equations.

The estimation of errors for the WFA becomes less obvious
because now the magnetic field solution depends on more than

1 https://github.com/morosinroberta/spatial_WFA
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Fig. 7. Maps of the radiative losses, temperature, and parallel magnetic field for di↵erent heights in the solar atmosphere. Top row: derived radiative
losses for the entire FOV for the first time-step. The first panel from the left represents the total radiative losses integrated over the chromosphere.
The other three panels show the radiative losses integrated over the lower, middle, and upper chromosphere, respectively. Middle row: maps of the
temperature for four di↵erent heights in the solar atmosphere. The height increases from left to right. Bottom row: maps of the parallel magnetic
field for four di↵erent heights in the solar atmosphere. The height is increasing from left to right. The first panels in the middle and bottom rows
represent the T and B|| in the photosphere, respectively. The green contours indicate the area where Q < const ⇤ Q̃layer kW m�2 in the corresponding
atmosphere layer, where Q̃layer is the median value of Q in the corresponding layer. Const= 1.6 for the lower and middle chromosphere, and
const= 0.7 for the upper layer.

left to right, the contours plotted in three of the four panels cor-
respond to a fraction of the median value of the radiative losses
(Q < const⇤ Q̃layer kW m�2, where Q̃layer is the average net radia-
tive loss in that layer) in the lower chromosphere, in the middle
chromosphere, and in the upper chromosphere. In the lower and
middle chromosphere, the bulk of the radiative losses is concen-
trated in the areas surrounding the strongest photospheric mag-
netic field concentrations but not inside the latter. The distribu-
tion of the largest temperatures is also greatly correlated with
the magnetic canopy. The photospheric temperature panel shows
that our FOV contains a number of small pores. We discuss the
e↵ect of pores in Sect. 5.2. In the lower chromosphere, the peak
values of the radiative losses reach ⇠�20 kW m�2. The lower-
left panel in Fig. 8 shows that the Ca ii contribution dominates in
the lower chromosphere, and the canopy shape is already visible
there.

In the middle chromosphere, the magnetic field becomes
smoother and the magnetic canopy is clearly visible in the Bk

image, suggesting that at this depth we are already sampling
above the lower edge of the canopy. The Qmiddle shows a sim-
ilar picture with slightly smaller radiative losses. The tempera-
ture image shows a nearly homogeneous value of approximately
6.5 kK, while most pores appear as cold holes in the canopy.

In the upper chromosphere, the integrated radiative losses
are dominated by the H i contribution. In this layer, the radia-
tive losses, the enhanced chromospheric temperature and the
magnetic field form a patch above the plage target with rela-
tively constant values of hQi ⇡ �22 kW m�2, hT i ⇡ 8.5 kK and
h|Bk|i ⇡ 370 G. In this layer only the strongest pores are visible
in the temperature map and in the radiative losses map.

5.2. The effect of pores

The presence of pores in plage seem to have a clear imprint
in the statistics of the derived physical parameters (see e.g.,
Chintzoglou et al. 2021). Our target contains several pores,
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left to right, the contours plotted in three of the four panels cor-
respond to a fraction of the median value of the radiative losses
(Q < const⇤ Q̃layer kW m�2, where Q̃layer is the average net radia-
tive loss in that layer) in the lower chromosphere, in the middle
chromosphere, and in the upper chromosphere. In the lower and
middle chromosphere, the bulk of the radiative losses is concen-
trated in the areas surrounding the strongest photospheric mag-
netic field concentrations but not inside the latter. The distribu-
tion of the largest temperatures is also greatly correlated with
the magnetic canopy. The photospheric temperature panel shows
that our FOV contains a number of small pores. We discuss the
e↵ect of pores in Sect. 5.2. In the lower chromosphere, the peak
values of the radiative losses reach ⇠�20 kW m�2. The lower-
left panel in Fig. 8 shows that the Ca ii contribution dominates in
the lower chromosphere, and the canopy shape is already visible
there.

In the middle chromosphere, the magnetic field becomes
smoother and the magnetic canopy is clearly visible in the Bk

image, suggesting that at this depth we are already sampling
above the lower edge of the canopy. The Qmiddle shows a sim-
ilar picture with slightly smaller radiative losses. The tempera-
ture image shows a nearly homogeneous value of approximately
6.5 kK, while most pores appear as cold holes in the canopy.

In the upper chromosphere, the integrated radiative losses
are dominated by the H i contribution. In this layer, the radia-
tive losses, the enhanced chromospheric temperature and the
magnetic field form a patch above the plage target with rela-
tively constant values of hQi ⇡ �22 kW m�2, hT i ⇡ 8.5 kK and
h|Bk|i ⇡ 370 G. In this layer only the strongest pores are visible
in the temperature map and in the radiative losses map.

5.2. The effect of pores

The presence of pores in plage seem to have a clear imprint
in the statistics of the derived physical parameters (see e.g.,
Chintzoglou et al. 2021). Our target contains several pores,
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4. Results

In this section, we show the results of the inversion of the
CLASP2.1 data following the strategy described in Section 3.
In particular, we highlight the results of the inversions in the
plage region (Section 4.1), the penumbra and superpenumbra
(Section 4.2), and in a region where we find a change of the
magnetic field polarity with height (Section 4.3).

4.1. The Plage and the Overlying Moss

The plage region observed by the CLASP2.1 suborbital
experiment, approximately covering the region between 10″
and 60″ in the X-direction and 20″–100″ in the Y-direction (see
Figure 1) shows strong emission features in the AIA 1600Å

and IRIS 2796Å bands (panels (C) and (D), respectively). The
dominant magnetic flux is negative in the underlying photo-
sphere (panel (E)). From the HMI magnetogram, the long-
itudinal component of the magnetic field in these photospheric
flux concentrations is about −400 G on average, reaching about
−1000 G in some flux concentrations.13 A moss region over
the weakest part of the plage, between 10″ and 60″ in the X-
direction and 20″–100″ in the Y-direction, close to the
footpoints of the hot coronal loops, shows bright emission
features in the 304 and 171Å AIA bands (panels (A) and (B),
T. E. Berger et al. 1999). The moss is a hot layer in the

Figure 2. Intensity at k2v (first column), h3 (second column), and h1r (third column), and circular polarization at k3 (fourth column), k1r (fifth column), and h2v (sixth
column) for the observation (top row) and the inversion fit (bottom row). The wavelengths corresponding to k2v, h3, h1r k3, k1r, and h2v are indicated with colored
dashed lines in Figure 3. The units for Stokes I and V are the same as in Figure 3.

13 These field strengths are somewhat smaller than those derived from the
observations with the SOT/SP instrument on board the Hinode satellite
because of the assumption of filling factor unity in the HMI inversions.
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magnetic origin for the heating in the chromosphere of the plage
region, but also for the heating of the moss region in the
transition region.

4.2. The Penumbra and Superpenumbra

In panel (D) of Figure 1, within the region spanning 30″–45″
in the X-direction and −50″–0″ in the Y-direction, the IRIS
2796Å slit-jaw image shows elongated fibril structures
outward the penumbra, corresponding to the superpenumbra
(R. E. Loughhead 1968), which is more distinctly observed in
Hα and in the He I triplet lines at 10830Å (T. A. Schad et al.
2013). This specific region is covered by slits 8–13 of
the CLASP2.1 observation, which presents such fibrils in the
intensity image at k2v (top-left panel of Figure 2). The
underlying photosphere in this region exhibits mixed polarities
(see the region delimited by the dashed purple lines in panel
(B) of Figure 4). Bright features can be seen in the AIA 1600Å
band and IRIS 2796Å slit-jaw images in these regions, while in
the AIA 304Å band, there is a lack of bright features, with the
exception of some bright fibrils (see Figure 1). The inversion
results show a larger temperature at ( )t = -log 6.010 500 and
−4.5 in the superpenumbra region compared to the quiet
regions, in agreement with the results of A. Sainz Dalda et al.
(2019). In the penumbra, which occupies the region between
about −25″ and 0″ for slits 15 and 16, the temperature is not
significantly enhanced with respect to other regions.

At ( )t = -log 6.010 500 , the inversion returns a Pg of less than
1 dyn · cm−2, much lower than the average value inferred in the
plage region. There is no remarkable increase in ne either.
However, some fibrils can be seen in the ne, v∥, vturb, and Pg
maps (see upper panels of Figure 4).

The inferred B∥ at ( )t = -log 4.010 500 shown in Figure 6 also
exhibits mixed polarities in the region between 30″ and 45″ in the
X-direction and between slits 8 and 13, and the polarity is the same

as in the photosphere. The inferred B∥ decreases its amplitude with
height. At ( )t = -log 6.010 500 , part of the negative flux
disappears, for instance, at around −45″ in slits 13 and 14. As
shown in Figure 4, the regions with larger T and ne are outside the
penumbra. The overall distribution of the regions with larger T is
similar to the distribution of the regions with larger magnetic flux.
This suggests that the heating in the chromosphere of the vicinity
of the sunspot is also of magnetic origin. However, when we focus
on smaller scales, contrary to what was found for the plage region,
the larger ne and T areas are usually located between magnetic flux
concentrations (see the green arrows in panel (F) of Figure 4).
Panels (G) and (I) of Figure 5 present scatterplots between B∥ and
T, and between B∥ and ne at ( )t = -log 4.510 500 for the region
delimited by the dashed purple lines in Figure 4. The corresp-
onding correlation coefficients are about −0.3, a relatively weak
negative correlation (note, however, the relatively small size of the
available sample), significantly different from the correlations
found for the plage region. Therefore, the details of the heating
mechanisms in this region, even if the magnetic field still plays a
significant role, may differ with respect to those in the plage
region. It is important to emphasize that in this paper, we have
focused on inferring the longitudinal component of the magnetic
field, so it is likely that these hot regions in between magnetic flux
regions are also magnetized but with a magnetic field that is
significantly inclined with respect to the LOS.

4.3. Change in the Magnetic Field Polarity with Height

The blue, orange, and green curves in Figure 7 show B∥ at
( )t = -log 6.010 500 , −5.0, and −4.0, respectively, for slits 9, 11,

15, and 16 of the CLASP2.1 observation (with the corresp-
onding slit indicated on top of each panel). The slit locations are
indicated by the blue-dashed lines in Figure 1. Slit 16 is the
rightmost slit, which crosses the edge of the penumbra and the
central region of some flux concentrations in the plage region.

Figure 6. Inferred B∥ at ( )t = -log 6.010 500 , −5.0, and −4.0 (three left panels, from left to right, respectively). The rightmost panel shows the height where the plasma
β = 1 (assuming the magnetic field is parallel to the LOS). Contour curves are the same as in Figure 4.
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4. Results

In this section, we show the results of the inversion of the
CLASP2.1 data following the strategy described in Section 3.
In particular, we highlight the results of the inversions in the
plage region (Section 4.1), the penumbra and superpenumbra
(Section 4.2), and in a region where we find a change of the
magnetic field polarity with height (Section 4.3).

4.1. The Plage and the Overlying Moss

The plage region observed by the CLASP2.1 suborbital
experiment, approximately covering the region between 10″
and 60″ in the X-direction and 20″–100″ in the Y-direction (see
Figure 1) shows strong emission features in the AIA 1600Å

and IRIS 2796Å bands (panels (C) and (D), respectively). The
dominant magnetic flux is negative in the underlying photo-
sphere (panel (E)). From the HMI magnetogram, the long-
itudinal component of the magnetic field in these photospheric
flux concentrations is about −400 G on average, reaching about
−1000 G in some flux concentrations.13 A moss region over
the weakest part of the plage, between 10″ and 60″ in the X-
direction and 20″–100″ in the Y-direction, close to the
footpoints of the hot coronal loops, shows bright emission
features in the 304 and 171Å AIA bands (panels (A) and (B),
T. E. Berger et al. 1999). The moss is a hot layer in the

Figure 2. Intensity at k2v (first column), h3 (second column), and h1r (third column), and circular polarization at k3 (fourth column), k1r (fifth column), and h2v (sixth
column) for the observation (top row) and the inversion fit (bottom row). The wavelengths corresponding to k2v, h3, h1r k3, k1r, and h2v are indicated with colored
dashed lines in Figure 3. The units for Stokes I and V are the same as in Figure 3.

13 These field strengths are somewhat smaller than those derived from the
observations with the SOT/SP instrument on board the Hinode satellite
because of the assumption of filling factor unity in the HMI inversions.
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Fig. 3. Vertical cuts, at x = 10.78 Mm in the yz plane, of regions in the vicinity of the current sheet of Fig. 1 at t = 8220 s near the time of
maximum intensity of the Si iv lines. From left to right: log temperature, log total magnetic field strength, vertical velocity, Si iv 139.376 nm
emission, and current density ( j2/B2). The temperature is saturated at log(T ) = 5 and the velocity at uz = [�25, 25] km s�1, the maximum values
of these quantities are higher than plotted here, as shown in Fig. 8. A movie showing the time evolution of the current sheet is available online.

temperature along the current sheet is at all times higher than
ambient.

A number of bidirectional jets with velocities of up to
200 km s�1 are excited along the current sheet as reconnection
commences. These jets heat the plasma, thus forming a thin ver-
tical “leaf” of hot accelerated plasma that is located between
the interacting bubbles of newly emerged cool gas. The activity
engendered by the reconnection perturbs the plasma along the
entire current sheet all the way from coronal heights (3.5 Mm)
and down to the photosphere. The movie of the current sheet
evolution also shows that a number of plasmoids are generated
and are accelerated either upward or downward during the life-
time of the current sheet.

3.3. Ellerman bomb

In the first few scale heights above the photosphere, this activ-
ity leads to the formation of an EB. The synthetic H↵ spec-
tra calculated using the MULTI3D code (Leenaarts & Carlsson
2009) display many features that are the same as those that are
observed. For example, in Fig. 4 the H↵ emission is shown as
seen from the side at an angle of µ = 0.5: the wings of the pro-
file form the typical EB moustaches, while the line core shows
no brightening or evidence of heated gas. The EB forms a flame-
like structure that is clearly visible in spectroheliograms made in
the red and blue wings of H↵ (the red wing is shown in Fig. 4).
This structure extends to 1.2 Mm above the photosphere.

The line core, shown in the right panel of Fig. 4, shows exten-
sive fibrils, some have about the length of the computational box,
20 Mm, but no evidence of brightening directly above the site
of the EB. The two loop systems that meet and are the source
of the EB are visible in the center of the right panel of Fig. 4.
They stretch toward greater and lower y-values from their meet-
ing point close to y = 11 Mm?

When viewed from directly above, the EB region is bright
in H↵ in the line core as well, but this is due to emission that
is formed much higher in the atmosphere, at least 5 Mm above
the photosphere: The cool canopy above the current sheet is
heated by Ly↵ and Ly-continuum radiation from the hot plasma
of the current sheet below, raising the temperature of the canopy
plasma significantly, as is visible in the lower middle panel
of Fig. 1 and in the left panel of Fig. 3. This relatively high-
temperature gas excites some H↵ emission in the region that
is heated above the current sheet. This heating at large heights
directly above the reconnection region is probably a result of the

Fig. 4. H↵ spectroheliograms at +0.1 nm and at line center (center and
right panels, respectively) at a viewing angle of µ = 0.5. The EB is
located at x = 17 Mm. Because of the projection e↵ect of looking from
the side, this corresponds to x = 11 when viewed from directly above.
The line profile over the EB, shown in the left panel, is located at [x, y] =
[17, 11] Mm and is evident in the line wings.

method we chose for the coronal back-radiation and raises the
temperature more than what would occur on the real Sun. The
heating does not a↵ect the evolution or diagnostics of the EB or
UV burst.

Swedish 1-meter Solar Telescope observations (Ortiz et al.,
in prep.) show that the wing of the Ca ii 854.2 nm line can be a
very good proxy for the existence of EBs, with enhanced emis-
sion that is colocated and roughly cotemporal with bright H↵
wing enhancement. These observations in the blue wings of both
the Ca ii 854.2 nm and H↵ lines also show dark, presumably cool,
surges that occasionally emanate from the site of EB emission.
We find that the EB in this location shows brightening, start-
ing at time t = 7500 s and lasting for at least 1200 s thereafter.
This enhanced emission, 0.0735 nm in the blue wing of the Ca ii
854.2 nm triplet line, is shown in Fig. 5, which also shows emis-
sion in the line core and in the shape of the line profile. Similar
as for H↵, the cores of the Ca iiH & Kand the Ca ii 854.2 nm
triplet lines show the loops that emanate from the vicinity of the
current sheet as narrow thin fibrils that stretch toward higher and
lower y-values, approximately in the y-direction. The EB is vis-
ible as a narrow band of emission in the line wing, and it is also
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Fig. 4. Inversion maps of Event A considering both Ca ii 8542 Å and Ca ii K. The same format is used as for Fig. 3, except that the right-hand
panels in the lower two rows now show the synthetic and observed Ca ii K intensity images (at the specified wavelength o↵sets) and those in the
upper two rows (i.e. Ca ii 8542 Å) have been multiplied by a factor 1.25 to o↵set the intrinsic intensity di↵erence between both calcium lines. The
coloured plus symbols in the right-hand column indicate the locations for which similarly coloured profiles are shown in Fig. 5. For reference, the
same markers are overplotted on the third temperature di↵erence and line-of-sight velocity maps (i.e. around log ⌧500 = �3.1), albeit in black for
better visibility.

corresponding to �T = 3000�4500 K over the local ambient
temperature. The highest temperatures rise of roughly �T =
4000 K is found close to log ⌧500 = �3 and its location in
the observed plane corresponds to the stronger brightening at
(x, y) ' (4400.3, 2400.0) in the extended jet that is visible in all
intensity panels. The cooler temperatures that cross the event at
log ⌧500 ' �3 and the noisy temperature maps at log ⌧500 = �4
are most likely due to the dark canopy fibrils that are evident
in the blue-wing images (in particular those near �0.3 Å), but
are ill-recovered due to the reduced temperature sensitivity of
Ca ii 8542 Å at those heights.

The line-of-sight velocity maps are even more confused. Dis-
regarding the above-mentioned artefact, there is still a mix of
up- and downflows, both at the base of the event (at (x, y) '
(4500.0, 2400.5)) and what would correspond to the jet-like exten-
sion towards the lower left. The latter is distinguishable to some
extent as a blueshift protrusion flanked by a small redshifted fea-
ture to its right up to log ⌧500 ' �3, at (x, y) ' (4400.5, 2400.0),
which also coincides spatially with the location of the largest
temperature enhancement.

Event A: Ca ii8542 Å and Ca ii K results. Comparison
with Fig. 4 evidences the advantage of considering multiple
diagnostics simultaneously. In particular, the panels at log ⌧500 '
�3 and �4 show much better defined structures than with
Ca ii 8542 Å alone. In part, this is because of the high-resolution
CHROMIS Ca ii K data displaying more fine structure than the
CRISP Ca ii 8542 Å images, however the model is also better
constrained by including lines formed at somewhat di↵erent
heights. The added continuum point from the Ca ii K observa-
tions further constrains the temperature at the lowest heights,
resulting in a better fit to the lines and consequently a better
constraint of the line-of-sight velocity gradients. Again, the syn-
thetic images in the first and third rows coincide well with the
observations in the second and third rows, both in terms of fea-
ture shapes and dynamic range, suggesting that also here most
profiles are well-fitted.

The top two rows of Fig. 5 highlight this by compar-
ing single-pixel fits to observed profiles for a number of
sampling locations in Event A (indicated with identically
coloured plus symbols in Fig. 4). While the fitted profiles (solid
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Fig. 3. Overview images which overlap between the two instruments at four di↵erent wavelengths taken at 12:15 UT. The red arrows point to solar
north and west, while the white arrows indicate the direction to the closest limb. The green square indicates our ROI which we analyzed in detail
with the inversion code. The black dashed square is a close-up analyzed in Sect. 4.3.

Temperature stratification. Figure 4 shows horizontal slices
of the inferred temperature at three di↵erent optical depths: at
log(⌧) ⇠ 0, associated with the continuum formation layer in
the photosphere, log(⌧) = �3.2 which shows the upper pho-
tosphere (around the solar temperature minimum in quiet-sun
models), and at log(⌧) = �4, which provides a view of the chro-
mosphere. At log(⌧) ⇠ 0, the temperature shows the pattern of
photospheric granulation with temperatures around 6000 K. In

this layer, there is no indication of chromospheric activity. At
log(⌧) ⇠ �3.2, we find a region of about 600 ⇥ 600 with a tem-
perature of around 7000 K compared with the ⇠5000 K of the
surrounding. It starts at the edge of the pore where magnetic flux
cancelation is expected to occur and extends towards the right
side coinciding in location with the bright fibrils (see Fig. 3).

The atmosphere above (at log(⌧) = �4) shows a very di↵er-
ent temperature distribution. The region of the fibrils have now
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Fig. 3. Overview images which overlap between the two instruments at four di↵erent wavelengths taken at 12:15 UT. The red arrows point to solar
north and west, while the white arrows indicate the direction to the closest limb. The green square indicates our ROI which we analyzed in detail
with the inversion code. The black dashed square is a close-up analyzed in Sect. 4.3.

Temperature stratification. Figure 4 shows horizontal slices
of the inferred temperature at three di↵erent optical depths: at
log(⌧) ⇠ 0, associated with the continuum formation layer in
the photosphere, log(⌧) = �3.2 which shows the upper pho-
tosphere (around the solar temperature minimum in quiet-sun
models), and at log(⌧) = �4, which provides a view of the chro-
mosphere. At log(⌧) ⇠ 0, the temperature shows the pattern of
photospheric granulation with temperatures around 6000 K. In

this layer, there is no indication of chromospheric activity. At
log(⌧) ⇠ �3.2, we find a region of about 600 ⇥ 600 with a tem-
perature of around 7000 K compared with the ⇠5000 K of the
surrounding. It starts at the edge of the pore where magnetic flux
cancelation is expected to occur and extends towards the right
side coinciding in location with the bright fibrils (see Fig. 3).

The atmosphere above (at log(⌧) = �4) shows a very di↵er-
ent temperature distribution. The region of the fibrils have now
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Fig. 11. Schematic illustration of the proposed magnetic field topol-
ogy. Suggested magnetic field lines are given in black. Upflows and
downflows are colored in blue and red, respectively. Vertical dotted and
dashed lines are drawn for comparison with Fig. 12.

2. The positive polarity of a newly emerged magnetic con-
centration interacts with a pre-existing pore of a fully developed
active region.

3. In the location where these two polarities come into con-
tact and cancelation of the magnetic flux occurs, strong emission
is found in all chromospheric and coronal diagnostics.

4. The temperature inferred by the inversion code indicates
that in the lower chromosphere and above, the temperature
increases for more than 2000 K while no signs of activity are
present in the photosphere.

5. Bidirectional jets (accelerated to ±10 km s�1) are found
with downward motions located above the positive polarity and
upward motions towards the negative polarities. This indicates
that the plasma flows are very inclined with respect to the LOS.
The apparent motion in the plane of the sky (detected in the
monochromatic images) is also pointing away from the pore.

6. After reaching a certain height, given the topology of the
field, the plasma above seems to move toward the left side of
the FOV as indicated by the surges. According to Fig. 1, the
magnetic field at higher layers might be connected to the sunspot
of the left side of the active region.
All the above findings are suggestive of a model magnetic recon-
nection between an emerging magnetic field and the pre-existing
field, as found in observations as well as simulations (Nóbrega-
Siverio et al. 2016; Hansteen et al. 2019; Guglielmino et al.
2019). The topology of our event is expected to be very similar to
the classical emerging flux model for solar reconnection (Hey-
vaerts et al. 1977; Yokoyama & Shibata 1995) but on a much
smaller scale where the event occurs deeper in the lower chro-
mosphere. In this scenario, a magnetic di↵usion region would
arise around the interface between the two magnetic polarities.
Inside this di↵usion region, free magnetic energy is released in
several di↵erent ways: the electric field induced by the magnetic
field creates a thin layer of an intense current sheet, which heats

Fig. 12. Vertical stratification across the solid line indicated in the
upper-left panel of Fig. 4. From top to bottom: temperature, LOS veloc-
ity, and longitudinal magnetic field.

the local plasma through Joule heating. In addition, plasma is
ejected away from the reconnection site by the magnetic tension
force. Another di↵erence with those models is that the magnetic
field at higher layers in many of the simulated cases is nearly
vertical, while here the numerous plasma flows are in the plane
of the sky and elongated structures indicate a nearly horizontal
canopy of the pre-existent magnetic field.

Figure 11 shows a simplified illustration of the proposed
magnetic topology that is consistent with our results. This figure
schematically shows: (a) the emerged magnetic loop and the
motion of the footpoints (with orange arrows), (b) the pore with
strong vertical fields (negative concentration on the left side),
(c) the reconnection region (with a purple cross) with the corre-
sponding heating (orange grid) and bidirectional flows (red and
blue arrows), and (d) later plasma motions which escape from
the region (gray arrow) or which fall again (right red arrow).
To compare the similarities of our 2D sketch, we also show in
Fig. 12 a cross-cut of the inversion results across the polari-
ties. In these figures, some vertical lines highlight the di↵er-
ent domains and their correspondence in both figures. In this
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Fig. 3. Overview images which overlap between the two instruments at four di↵erent wavelengths taken at 12:15 UT. The red arrows point to solar
north and west, while the white arrows indicate the direction to the closest limb. The green square indicates our ROI which we analyzed in detail
with the inversion code. The black dashed square is a close-up analyzed in Sect. 4.3.

Temperature stratification. Figure 4 shows horizontal slices
of the inferred temperature at three di↵erent optical depths: at
log(⌧) ⇠ 0, associated with the continuum formation layer in
the photosphere, log(⌧) = �3.2 which shows the upper pho-
tosphere (around the solar temperature minimum in quiet-sun
models), and at log(⌧) = �4, which provides a view of the chro-
mosphere. At log(⌧) ⇠ 0, the temperature shows the pattern of
photospheric granulation with temperatures around 6000 K. In

this layer, there is no indication of chromospheric activity. At
log(⌧) ⇠ �3.2, we find a region of about 600 ⇥ 600 with a tem-
perature of around 7000 K compared with the ⇠5000 K of the
surrounding. It starts at the edge of the pore where magnetic flux
cancelation is expected to occur and extends towards the right
side coinciding in location with the bright fibrils (see Fig. 3).

The atmosphere above (at log(⌧) = �4) shows a very di↵er-
ent temperature distribution. The region of the fibrils have now

A188, page 5 of 13

Díaz Baso et al. (2021)

C. J. Díaz Baso et al.: An observationally constrained model of strong magnetic reconnection in the solar chromosphere

Fig. 11. Schematic illustration of the proposed magnetic field topol-
ogy. Suggested magnetic field lines are given in black. Upflows and
downflows are colored in blue and red, respectively. Vertical dotted and
dashed lines are drawn for comparison with Fig. 12.

2. The positive polarity of a newly emerged magnetic con-
centration interacts with a pre-existing pore of a fully developed
active region.

3. In the location where these two polarities come into con-
tact and cancelation of the magnetic flux occurs, strong emission
is found in all chromospheric and coronal diagnostics.

4. The temperature inferred by the inversion code indicates
that in the lower chromosphere and above, the temperature
increases for more than 2000 K while no signs of activity are
present in the photosphere.

5. Bidirectional jets (accelerated to ±10 km s�1) are found
with downward motions located above the positive polarity and
upward motions towards the negative polarities. This indicates
that the plasma flows are very inclined with respect to the LOS.
The apparent motion in the plane of the sky (detected in the
monochromatic images) is also pointing away from the pore.

6. After reaching a certain height, given the topology of the
field, the plasma above seems to move toward the left side of
the FOV as indicated by the surges. According to Fig. 1, the
magnetic field at higher layers might be connected to the sunspot
of the left side of the active region.
All the above findings are suggestive of a model magnetic recon-
nection between an emerging magnetic field and the pre-existing
field, as found in observations as well as simulations (Nóbrega-
Siverio et al. 2016; Hansteen et al. 2019; Guglielmino et al.
2019). The topology of our event is expected to be very similar to
the classical emerging flux model for solar reconnection (Hey-
vaerts et al. 1977; Yokoyama & Shibata 1995) but on a much
smaller scale where the event occurs deeper in the lower chro-
mosphere. In this scenario, a magnetic di↵usion region would
arise around the interface between the two magnetic polarities.
Inside this di↵usion region, free magnetic energy is released in
several di↵erent ways: the electric field induced by the magnetic
field creates a thin layer of an intense current sheet, which heats

Fig. 12. Vertical stratification across the solid line indicated in the
upper-left panel of Fig. 4. From top to bottom: temperature, LOS veloc-
ity, and longitudinal magnetic field.

the local plasma through Joule heating. In addition, plasma is
ejected away from the reconnection site by the magnetic tension
force. Another di↵erence with those models is that the magnetic
field at higher layers in many of the simulated cases is nearly
vertical, while here the numerous plasma flows are in the plane
of the sky and elongated structures indicate a nearly horizontal
canopy of the pre-existent magnetic field.

Figure 11 shows a simplified illustration of the proposed
magnetic topology that is consistent with our results. This figure
schematically shows: (a) the emerged magnetic loop and the
motion of the footpoints (with orange arrows), (b) the pore with
strong vertical fields (negative concentration on the left side),
(c) the reconnection region (with a purple cross) with the corre-
sponding heating (orange grid) and bidirectional flows (red and
blue arrows), and (d) later plasma motions which escape from
the region (gray arrow) or which fall again (right red arrow).
To compare the similarities of our 2D sketch, we also show in
Fig. 12 a cross-cut of the inversion results across the polari-
ties. In these figures, some vertical lines highlight the di↵er-
ent domains and their correspondence in both figures. In this
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force. Another di↵erence with those models is that the magnetic
field at higher layers in many of the simulated cases is nearly
vertical, while here the numerous plasma flows are in the plane
of the sky and elongated structures indicate a nearly horizontal
canopy of the pre-existent magnetic field.

Figure 11 shows a simplified illustration of the proposed
magnetic topology that is consistent with our results. This figure
schematically shows: (a) the emerged magnetic loop and the
motion of the footpoints (with orange arrows), (b) the pore with
strong vertical fields (negative concentration on the left side),
(c) the reconnection region (with a purple cross) with the corre-
sponding heating (orange grid) and bidirectional flows (red and
blue arrows), and (d) later plasma motions which escape from
the region (gray arrow) or which fall again (right red arrow).
To compare the similarities of our 2D sketch, we also show in
Fig. 12 a cross-cut of the inversion results across the polari-
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Fig. 3. Overview images which overlap between the two instruments at four di↵erent wavelengths taken at 12:15 UT. The red arrows point to solar
north and west, while the white arrows indicate the direction to the closest limb. The green square indicates our ROI which we analyzed in detail
with the inversion code. The black dashed square is a close-up analyzed in Sect. 4.3.

Temperature stratification. Figure 4 shows horizontal slices
of the inferred temperature at three di↵erent optical depths: at
log(⌧) ⇠ 0, associated with the continuum formation layer in
the photosphere, log(⌧) = �3.2 which shows the upper pho-
tosphere (around the solar temperature minimum in quiet-sun
models), and at log(⌧) = �4, which provides a view of the chro-
mosphere. At log(⌧) ⇠ 0, the temperature shows the pattern of
photospheric granulation with temperatures around 6000 K. In

this layer, there is no indication of chromospheric activity. At
log(⌧) ⇠ �3.2, we find a region of about 600 ⇥ 600 with a tem-
perature of around 7000 K compared with the ⇠5000 K of the
surrounding. It starts at the edge of the pore where magnetic flux
cancelation is expected to occur and extends towards the right
side coinciding in location with the bright fibrils (see Fig. 3).

The atmosphere above (at log(⌧) = �4) shows a very di↵er-
ent temperature distribution. The region of the fibrils have now
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Fig. 11. Schematic illustration of the proposed magnetic field topol-
ogy. Suggested magnetic field lines are given in black. Upflows and
downflows are colored in blue and red, respectively. Vertical dotted and
dashed lines are drawn for comparison with Fig. 12.

2. The positive polarity of a newly emerged magnetic con-
centration interacts with a pre-existing pore of a fully developed
active region.

3. In the location where these two polarities come into con-
tact and cancelation of the magnetic flux occurs, strong emission
is found in all chromospheric and coronal diagnostics.

4. The temperature inferred by the inversion code indicates
that in the lower chromosphere and above, the temperature
increases for more than 2000 K while no signs of activity are
present in the photosphere.

5. Bidirectional jets (accelerated to ±10 km s�1) are found
with downward motions located above the positive polarity and
upward motions towards the negative polarities. This indicates
that the plasma flows are very inclined with respect to the LOS.
The apparent motion in the plane of the sky (detected in the
monochromatic images) is also pointing away from the pore.

6. After reaching a certain height, given the topology of the
field, the plasma above seems to move toward the left side of
the FOV as indicated by the surges. According to Fig. 1, the
magnetic field at higher layers might be connected to the sunspot
of the left side of the active region.
All the above findings are suggestive of a model magnetic recon-
nection between an emerging magnetic field and the pre-existing
field, as found in observations as well as simulations (Nóbrega-
Siverio et al. 2016; Hansteen et al. 2019; Guglielmino et al.
2019). The topology of our event is expected to be very similar to
the classical emerging flux model for solar reconnection (Hey-
vaerts et al. 1977; Yokoyama & Shibata 1995) but on a much
smaller scale where the event occurs deeper in the lower chro-
mosphere. In this scenario, a magnetic di↵usion region would
arise around the interface between the two magnetic polarities.
Inside this di↵usion region, free magnetic energy is released in
several di↵erent ways: the electric field induced by the magnetic
field creates a thin layer of an intense current sheet, which heats

Fig. 12. Vertical stratification across the solid line indicated in the
upper-left panel of Fig. 4. From top to bottom: temperature, LOS veloc-
ity, and longitudinal magnetic field.

the local plasma through Joule heating. In addition, plasma is
ejected away from the reconnection site by the magnetic tension
force. Another di↵erence with those models is that the magnetic
field at higher layers in many of the simulated cases is nearly
vertical, while here the numerous plasma flows are in the plane
of the sky and elongated structures indicate a nearly horizontal
canopy of the pre-existent magnetic field.

Figure 11 shows a simplified illustration of the proposed
magnetic topology that is consistent with our results. This figure
schematically shows: (a) the emerged magnetic loop and the
motion of the footpoints (with orange arrows), (b) the pore with
strong vertical fields (negative concentration on the left side),
(c) the reconnection region (with a purple cross) with the corre-
sponding heating (orange grid) and bidirectional flows (red and
blue arrows), and (d) later plasma motions which escape from
the region (gray arrow) or which fall again (right red arrow).
To compare the similarities of our 2D sketch, we also show in
Fig. 12 a cross-cut of the inversion results across the polari-
ties. In these figures, some vertical lines highlight the di↵er-
ent domains and their correspondence in both figures. In this
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force. Another di↵erence with those models is that the magnetic
field at higher layers in many of the simulated cases is nearly
vertical, while here the numerous plasma flows are in the plane
of the sky and elongated structures indicate a nearly horizontal
canopy of the pre-existent magnetic field.

Figure 11 shows a simplified illustration of the proposed
magnetic topology that is consistent with our results. This figure
schematically shows: (a) the emerged magnetic loop and the
motion of the footpoints (with orange arrows), (b) the pore with
strong vertical fields (negative concentration on the left side),
(c) the reconnection region (with a purple cross) with the corre-
sponding heating (orange grid) and bidirectional flows (red and
blue arrows), and (d) later plasma motions which escape from
the region (gray arrow) or which fall again (right red arrow).
To compare the similarities of our 2D sketch, we also show in
Fig. 12 a cross-cut of the inversion results across the polari-
ties. In these figures, some vertical lines highlight the di↵er-
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Fig. 8. Height distribution of the total radiative cooling rate per unit
volume Q (upper panel) and per unit mass Q/⇢ (lower panel) in solid
lines calculated as the average of the regions highlighted in Fig. 9 with
their average temperature stratification (dashed lines).
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Fig. 9. Total integrated radiative losses calculated from the semi-
empirical model inferred in the inversion.

Finally, we show the correlation of the height-integrated
radiative losses with the wavelength-integrated intensity in the
Ca ii K line. The wavelength integration was done between the
K1 minima whose formation is close to the temperature mini-
mum (Bjørgen et al. 2018). The correlation is strong and close
to linear, with a Pearson coe�cient of 0.97. This result supports
the analysis and results of Leenaarts et al. (2018), who used

Table 2. Average contribution of each spectral line to the total inte-
grated radiative losses for the regions highlighted in Fig. 9, in units of
kW m�2.

Region/Line Ca K Ca H Ca IR (†) Mg k Mg h Total

A 0.8 0.7 2.6 0.1 0.3 4.5
B 7.6 5.6 12 3.7 3.1 32
C 28 20 30 16 14 108

Notes. (†)Ca IR refers to the total of the three lines of the Ca ii infrared
triplet at 8542 Å, 8498 Å, 8662 Å.

Fig. 10. Joint probability distributions of the wavelength-summed Ca ii
K intensity and the total integrated radiative losses computed from the
data shown in Fig. 9. The color of each bin is proportional to the loga-
rithm of the number of points, with darker color indicating more points.

wavelength-integrated Ca ii K intensity as a proxy for chromo-
spheric radiative losses.

As the energy lost during the whole observation needs to be
continually replenished, the total integrated radiative losses in
the ROI assuming a similar emission during the two hours is
around ⇠5 ⇥ 1027 erg. Motivated by the magnetic nature of this
event, we propose that the energy required for this event can
be extracted from magnetic reconnection in the chromosphere.
We can use the magnetic field vector from the inversion to
estimate the magnetic energy content of the atmosphere, by inte-
grating the whole volume 1/8⇡

R
B2dV including the stratifica-

tion in height. In that case, the energy content of this volume is
⇠5 ⇥ 1029 erg. We set the integration range from log(⌧) = 0 to
log(⌧) = �4 which corresponds approximately to a height range
of �z = 800 km where we have enough magnetic sensitivity.

4.5. Magnetic field topology

The analysis of the monochromatic images and the inversion
results reveals several aspects that can be put together to pro-
pose a magnetic topology that is consistent with the following
findings:

1. The emergence of a new small magnetic flux concentra-
tion causes the footpoints of opposite polarity to separate and
the granulation is deformed accordingly. This indicates that the
flux tube adopts the shape of an ⌦ loop.
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ΔEmag≈4.7 ergcm−3s−1. This shows that the energy
accumulated inside individual cancellation regions is sufficient
to locally balance the radiation loss of 10−1 ergcm−3s−1 in the
lower chromosphere (Vernazza et al. 1981).

However, taking into account the occurrence rate of
cancellation events (n= 411) inside the observed FOV
(SFOV= 1.2× 1019 cm2), the horizontal extent of the recon-
necting regions (Sr= 0.6 arcsec2), and the duration of our
observations (T= 2.6 hr), we can see that the energy contrib-
ution from IN cancellations averaged over time and area is
ΔEmagnSrt/SFOVT≈1×10−2 ergcm−3s−1. In other words,
the total energy input is an order of magnitude lower than what
is necessary to globally maintain the chromospheric heating.

We want to stress here that our IRIS and SST observations
clearly show that IN cancellations are local phenomena. This is
also demonstrated with the time slice image shown in the right

panel of Figure 17. As can be seen, the signal in IRIS SJI 1400
images is highly localized, and beyond the threshold of
60 counts (outlined by the white contour), drops rapidly to the
background level. This indicates that the energy flux mostly
propagates vertically and does not significantly affect the solar
atmosphere in horizontal directions. Because of this and their
small filling factor, the IN cancellation events that we study
here (i.e., at the sensitivity levels of our current data set) seem
to play a minor role in globally heating the IN chromosphere,
despite the high local excess of energy flux.

4.3.2. Missing Magnetic Energy

We have established that the observed IN cancellations
produce significant temperature increases in the chromosphere,
but only locally. To play a global role in chromospheric

Figure 16. Reconstructed velocity maps associated with the temperature distribution from Figure 15. Upper left: LOS velocities derived from the Doppler shift of the
IRIS Mg II k3 line core. Upper right: LOS velocities obtained from the Mg II k2 mean Doppler shifts. Lower left: reconstructed LOS velocities from inversions. Lower
right: microturbulence velocities from inversions. The cancellation region is enclosed by the black contour.

Figure 15. Left panel: temperature map at log10τ500=−5.85 derived from the inversions of the IRIS Mg II h and k lines in pixels at the cancellation site (black
contour) and its surroundings. Right panel: the brightness temperature obtained from the average IRISMg II k2v and k2r peak intensities. Δt=0 minutes corresponds
to 08:41:03UT.
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SST public archive: https://dubshen.astro.su.se/sst_archive/


