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ABSTRACT

Context. The inverse Evershed flow (IEF) is a mass motion towards sunspots at chromospheric heights.
Aims. We combined high-resolution observations of NOAA 12418 from the Dunn Solar Telescope and vector magnetic field mea-
surements from the Helioseismic and Magnetic Imager (HMI) to determine the driver of the IEF.

Methods. We derived chromospheric line-of-sight (LOS) velocities from spectra of H and Ca

IRj The HMI data were used in a non-

force-free magnetic field extrapolation to track closed field lines near the sunspot in the active region. We determined their length and
height, located their inner and outer foot points, and derived flow velocities along them.

Results. The magnetic field lines related to the |EF reach on average a height of 3 megameter (Mm) over a length of 13 Mm. The inner
(outer) foot points are located at 1.2 (1.9) sunspot radii. The average field strength dierence B between inner and outer foot points is
+400 G. The temperature dierence T is anti-correlated with B with an average value of 100 K. The pressure dierence p is dominated
by B and is primarily positive with a driving force towards the inner foot points of 1.7 kPa on average. The velocities predicted from p
reproduce the LOS velocities of 2-10 kms * with a square-root dependence.

Conclusions. We find that the |EF is driven along magnetic field lines connecting network elements with the outer penumbra by a gas
pressure dierence that results from a dierence in field strength as predicted by the classical siphon flow scenario.

Key words. Sun: chromosphere — Sun: photosphere — sunspots

1. Introduction

The chromospheric inverse Evershed flow (1EF; Evershed 1909)
transports material into sunspots along magnetic field lines
that connect the boundary of the moat cell with the outer
penumbra. These closed loops and the flows along them
have a lifetime of a few tens of minutes to more than 1h
(Georgakilas & Christopoulou 2003; Beck & Choudhary 2020).
The flow velocities of about 2 9kms ! (Dialetis et al. 1985;
Dere et al. 1990; Beck et al. 2020) carry the material along loops
that ascend to a height of a few megameter (Mm) (Maltby
1975; Beck et al. 2020). Flows in dark super-penumbral fibrils
were found to be faster than those in bright ones, with fluctu-
ations on timescale of about 25 mins (Georgakilas et al. 2003;
Georgakilas & Christopoulou 2003). At the inner foot points
in the penumbra, the magnetic field lines return to the photo-
sphere with an average angle of about 65 to the local vertical
(Haugen 1969; Beck & Choudhary 2019). As the flow speed at
the inner foot point exceeds the photospheric sound speed, the
flow terminates in a stationary shock front that heats the lower
chromosphere (Thomas & Montesinos 1991; Beck et al. 2014;
Choudhary & Beck 2018).

The magnetic and thermodynamic properties and the life-
time of IEF channels comply with a siphon flow scenario
(Meyer & Schmidt 1968; Thomas 1988; Montesinos & Thomas
1997), where a stationary flow can be driven along magnetic
fields lines (MFLs) that have two foot points (FPs) of dif-

ferent magnetic field strength. If the two FPs have the same
total pressure, the dierence in field strength causes a dier-ence
in gas pressure as the necessary mechanical driving force of the
flow. Observational evidence of siphon flows in the solar
atmosphere was reported by, for example, Rueedi et al. (1992),
Uitenbroek et al. (2006) and Bethge et al. (2012), but flows
along MFLs that connect FPs of unequal field strength can also be
driven by other physical processes (Sigwarth et al. 1998). A major
problem in diagnosing siphon flows in solar observa-tions is the
unequivocal identification of the two FPs — needed in order to
determine their field strength —, which requires knowl-edge of
the magnetic connectivity.

Narrow filaments in the photosphere and fibrils in the chro-
mosphere are known to trace MFLs connecting the central
regions of sunspots with their surroundings (Frazier 1972; Zirin
1972; Schad et al. 2013; Beck & Choudhary 2019), but it is
especially dicult to locate the outer FPs for the IEF chan-nels,
as their signature in velocity and intensity fades into the
background (see, e.g., Beck et al. 2020). A more direct tool to
derive the magnetic connectivity of sunspots or whole active
regions is magnetic field extrapolation, whereby photospheric
(vector) magnetograms are used to infer the coronal magnetic
field under certain assumptions. For example, the assumption
that the magnetic pressure dominates over the plasma pressure
(plasma << 1) allows one to neglect all non-magnetic forces
and assume the Lorentz force to be zero. This approach leads to
force-free fields, which have been widely used in the solar
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community (e.g., Wiegelmann 2008; Wiegelmann & Sakurai
2012). However, it was pointed out by Gary (2001) that the
plasma can be of the order of unity in solar photosphere, where the
magnetic field measurements are taken, thus emphasizing the
need for a dierent approach that incorporates non-force-free
eects. One such alternative is the non-force-free-field (NFFF)
extrapolation technique (Hu & Dasgupta 2008; Hu et al. 2008,
2010) based on the principle of the minimum energy dissipa-
tion rate (Bhattacharyya et al. 2007), where the magnetic field
is expressed as the superposition of one potential field and two
(constant ) linear force-free fields with distinct parameters.
Such NFFF extrapolations have been used in many recent stud-
ies to model flaring active regions and coronal jets (Nayak et al.
2019; Liu etal. 2020; Yalim etal. 2020; Prasad et al. 2020).
Interested readers are referred to Appendix A of Liu etal.
(2020), which provides a detailed discussion on the applicability
of the NFFF method.

In this paper, we investigate the magnetic field properties of
IEF channels using a combination of high-resolution observa-
tions of chromospheric spectral lines to trace the flow channels
and an NFFF extrapolation to determine the magnetic connectiv-
ity. The use of extrapolated field lines allows us to identify the
foot points and determine the heights of flow channels that con-
nect the opposite-polarity patches in the magnetograms. As the
field gradient and the height of the flow channels play a crucial
role in driving the siphon flows, we employ these quantities to
study properties such as the strength of mass motions in IEFs.
We use the same definition as in Beck et al. (2020), namely that
super-penumbral, roughly radially oriented elongated fibrils that
connect the penumbra with the super-penumbral boundary and
that exhibit a significant flow velocity constitute IEF channels.

Section 2 describes the observations used. Our analysis
methods are explained in Sect. 3 and the Appendices A to D.
The analysis results are given in Sect. 4. Section 5 discusses the
findings, while Sect. 6 provides our conclusions.

2. Observations

We observed the decaying active region (AR) NOAA 12418
on 16 September 2015 with the Interferometric Bldimen-
sional Spectrometer (IBIS; Cavallini 2006; Reardon & Cavallini
2008) and the Facility InfraRed Spectropolarimeter (FIRS;
Jaeggli et al. 2010) at the Dunn Solar Telescope (DST; Dunn
1969; Dunn & Smartt 1991). The field of view (FOV) covered
the isolated leading sunspot of the AR located at about x;y =

500%; 340% at a heliocentric angle of 43. The DST observa-
tions are described in detail in Beck & Choudhary (2020), and
so we only give a short summary here.

IBIS was used to sequentially obtain 400 spectral scans
of the two chromospheric spectral lines of H at 656 nm and
Caijj IR at 854.2nm with about 30 wavelength points each
between 14:42 and 15:56 UT. The circular IBIS FOV had a
diameter of 95% at a spatial sampling of 0:095 pixel 1. For the
current study, we only used the six spectral scans between 14:48
and 15:48 UT that were simultaneous to full-vector obser-vations
with the Helioseismic and Magnetic Imager (HMI; Scherrer
etal. 2012) at the 12 min cadence of the latter. The IBIS and
HMI data were complemented with full-disk images at 171, 304,
and 1700 A from the Atmospheric Imaging Assembly (AlA;
Lemen et al. 2012) on board the Solar Dynamics Observa-tory
(SDO; Pesnell et al. 2012) and H images from the Global
Oscillation Network Group (GONG; Harvey et al. 1996).

Figure 1 shows an overview of the AR in dierent quanti-ties.
The panels in the middle column correspond to the box used
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for the magnetic field extrapolation, while the rightmost column
corresponds to the IBIS FOV after de-projection. The AR was
located in the southeast quadrant of the Sun. The leading posi-
tive polarity contained a single, round sunspot, while the trail-
ing negative polarity had decayed to more diuse plage regions.
There was no significant amount of magnetic flux of negative
polarity to the west of the sunspot.

The H, and AIA 171, and 304 A images show a large fil-
ament of about 200 Mm length towards the east and a smaller
filament of 75 Mm length towards the north starting from the
outer penumbra of the sunspot. These two filaments are located
above polarity inversion lines and are marked with red arrows
in Fig. 1. We marked a further two, shorter filaments with blue
arrows in Figs. 1 and 4, where the relation to a neutral line is
less clear. All of those filaments dier from IEF channels in that
they show much stronger absorption, a larger lateral width, an
extended velocity signature, and a longer lifetime without any
obvious changes over the one-hour duration of the observations
(see also Fig. 12 of Beck & Choudhary 2020). They are likely to
correspond to the topmost layer of the solar chromosphere that
attains enough mass and hence opacity to cause such absorption
(Leenaarts & Carlsson 2015).

The AIA 171 A image shows some closed loops from the
sunspot to the trailing plage, but no obvious loops towards the
west. The symmetry line of the sunspot with roughly zero line-
of-sight (LOS) velocities due to the projection eects onthe LOS
makes an angle of about 45 going from the northeast to the
southwest. The |EF channels are clearly seen in the H line-core
intensity and velocity maps, with a roughly even distribution in
azimuth around the sunspot. The downflow patches on the center
side are more pronounced and isolated than those on the limb
side, where the end points of the IEF channels to some extent
fall on the neutral line of LOS velocities.

3. Data analysis

The majority of the data analysis and the alignment of the high-
resolution and full-disk data follow common procedures and are
described in detail in Appendices A to D. We only summarize
the steps and their outcome here.

From the HMI data, we retrieved the photospheric LOS
velocities while compensating the solar rotation across the
large FOV (Appendix A.1). Chromospheric LOS velocities were
derived from the H and Ca jj IR 854 nm spectra from IBIS
using a bi-sector method. The average velocities across the IBIS
FOV were set to zero. Both lines were found to yield very similar
values and can therefore be used synonymously (Appendix A.2).
The HMI continuum intensity was normalized to unity in the
quiet Sun and then converted to temperature using the Planck
function (Appendix B). The HMI vector magnetograms were
extrapolated using the NFFF method to retrieve the chromo-
spheric and coronal magnetic field in a three-dimensional (3D)
volume (Appendix C). The ground-based high-resolution and
space-based full-disk data were de-projected to correct for the
geometrical foreshortening and subsequently aligned to each
other with the HMI continuum intensity image as a reference
(Appendix D). As an estimate of the true velocity magnitude,
the chromospheric LOS velocities were de-projected onto the
magnetic field vector in the magnetic field extrapolation at
a height of 1Mm (Appendix D.2) to remove the LOS pro-
jection eects assuming field-aligned flows. The data analysis
steps that are less common are described in the following two
sections.
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Fig. 1. Overview figure showing the location of AR NOAA 12418 on 16 September 2015. Left column, top to bottom: Full-disk images in HMI I,
B,, GONG H, AIA 304 A, and AIA 171 A. Middle column: magnification of the black rectangle (371 Mm 186 Mm) in the left column. The HMI
lc has been exchanged for the derived temperature instead. Right column: magnification of the black rectangle marked in the middle column
(94 Mm 70 Mm). Lower three panels: H line-core intensity and velocity, and the continuum intensity from the IBIS high-resolution spectra. The
white dashed line in the H velocity map marks the symmetry line of the sunspot. The GONG H image in the middle column is not de-projected in
contrast to all other panels in the right two columns. The red and blue arrows mark examples of H filaments as opposite to IEF channels.

3.1. Pressure balance equation

In the simplest approximation of magneto-hydrostatic equilib-
rium for the ionized plasma of the solar atmosphere in the pres-
ence of magnetic fields, the total pressure p,, is given by the
addition of the magnetic pressure P mag and gas pressure p,. by
(e.g., Steiner et al. 1986; Thomas 1988)

2
L

R-T;
29

Ptot = Pmag + Pgas = (1)
with the magnetic field B in Tesla T, the magnetic permeability
constant = 1:26 10 ®Hm ?, the gas density in kgm 3,

the mean molecular weight of the Sun = 1:3gmol 1, the uni-

versal gas constant R = 8:314kgm?s 2K mol !, and the gas
temperature T in K.

Two points, here represented as “1” and “2”, in the solar
atmosphere that are connected by MFLs or that are in direct

proximity have magnetic and gas pressure dierencesp .. and
Pgas Of
B 2 R(1T1 T
Pmag = zﬁa‘qd Pgas = (1 # )
0

with the magnetic field strengths B, temperatures T, and densi-

ties withi=1;2.

For spatially separated points, a dierence in gas pressure can
drive a mass flow along a connecting field line. For B; > B;
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Table 1. HSRA values at a few selected heights.

z log T gas p
km - K 10 7gem 3 kPa
77 1.3 9390 3.24 20.01
25 0.3 7140 3.36 15.40
11 0:1 6200 3.06 12.17
23 0:2 6035 2.89 11.20
35 0:3 5890 2.70 10.21
49 0:4 5765 2.50 9.24
63 0:5 5650 2.29 8.31
138 1 5160 1.38 4.56
283 2 4660 0.43 1.27

and total pressure equilibrium, p}gas is smaller than pzas, and
the flow moves from the location with lower to higher field
strength, which is called a siphon flow (Meyer & Schmidt 1968;
Cargill & Priest 1980). For T, < T, at equal density, the flow
goes from the point with higher to the one with lower tempera-
ture regardless of total pressure equilibrium.

As it is not instantly clear whether or not total pressure equi-
librium is valid over large distances, we additionally defined the
eective gas pressure dierence pe by

2 2
B
1 B

R(T
20 (T2

Pe = T1) (3)
as the eective driving force of flows along connecting magnetic
field lines, assuming £ =,.

If the lateral total pressure equilibrium holds over an
extended spatial area, Eq. (1) predicts a linear relation between
the temperature T and B? as
T(B)=c 5—B%

70R (4)

where the slope proportional to ! is the only unknown if T and B
are given, while c is proportional to the total pressure.
For a stationary gas flow driven by a pressure dierence p,
a first-order estimate of the flow speed v can be derived through
the kinetic energy density Exin = 3 v* as (Bethge et al. 2012)
s

2p

v(p) = — (5)

while the potential energy E ,,, = gh allows one to estimate the

maximal height that can be attained through

P

h =
(p) g (6)

with the solar surface gravity g = 273 ms 2.
Finally, equating kinetic and potential energy density gives
the maximal height in dependence of the flow speed as

2

v
h(v) = T (7)
Table 1 lists the values of formation height, optical depth, tem-
perature, gas density, and total pressure in the Harvard Smithso-
nian Reference Atmosphere (HSRA; Gingerich et al. 1971) over
a height range from 100-300 km as an example of typical val-
ues of thermodynamic properties.
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3.2. Selection of field lines and |EF channels

The top row of Fig. 2 shows an overview of the magnetic field
extrapolation results for the whole AR for the first and last
magnetograms at 14:48 and 15:58 UT, respectively. The global
magnetic topology is described below, but only some MFLs are
relevant for the IEF channels. We therefore used two subsets of
closed MFLs, defined in an automatic way and the other manu-
ally, for closer investigation.

3.2.1. Closed field lines in and near the sunspot

The automatic selection of MFLs relevant for the IEF was based
on a 150150 pixels (54 Mm 54 Mm) square centered on the
sunspot as initial seed points (see the black square in the left mid-
dle panel of Fig. 2) for the magnetogram at 14:48 UT. We derived
the MFLs originating in that area with a simplified approach
using the Interactive Data Language. We rejected all MFLs that
were open, whose two-dimensional (2D) length in the horizontal
plane (see Sect. 4.2.1) was shorter than 5.4 Mm and whose apex
height exceeded 7.5 Mm. This provided the spatial positions of
3915 suitable seed points for the VAPOR software (Li et al.
2019), which we then used for all six time steps. The ad hoc
limits on the length and height in this step were based on the
visibility and appearance of the |IEF channels in the Ca jj IR and
H lines, that is, the spatial extent of fibrils and the formation
heights of the lines.

From the VAP OR output, we then discarded all MFLs where
the outer FP was located outside the de-projected aperture stop
of IBIS and whose maximal height exceeded 7.5 Mm, but no
longer required the minimal 2D length. Table 2 lists the numbers
and percentages of the MFLs remaining sequentially with each
criterion for the magnetogram at 14:48 UT. This left on average
3158 74 closed MFLs for one time-step with a total of 18948
closed MFLs. This automatically selected sample is labeled the
“large sample” in the following. This sample was selected with-
out considering the chromospheric velocities or intensities in the
selection process in any way.

Figure 3 shows 1/33 of all the closed MFLs of the first and
last magnetogram that were selected by this approach on top of
the vertical component of the magnetic field B , the H con-
tinuum intensity, and the H LOS velocity. The majority of the
closed MFLs extend to the limb side of the sunspot from south
to north with a cluster towards the northeast, where the
following plage was located, because of the lack of opposite-
polarity patches towards the west. MFLs from the umbra and
inner penumbra were either open or violated the other two crite-
ria listed above.

3.2.2. Manually selected IEF channels

The large sample of MFLs was complemented by a smaller sam-
ple of manually selected IEF channels. To this end, we used the
line-core intensity and velocity maps in both H and Ca jj IR
to define about 15-25 seed points in each of the six maps and
located at the inner end of IEF channels for a total of 123 points.
The points were chosen to be at about the end of flow channels or
intensity fibrils and about evenly spaced around the sunspot in
azimuth. Figure 4 shows these manually selected IEF channels
for all six maps, with the MFLs resulting from the seed points.
The manually selected sample is a subset of the large sample
specifically chosen to catch flow channels and intensity fibrils.
The MFLs towards the west are short and connect to moving
magnetic features of opposite polarity close to the sunspot, while
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Fig. 2. Large-scale magnetic field topology of AR 12418 on 16 September 2015 from NFFF extrapolations. Top row: full domain at 14:48 and
15:48 UT on top of B, with open and closed MFLs. Middle (bottom) row: MFLs originating in the sunspot at 14:48 UT on top of B, and AlA
1700 A (AI1A 304 A and AIA 171 A). The black square in the middle-left panel indicates the area of the initial seed points for the identification of
closed MFLs. The FOV of the top row is slightly zoomed out to show the large-scale connectivity.

Table 2. Fraction of MFLs meeting combined selection criteria.

Total Closed L>54Mm z< 7:5Mm Inside IBIS FOV
22500 7103 4502 3915 3154
100% 32% 20% 17% 14%

most MFLs towards the east do not align with the large and dark
intensity filaments marked with arrows in Fig. 4 that stand out
prominently, especially in the Ca jj IR line-core images.

The two approaches of automatic and manual selection sam-
ple somewhat dierent targets. The automatic sample repre-
sents the magnetic topology of closed MFLs in the canopy of
the sunspot with a good statistics regardless of the presence
of IEF channels. This sample defines the characteristic topol-
ogy in which IEF channels are found. The manual selection
explicitly targets IEFs, that is, flow channels with a clear veloc-

ity signature, but with poorer statistics. Prior studies showed a
rather isotropic distribution of IEF channels around sunspots,
without a clear dierence between IEFs and their surround-ings
in the photospheric magnetic field near their inner end points
(Beck & Choudhary 2020). It is not immediately obvious whether
the latter is still valid when following the MFLs away from the
sunspot and to chromospheric heights. The comparison of the two
samples can therefore be used to elucidate whether or not there
are special conditions that favor the appearance of I[EF channels
by looking for eventual dierences in their average properties.

4. Results
4.1. Magnetic connectivity throughout the active region

The top row of Fig. 2 shows the MFLs throughout the AR at
14:48 UT and 15:48 UT. The majority of closed MFLs connect
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Fig. 3. Examples of automatically selected closed MFLs around the
sunspot. Left (right) column: at 14:48 (15:48) UT. Only 1/33 fraction of
all the MFLs are drawn here for clarity. The background images show
from top to bottom B,, the H continuum intensity, and the H LOS
velocity.

from the sunspot to the trailing plage region. The MFLs west of
the sunspot and east of the plage are primarily open and reach
coronal heights. This part of the large-scale topology is reflected
by the bright loops that are visible in the AIA 171 A image in
the bottom right panel of Fig. 2. The large filament extending
from the sunspot to the east can be traced in the AIA 171 and
304 A images, but the no MFL passes along its axis. The MFLs
near the filament instead form an arcade of loops crossing the
polarity inversion line approximately perpendicular to the fila-
ment spine. The closed MFLs originating inside or in proxim-
ity to the sunspot have an approximately radial orientation away
from the sunspot center (Figs. 3 and 4).

The HMI magnetograms showed little to no evolution within
the one-hour window of the observations (Figs. 2 and 3), hence
the magnetic field extrapolation did not change significantly. The
intensity and velocity maps in Fig. 4 show some variation with
time; for example the intensity pattern to the west changes com-
pletely in the H line-core images, but all dark filaments to the
east, north, and southwest and most flow channels persist (see
also the temporal average of the same time series in Fig. 12 of
Beck & Choudhary 2020).

4.2. Properties of closed magnetic field lines in the large
sample

4.2.1. Topology of closed MFLs: length, apex height, shape,
Finner, @and Fouter

For all closed MFLs, we defined the 3D loop length as the path
length along the MFL between its two photospheric FPs, while
the 2D loop length was defined as the length of their projection
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onto the horizontal plane. The apex height was defined as the
maximum height attained along the MFL. The distances of the
inner and outer FP from the sunspot center was measured both in
absolute units and fractional to the outer penumbral radius of r
=, 16:3 Mm, where the inner FP was defined as the seed point of
the MFL inside the square centered on the sunspot.

The top panel of Fig. 5 shows the histogram of the apex
height of all closed MFLs in the large sample. The distribu-
tion is roughly Gaussian between 0 and 7.5 Mm with a steeper
drop o towards greater heights. The average and median values
are 2.96 Mm and 2.72 Mm, respectively, far from the rejection
threshold of 7.5 Mm in height. Those heights should fall well
within the formation height range of the H line, but should
exceed that of Caijj IR. The histograms of the 2D and 3D
loop length are fairly similar (bottom panel of Fig. 5) ranging
from 0 to about 30 Mm length with average values of about 12
14 6 Mm.

There is a close relation between the 3D loop length and the
apex height (Fig. 6), which holds in the same way for the 2D loop
length (not shown). The correlation coecient between length and
height is about 0.9 with a ratio L:H of about 4:1.

To determine the typical loop shape, we first normalized the
2D length L of each closed MFL to be from 0 to 1 by dividing
it by the full length of the MFL. We then calculated the his-
tograms of the height in 20 length bins of 0.05 extent each and
sorted the result into a L-height array. Figure 7 shows a slightly
smoothed 2D representation of these histograms of the height at
each relative length point together with its average value. The
closed MFLs form arched loops; these have a larger inclination
to the vertical at the inner FPs and are nearly vertical at the outer
FPs. The average apex height of 3.65Mm is attained at a rela-
tive length of 0.8 close to the outer FP. Heights below 1 Mm and
above 6 Mm are rarely attained (<16%) at any place. The shape
roughly matches the parabolic loop of 2.45 Mm height (red line
in Fig. 7) that was inferred as best match to the velocity maps of
this sunspot in Beck et al. (2020).

Figure 8 shows the histograms of the distance of the inner
and outer FPs from the center of the sunspot, while Fig. 9 shows
their location on top of maps of photospheric and chromospheric
quantities at 14:48 UT. The inner FPs can be found at a radial
distance of 0.6-1.8r, with an average value of 1.19r,, slightly
outside the outer penumbral boundary. None are found inside
the umbra, where the field lines were open. The outer FPs are at
1.5-2.5r, with an average distance of 1.9, in primarily plage
regions of opposite polarity (Fig. 9). Only the short closed MFLs
to the southeast (x;y = 20;20) and southwest (x;y = 60;20)
connect to magnetic elements in the sunspot moat. The locations
of the inner FPs coincide to a large extent with the end points of
flow fibrils (bottom right panel of Fig. 9).

4.2.2. Magnetic field strength

Figure 10 shows the histograms of the magnetic field strength B
from the HMI Milne-Eddington inversion at the inner and outer
FPs of closed MFLs. The magnetic field strength at the inner FPs
has a range of 0-1400 G with an average value of 550 G. The
histogram shows a double-peaked distribution with peaks at 250
and 900 G, where the latter peak and the extension to 1400 G cor-
responds to inner FPs inside the penumbra. The histogram for the
outer FPs has a roughly Gaussian distribution from 0 to 400G
with an average value of 180 G. The dierence in field strength
between inner and outer FPs B (bottom panel of Fig. 10) ranges
from 500 to +1300 G with an average value of +370G and a
similar bimodal shape to that of the inner FPs. About 6% of the
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Fig. 4. Magnetic field lines of all manually selected |EF channels. Left to right: at 14:48 to 15:48 UT in steps of 12 min. The background images are

from top to bottom B,, H and Ca

IR cgintinuum intensity, H line-core intensity, H LOS velocity and Ca

IR LOS yglocity. The white rectangle in

the rightmost column indicates the location of the “perfect” IEF channel shown in Fig. 24 below. The red and blue arrows in the fifth column mark H

filaments.

MFLs show a negative value of B with higher field strength at
the outer FPs.

Figure 11 shows how the field strength along the MFLs
varies between the FPs. The field strength B(x;y;z) was deter-
mined at the corresponding height of the MFL at each spatial
position (x;y) in the horizontal plane, and then plotted against
the 2D length L. It drops monotonically from the average value
of 450 G with a broad distribution at the inner end up to a rel-
ative length of about 0.95. At that length, almost all the MFLs
have a similar value of B of 180 G, which represents a small local
maximum in B. At the inner and outer FPs, the MFLs are close
to the photosphere, while they sample chromospheric layers in
between (Fig. 7).

Figure 12 identifies the locations of inner and outer FPs in
four bins in B of 400G width each for the data at 14:48 UT.
Most MFLs with B < 0G belong to comparably short loops,
whose inner FPs are in some cases far outside the outer penum-
bral boundary. For MFLs with increasing values of B; the inner
FPs move towards the umbra and the loop height increases, while
the outer FP locations do not vary significantly. The MFLs with B
> 800 G are found on top of all others (bottom left panel of Fig.
12). The scatter plot in the bottom right panel of Fig. 12 shows a
high correlation between the 3D loop length and B, in

line with the displacement of the inner FPs toward the umbra for
increasing B, which also increases the length.

4.2.3. Continuum temperature

Figure 13 shows the histograms of the temperatures at the
inner and outer FPs, and their dierence T = T | .. T, e
Similar to the magnetic field strength, the inner FPs exhibit a
bimodal distribution with one peak at the quiet sun (QS) tem-
perature of about 5800 K, an extended tail to lower temperatures
down to 5300K, and a smaller peak at 5450 K corresponding
to FPs inside the penumbra. The distribution for the outer FPs is
Gaussian-shaped around the QS temperature with an average
value of 582034 K. The temperature dierence T is primar-ily
negative from 500 to +100 K with two peaks at 350 and 0 K,
again caused by the location of the inner FPs in the QS or the
cooler penumbra. About 32% of the closed MFLs show a
positive temperature dierence, which could drive a flow oppo-site
to the IEF.

The high correlation between T and B of 0.73 in their
scatter plot in Fig. 14 confirms a common origin for the behav-
ior of the temperature and field strength dierence, namely the
radial gradient in both B and T with distance from the sunspot
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center and the displacement of inner FPs with higher B towards the
umbra. Both B > 0 and T < O create a gas pressure dif-ference
in the same direction along a closed MFL, and so their anti-
correlation amplifies the potential driving force.
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4.2.4. Photospheric and chromospheric velocities

For the two chromospheric spectral lines of H and Caii IR, we
determined the velocity at the inner and outer FPs and the
maximal unsigned velocity along each closed MFL. The latter
was defined as the maximum velocity encountered along the 2D
paths of the MFLs in the horizontal plane, ignoring the height of
the loop and any projection eects. The maximal velocity was
derived from both the LOS and de-projected velocity maps. We
only retrieved the velocity at the outer FPs from the photospheric
HMI velocities to check for possible upflows at the outer end, as
the velocities at the inner FPs are expected to be strongly con-
taminated with the regular Evershed flow.

The top two rows of Fig. 15 show the histograms of the three
velocities (v, Vv at inner and outer FPs) as derived from the
LOS velocities of both chromospheric lines. The maximal flow
speeds along closed MFLs range from O to 8-10kms ! with
averages of 2.5 and 3.8 km s ! for Ca jj IR and H, respectively.
All chromospheric velocities at the inner and outer FPs scat-
ter around roughly zero with averages below 0:6 kms ! apart
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80

Fig. 9. Locations of the inner and outer FPs of closed MFLs at 14:48 UT.
The images in the background show (clockwise, starting left top) the H
continuum and line-core intensity, the H LOS velocity, and B,. Yellow
(white) points denote the locations of the inner (outer) FPs.

from the velocity at the inner FPs in H with an average of

1:2kms 1, which presumably reflects the larger area coverage
of the inner FPs on the limb side with its large-scale blueshift
pattern. The maximal velocities in the de-projected velocity
maps (bottom left two panels in Fig. 15) largely mirror the same
quantity in the LOS velocities, but with an extended range from
0-30kms ! and average values of 10-15kms !, which is an
increase by a factor of about 5. The photospheric velocity at

the outer FPs shows a slight redshift of 0:140:33kms * on
average, but with a large scatter from 1 to +1kms 1. Even
with a correction for the convective blueshift of 0:2kms ! (see
Appendix A.1), no systematic upflows are seen in the photo-
sphere at the outer FPs.

Figure 16 shows scatter plots of the LOS and de-projected
velocities against the apex height, B and T. None of the
velocities exhibit a strong correlation with the apex height. The
majority of the data points cluster around zero on the abscissain
all plots of velocities against B or T (right two columns of Fig.
16). The plots against B clearly reveal that only a small fraction
of MFLs have B < 0, while T > 0 happens more frequently in
comparison.

All plots of either LOS or de-projected maximal H veloci-
ties have upper and lower boundary regions of minimal or max-
imal velocities that rarely occur. The lower boundary is better
defined and indicates the absence of small velocities below
<2kms !in the LOS and <4 kms ! in the de-projected veloc-
ities for large values of B > 500G or T < 200K. The shape
of the distributions matches to first order the predicted square-
root dependence of the flow speed on the magnetic or gas pressure
dierences. Using Eq. (5), we calculated the expected velocities
for a given value of Band T (solid green and orange lines in Fig.
16). The latter is independent of the gas density, while for the
former we used three dierent gas densities in the HSRA model at
log = 0:3; 1;and 2. With the close anti-correlation of B and
T (Fig. 14), the total driving force is expected to be larger than
the individual separate contributions. Both the observed LOS
and maximal H velocities exceed a purely thermal driver (right
column of Fig. 16). In the case of a driver based on the dierence
in magnetic field strength, the predicted velocities in the middle
column of Fig. 16 exceed the
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Fig. 10. Histograms of the magnetic field strength B (top panel) at the
inner (blue line) and outer (red line) FPs, and of their dierence B = Bipper
Bouter (bottom panel).
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Fig. 11. Field strength for closed MFLs in the large sample against rela-
tive 2D length L. The background image shows the probability distribu-
tion of B with the color bar to the right. The inner (outer) FP isatL = 0
(1). The yellow line indicates the average value.

observed maximal H LOS velocities, but fall into the observed
range for the de-projected velocities. Depending on the height
in the solar chromosphere, the sound speed as the upper limit of
mass flows is 6-=20 km's 1. The highest, but still rather low cor-
relation values of about 0.2 are found for the relation between B
or T and the velocities in Ca ii IR at the inner FPs (two
bottom-right panels of Fig. 16), where the downflow points of
the IEF channels would be expected.
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right: scatter plot of B and 3D loop length. The map in the bottom left panel is rotated relative to the images in the top row for better visibility of the

closed MFLs.

4.2.5. Pressure balance

Figure 17 shows the histograms of the magnetic, gas, and total
pressure at the inner and outer FPs, and their dierences p = p

. Fog all calculations that include the gas pressure,

0:2 of 2:89

pinner

the photospheric density in the HSRA at log =
10 7gcm 3 was used.

The magnetic pressure at the inner FPs ranges from 0 to
8kPa s with an average of 1.6kPa. The corresponding val-
ues at the outer FPs are much smaller, with 0-0.5kPa and an
average of 0.17kPa. The resulting dierence p .. is there-
fore mainly positive, with a similar total range to that of the
inner FPs. In the same way as for temperature, the gas pres-
sure at the inner FPs has a bimodal distribution with one peak at
about 10.1kPa corresponding to the penumbra and one at
about 10.8 kPa corresponding to the QS, while the histogram
for the outer FPs only shows the latter. The gas pressure dif-
ference is primarily negative, down to 1kPa. The total pres-
sure (bottom row of Fig. 17) at the inner FPs with values from
11 to 16 kPa exceeds the one at the outer FPs, which is fairly
constant at 10:96 0:3 kPa. This leads to a total pressure imbal-
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ance of up to +5 kPa under the assumption of equal gas den-
sities, while 9% of the MFLs have a negative total pressure
dierence.

As we cannot simultaneously confirm that the assumption
of a global and large-scale total pressure balance holds over
the comparably large distances between the inner and outer FPs
of closed MFLs and the characteristic values of both B and T
would drive a flow in the same direction, we calculated the
“eective” pressure dierence following Eq. (3) in addition (Fig.
18). This yields slightly higher pressure dierences from

2 to 8 kPa, but otherwise follows the shape of the correspond-
ing histograms of B and T with only a small fraction of MFLs with
p < 0.

The escatter plots of p , against maximal de-projected and
LOS velocities in Fig. 19 show a similar behavior as before
for B and T alone (Fig. 16). The shape of the square-root
dependence of the predicted velocities with its lower boundary is
matched. The observed LOS velocities fall short of the predic-
tion, while the de-projected velocities span the whole range of
predicted velocities when using three dierent gas densities. We
only varied the gas density in the application of Eq. (5), but not
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Fig. 14. Scatter plot of the dierence between inner and outer FPs in
temperature T and field strength B.

in the calculation of p , that was derived with the HSRA gas
density value atlog = 0:2.

The question of which gas density is appropriate across a
2D FOV on the solar surface is dicult to answer without addi-
tional assumptions. We therefore tried to derive suitable gas
densities using the relation between T and B? as predicted by
Eq. (4) based on the photospheric HMI temperature and mag-
netic field strength. The left panel of Fig. 20 shows the scatter

plot of T and B? for the inner FPs of the large sample, while
the right panel shows the same for a square area covering all the
umbra, penumbra, and some QS areas outside the outer penum-
bral boundary. The inner FPs were located close to the outer
penumbral boundary, primarily slightly outside the sunspot, with
a temperature range of 5250-5950 K. The relation between T
and B? for the inner FPs has a high correlation of about 0.85. The
right panel reveals three dierent regimes in QS, penumbra, and
umbra, with a distinct change of behavior at the outer umbral and
penumbral boundaries. We therefore fitted three straight lines to
the values in the right panel using a spatial mask for the three
regimes (see the inset in the right panel of Fig. 20) excluding
the areas of transition between them. Table 3 lists the resulting

fit parameters and the derived physical quantities gas density
and total pressure p,,. The correlation values for QS, penum-
bra, and umbra are somewhat lower at 0.26—0.5. The inferred
gas densities of 0:75 4:3 10 7 gcm 3 are in the range of the
HSRA QS value of 2:89 10 7 gcm 3 used in most of the pre-
vious calculations, while for the inner FPs the total pressure
and the inferred gas density have similar values to the HSRA
at log = 0:2 (Table 1). The magnetic pressure contributes
more than 50% in the penumbra and completely dominates the
total pressure in the umbra. A similar total pressure from the gas
pressure alone would only be found forz < 70 km in the HSRA
model (Table 1).

4.3. Manually selected IEF channels

The manually selected IEF channels are a small subset of the
large sample, with seed points for the MFLs chosen based on
the appearance of IEF channels in the intensity and velocity
maps. All parameters related to the magnetic topology (length,
height, locations of FPs) were very similar to the average val-
ues of the large sample. We only overplotted the histograms
for the locations of the inner and outer FPs in Fig. 8. These
reveal that the inner FPs of closed MFLs that explicitly corre-
spond to IEF channels are slightly closer to the penumbra than
those of the large sample, with about half of them being inside
the sunspot. The histograms of field strength and temperature at
the inner and outer FPs in the top two rows of Fig. 21 show that,
for those MFLs, the temperature dierence is close to zero (T
20 K) and negligible compared to the field strength dif-

ference (B +600 G). The chromospheric maximal LOS flow
velocities of 3-4kms ! are slightly higher than the averages
for the large sample, while the photospheric HMI velocity at
the outer FPs again shows no clear indication of blueshifts or
upflows.

Figure 22 shows the observed and predicted velocities as a
function of p, B; and T for the manually selected |EF chan-nels. In
that case, the velocities predicted from the eective pres-sure match
the range of observed LOS flow speeds, while they exceed them
when only considering the magnetic pressure dif-ference. The
temperature dierence is primarily positive, which therefore
slightly reduces the eective pressure dierence. The
corresponding curve for predicted velocities from T was below
the plot range for T > 100K.

4.4. Predicted flow speeds and apex heights

Equation (5) allows us to predict the expected flow velocity
given the pressure dierence, where a linear relation between p
and v should now hold. The top panel of Fig. 23 tests the
prediction for the maximal H LOS velocities in the large sam-ple.
The correlation coecient stays comparably low at 0.2, but
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photospheric LOS velocity from HMI at the outer FPs.

the data points are to some extent covered by a one-to-one rela-
tion. The prediction of the apex height from Eq. (6) based on the
pressure dierence falls short of the apex height measured in the
magnetic field extrapolation by a factor of about 50 at a correla-
tion of 0.36 (middle panel of Fig. 23). Apart from being dierent in
magnitude, the trend of the data points follows the prediction,
with a complete absence of low measured apex heights for low
predicted heights. To some extent, this results from the relation
between length and apex height (Fig. 6), where longer MFLs
have their inner FPs closer to the umbra which causes a larger
B (Fig. 12), and hence larger p. A similar mismatch by a fac-tor of
about 30 in magnitude is seen for the apex height predicted from
the observed LOS velocities (bottom panel of Fig. 23).
Assuming a velocity of the order of the chromospheric sound
speed of 10kms ! would only correspond to an apex height of
0.18 Mm. A pressure dierence of 5 kPa that is covered by the
observed values of p (Fig. 18) would only be able to lift a gas
density of 0:006 10 “gcm 3 up to the average apex height of
2.96 Mm. This indicates that the Egs. (6) and (7) related to the
apex height do not seem to be strictly valid, as flows on the order
of 10kms * are found to appear along MFLs of that height.

4.5. The “perfect” IEF channel

To the southeast of the sunspot, one can find several adjacent
MFLs (see the square in the rightmost column of Fig. 4) that
form an almost “perfect” 1EF channel with all theoretically
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IRj and

expected properties: two opposite polarities connected by a low-
lying chromospheric loop with blueshifts at the outer and red-
shifts at the inner end. At the heliocentric angle of the sunspot, a
clear velocity signature of this kind is rare. We use the aver-age
properties of these MFLs to summarize our results, while Table
4 additionally lists average values of dierent quantities for the
large sample and correlation values between them for
completeness.

The left column of Fig. 24 shows a magnification of the
3D view of the MFLs on top of the continuum intensity, B,
and the LOS velocity of Ca jj IR, while the right column shows
the corresponding magnetic and thermodynamic quantities along
their length averaged over about 50 MFLs. The MFLs connect
an opposite-polarity patch of magnetic elements in the sunspot
moat at about 15 Mm distance from the outer penumbral bound-
ary with the latter (left top two panels of Fig. 24). The inner FPs
of the MFLs are slightly inside the penumbra. The MFLs are
close to vertical in the magnetic elements at the outer FPs and
more inclined in the sunspot penumbra, forming an arched loop
with 2 Mm apex height (top right panel of Fig. 24). The field
strength of about 700 G at the inner FPs is higher than the 300 G
at the outer FPs, which still stand outin B, B, and | . relative
to their immediate surroundings (middle right panel of Fig. 24).
The MFLs show in that case clear upflows of 0.5-1kms ! in
H and Ca jj IR at the outer and downflows of 1-3kms 1 at the
inner FPs (bottom row of Fig. 24). A slight blueshift is seen in
the photospheric HMI LOS velocities.
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column show the flow speed predicted by the temperature dierence.

For this “perfect” IEF channel, one therefore finds a picture
of mass moving upwards at the outer end of an arched mag-
netic loop that then streams along it into the sunspot. Both the
dierence in field strength B and temperature T would drive a
flow in the same direction. For assumed total pressure balance
between the inner and outer FPs, the magnetic, thermal, and
hydrodynamic topology of these MFLs would all comply with
a siphon flow scenario with a mass flow driven primarily by the
field strength dierence and the inherent gas pressure dierence it
causes.

5. Discussion
5.1. Limitations of the current study

The current study suers from a few limitations that for the most
part are related to or are intrinsic to the observational data. Our
method could benefit from selecting a variety of sunspots to
examine MFL connectivity all around sunspots. For the sunspot
used, the IEF channels are best seen on the disk center side of
the sunspot, where the LOS and the IEF channels are paral-lel
(Fig. D.1 and Beck & Choudhary 2019). The magnetic field
extrapolation could not provide closed MFLs in that direction
due to the lack of opposite-polarity fields to the west. This
configuration is similar to that encountered by Kawabata et al.
(2020, their Fig. 12). Selecting a leading (trailing) sunspot with
trailing (leading) plage to the west (east) of the solar central
meridian would improve the situation by likely leading to more

IR LQ@{S velocity at the inner FP. The green lines in the middle column show the predicted

0:3; 1;and 2. The orange lines in the right

closed MFLs all around the sunspot with our extrapolation tech-
nigue. A second improvement would be to select a sunspot where
the location of the zero line in LOS velocities does not coin-
cide with the inner FPs of the IEF channels on the limb side,
which can be achieved by selecting sunspots at small heliocen-
tric angles.

The derivation of the LOS velocities themselves is only pos-
sible within limits. As shown in Choudhary & Beck (2018), the
IEF is only a satellite component in the spectra close to the inner
FPs, which leads to underestimation of the flow velocity by a
factor of up to two. The de-projection to the true flow angle and
speed was done based on the magnetic field vector at a single
height in the NFFF extrapolation, whose accuracy cannot be con-
firmed with the current data. Additionally, the exact formation
heights of the velocities of the chromospheric spectral lines of
Ca jj IR at 854 nm and especially H in the canopy of a sunspot o
disk center are not well known.

Apart from using the magnetic vector field information as the
input for the NFFF extrapolation, the field strength and temper-
ature from the HMI data were directly used. They are to some
extent not fully consistent with each other, as their formation
heights dier by a few hundred kilometers (Norton et al. 2006). A
second limitation is the modulus of the field strength. The HMI
magnetograph has only a limited spectral sampling that cannot
spectrally resolve the Zeeman splitting for strong mag-netic
fields. Its spatial sampling of 0:5Xis prone to unresolved
structures within a single pixel in the QS in addition. The one-
component Milne-Eddington inversion used for the derivation
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Fig. 17. Histograms of the magnetic pressure (top row), gas pressure (middle row), and total pressure (bottom

inner and outer FPs, and their dierence p = Pinner  Pouter-

of the vector field from the HMI observations cannot take this
latter issue into account. The field strength values are therefore
likely to underestimate the true field strength both in the QS
and the sunspot; for example the average field strength of 180G
at the outer FPs (Fig. 10) is far from the 1-kG fields expected
for magnetic elements in the moat (Beck et al. 2007; Utz et al.
2013). Beck & Choudhary (2019) compared the field strength at
the inner FPs between HMI and an inversion of the Fe . lines near
1565 nm and found the HMI values to be about 500 G lower than
the average value of 1.3 kG from the Fe lines. Even for fields of
1kG at the outer FPs, a positive field strength dierence of the
same modulus as found here (0.3-0.4kG) would therefore be
maintained (Table 4).

The limitations of the NFFF extrapolation are to some extent
caused by the HMI input data. At the photospheric boundary,
the values of B are likely inaccurate to some extent and the field
inclination in the penumbra corresponds to a weighted average
in the case of unresolved magnetic field components with dier-ent
inclinations (Bellot Rubio et al. 2004; Beck 2008). The mag-netic
connectivity is to a large extent deterministic and can only
provide closed MFLs between opposite-polarity FPs, but HMI
cannot detect diuse weak magnetic flux below a certain level
because of its spatial and spectral resolution. Photospheric high-
resolution observations of internetwork quiet Sun magnetism
reveal a large amount of magnetic flux that is beyond the detec-
tion capabilities of the HMI (Lites et al. 2008; Beck & Rezaei
2009; Beck et al. 2017). However, a connection between the
outer penumbra and weak magnetic flux favors a siphon flow
scenario even more because of the resulting small field strength
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Fig. 18. Histogram of the eective pressure dierence pe.

at the outer foot points. The 2D chromospheric flow field of the
same sunspot was successfully modeled in Beck et al. (2020)
assuming an axisymmetric pattern with IEF channels all around
the sunspot.

No magnetic field lines match the strong and large filament
to the east, whose negative polarity FP could be at about the
center of the FOV of the extrapolation box (bottom left panel
with the AIA 304 A image in Fig. 2). The magnetic field extrap-
olation here supports a scenario of mass loading on top of an
arcade of field lines that cross the neutral line. However, without
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Table 3. Line fit and physical parameters derived from the T(B2?)
relation.

Inner FPs Qs Penumbra Umbra
Slope 0:0023 0:0014 0:0083 0:0044
Intercept 13.5 8.5 46.3 23.4
Correlation 0.85 0.26 0.33 0.50
=10 7 (gcm 3) 2.69 431 0.75 1.42
hTi (K) 5696 5796 5417 3994
hBi (kG) 0.55 0.39 1.26 2.45
Pgas (kPa) 9.83 15.97 2.60 3.64
Pmag (kPa) 1.20 0.6 6.27 23.75
prot (kPa) 11.03 16.57 8.87 27.39

introducing an inertial term into it, no extrapolation is able to
yield dips in field lines apart from very peculiar configurations in
the input magnetograms.

The energy and pressure balance suers from all the short-
comings listed above. With the partially unknown formation
heights for the LOS velocities, temperature, and field strength,
the density that must be attributed to the IEF is not obvious. The
IEF has well-defined inner FPs, where it stops at an optical depth
of log = 3 z = 400km (Choudhary & Beck 2018), but the
height at which it sets in at the outer FPs is not clear. We plan to
investigate the height variation of the IEF using other data sets
with more spectral lines that cover a larger range of formation
heights (see, e.g., Felipe et al. 2010; Bethge et al. 2012) in the
future.
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5.2. Magnetic properties of the IEF

Thanks to the results of the NFFF extrapolation, we were able
to trace individual MFLs related to the IEF. We used two dif-
ferent samples, where the large sample was defined based on
the magnetic topology alone, without considering the chro-
mospheric velocities, while the second sample was primarily
based on the intensity and velocity signature of IEF channels.
Both samples yielded almost identical average values and his-
tograms for the properties of the MFLs and their foot points
(Figs. 10, 15, 21 and 22), which indicates that they trace the same
structures in the solar atmosphere, namely the IEF channels.

The connectivity found from the magnetic field extrapola-
tion in the current study aligns with the results or assumptions
on IEF channels in previous studies. The average distances of
inner and outer FPs of 1.2 and 1.9 sunspot radii (Fig. 5) implies
that they connect the outer penumbra with the end of the moat
cell (Sobotka & Roudier 2007). In Beck et al. (2020), the cor-
responding values for the same sunspot were 0.98 and 2r,,
derived or set only using the velocity maps, while peak veloc-
ities and intensities for the inner FPs were found at about 1t in
Beck & Choudhary (2020).

The average length of closed MFLs of 13 Mm allows one
an indirect estimate of the lifetime of IEF channels. Assuming a
motion with the chromospheric sound speed of about 10 km's 1, it
takes about 20 min to reach the inner FP from the outer end.
Typical lifetimes of IEF channels then should be of the same
order when an IEF channel is established, which matches the
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IR ari@l photospheric HMI velocity at the outer FPs.

lifetimes of 10-60 min found in Beck & Choudhary (2020) from
tracing the flow signature of IEF channels with time.

The current average apex height of 3 Mm nicely matches the
one of 2.45 Mm inferred for this sunspot based only on the LOS
velocity maps in Beck et al. (2020). Aschwanden et al. (2016)
found a typical height of up to 4 Mm for chromospheric struc-
tures such as superpenumbral fibrils, with a similar steep decline
of the histogram towards larger heights (Fig. 5 and their Fig. 10).
The assumed parabolic loop shape used in Beck et al. (2020),
which was previously also used in Maltby (1975), is directly
confirmed to first order by the field extrapolation (Fig. 6), which
also supports the inclination values for these MFLs being around
30 to the local horizontal (Haugen 1969; Dialetis et al. 1985;
Beck & Choudhary 2019; Beck et al. 2020) with a smooth radial
variation. The comparably solid ratio between length and height
of 4:1 (Fig. 6) might allow one to at least get some estimate of
apex heights for closed MFLs in the absence of an extrapolation
when the horizontal foot point distance is known.

The average field strengths at the inner and outer FPs of
0.6 kG and 0.2kG in the HMI data likely underestimate the
true values, but the average positive field strength dierence of
+0.4 kG appears to be robust in its sign. One of the FPs of the
closed MFLs related to the IEF is inside or close to the outer
boundary of the penumbra, which implies that nearly any con-
nection will end in an outer FP of lower field strength. The
properties of the outer FPs in location, field strength, and incli-
nation (Figs. 7, 9, 11 and 24) match those of magnetic ele-
ments in the QS with a higher field strength than their immediate
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Fig. 22. Scatter plots of (top to bottom) p, B; and T against the
maximum H LOS velocity of manually selected IEF channels. The
green lines show the predicted velocities for HSRA gas densities at
log = 0:3; land 2.

surroundings and nearly vertical magnetic field inclinations. The
dierence in temperature between the inner and outer FPs seems to
play a smaller role than B in most cases, with the caveat that
the HMI resolution might prevent us from seeing the true
temperatures of the intergranular lanes in which the magnetic
elements of the outer foot points are likely to reside.

5.3. Pressure balance

The simplified pressure balance of Eq. (2) together with the
conversion to the expected flow speed of Eq. (5) correctly pre-
dicts the square-root shape of the distribution of the p v scat-ter
plots, but the numbers only line up partly with the observed LOS
or de-projected velocity values for individual IEF channels
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Fig. 23. Scatter plots of predicted and measured velocities and apex
heights. Top to bottom: predicted vs. observed maximal H LOS veloc-ity,
measured apex height vs. prediction from pe, and measured apex height
vs. prediction from the observed maximal H LOS velocity. The green line
in the top panel indicates a one-to-one correlation.

(Fig. 23). The main reasons for this will be the observational
limitations discussed in Sect. 5.1. Varying the gas density used
in the calculations within reasonable limits (z = 20 200 km,
= 0:3 310 “gcm 3) suces to cover the range of observed

LOS velocities of 2 10kms 1.

For the umbra and the QS with primarily vertical magnetic
fields and lower higher order magnetic contributions such as
curvature forces to the pressure equation (Steiner et al. 1986;
Borrero et al. 2019), the relation between T and B? (Fig. 20)
might allow one to derive not only average density values,
but also spatially resolved density maps when a suited bound-
ary value for the total pressure is prescribed and the Wil-son
depression is properly accounted for (Puschmann et al. 2010;
Loptien et al. 2020). A combination of the magnetic field
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extrapolation results with a thermal inversion of the Caii IR
spectra, for example through the Calcium Inversion based on a
Spectral Archive code (CAISAR; Beck et al. 2013, 2015), would
possibly provide density stratification in a 3D volume.

5.4. The driver of the |IEF

The IEF channels are well aligned with the magnetic field vec-
tor near the inner FPs (Beck & Choudhary 2019). Their vis-
ibility in the Cajj IR data (Figs. 3, 4 and 24) in particular
complies with the shape in the magnetic field extrapolation
(Fig. 7), which predicts that the IEF channels leave the Ca jj
IR formation height of 1-2 Mm around the apex. The primar-
ily radial orientation of the MFLs matches that of the inten-
sity fibrils in H or Ca jj IR in Fig. 3 at most places (see also
de la Cruz Rodriguez & Socas-Navarro 2011; Schad et al. 2013;
Leenaarts & Carlsson 2015; Kawabata et al. 2020) apart from
the dark filaments that supposedly do not correspond to IEF
channels. There is therefore no indication that the IEF would
not follow the closed MFLs of the NFFF extrapolation wher-
ever the flow cannot be continuously traced in the velocity maps,
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or that no |EF channels with similarly shaped closed field lines
would exist where the magnetic field extrapolation is unable to
yield them. With the positive field strength dierence and the
anti-correlated temperature dierence towards the inner FPs, a
siphon flow is therefore the most likely explanation for the IEF
pattern around sunspots.

The diagnosis of the driver of the IEF in this study was
only possible through the combination of high-resolution chro-
mospheric spectra and velocities — or high-resolution observa-
tions in general — with a magnetic field extrapolation derived
from full-disk data of lower spatial resolution. This highlights
the potential of magnetic field extrapolations for the correct
interpretation of the physics visible in high-resolution observa-
tions at much smaller spatial scales. This approach has a broad
range of potential applications that have only partially been
explored so far (e.g., Aschwanden et al. 2016; Grant et al. 2018;
Yadav et al. 2019; Kawabata et al. 2020; Louis et al. 2021) and
could be developed into a standard diagnostic tool for high-
resolution observations in the future. The availability of a
magnetic field extrapolation also provides additional diagnos-
tic potential through, for instance, the de-projection of LOS
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Table 4. Summary of results for the large sample.

Quantity Apex 2D L 3DL Fin Fout Bin Bout B

units Mm ro kG

X x 3.0 1:8 13 6 14 7 1:2 0:2 1:9 02T 0:6 0:3 0:2 0:1 0:4 0:3

Quantity Tin Tout LOSvy  Deprvy LOS vca Depr vca VHMI

Units kK kms !

X x 5:7 0:2 5:8 0:03 0:1 0:2 3.8 1.7 16 8 2:5 1:2 10 5 0:1 0:3

Quantity pimnag pomuatg Pmag Pgal” out Pgas Pe Pﬁffft

kPa 1:6 1.7 02 03 Paas 023 0:3 167 1.9  10:96 0:3
1:4 1:6 10:6 0:3 10:8 0:1

VH Vca L-apex L B Correlation values P VH T B? h(p)-apex

0.66 0.90 0.56 BT B vy T vy 0.17 0.85 0.36

0.73 0.19 0.17

velocities to the field direction to obtain true flow speeds. In
the other direction, high-resolution observations could help in
detailed modeling of for example filaments by determining a
corresponding mass density from H spectra to add as a con-
straint to the extrapolation or the extrapolation results. Combi-
nations of these two dierent approaches have a clear potential to
improve future research in solar physics, where the list of tech-
nigues applied in the current study is far from exhaustive.

6. Conclusions

We find that the inverse Evershed flow of the leading sunspotin
AR NOAA 12418 happens along elongated arched loops of
about 13 Mm length with an apex height of about 3 Mm. The cor-
responding closed magnetic field lines connect the outer penum-
bra with magnetic elements in or at the end of the moat cell.
The positive dierence in magnetic field strength of on average
+400 G and the negative one in temperature of 100 K both sup-
port a siphon flow from the outer foot points towards the sunspot
as the driver of the inverse Evershed flow.
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Appendix A: Derivation and calibration of
line-of-sight velocities

A.1. Photospheric velocities from HMI

[Slope =1.15181 *0.01 .
=-0.941 +0.01 .

4 [intercept

2 :Qorrelation =0.66
0

2

inner FP vy, (Km/s)

-4 -2 0 2 4 6

inner FP v, (km/s)

Fig. A.1. Scatter plot of the LOS velocities of H and Caii IR at the
inner FPs of closed MFLs near the outer penumbral boundary. The red
line shows a linear regression to the data points. Its slope and intercept,
and the linear correlation coecient are given inside the panel. Only
every fifth data point is plotted.

The sunspot of AR NOAA 12418 was located at 35.54 eastern
longitude. The average LOS velocity caused by solar rotation
was 1kms ! with an additional variation of 0.4 kms ! across
the box used for the magnetic extrapolation (middle column of
Fig. 1), which required the use of a spatially varying correc-
tion as well. We determined the contribution from solar rotation
by averaging the de-projected (see Appendix D.3 below) HMI
velocity maps in the extrapolation box in the x and y directions
and fitting straight lines to the average curves. The fitted straight
lines were then subtracted from the data. After subtraction of
these straight lines, the average HMI velocity in QS regions was
found to be approximately zero. Léhner-Bottcher et al. (2019)
measured a convective blueshift of about 0:2kms ! for the
HMI Fej line at 617.3nm at = 0:7. We did not apply an
additional correction for that, but note that HMI velocities of
approximately zero should correspond to small blueshifts of -
0.2kms 1.

A.2. Bisector analysis of chromospheric spectra

We used the same bisector analysis as in Beck & Choudhary
(2020) and selected the bisector velocity at 93% line depth
as LOS velocity of Caijj IR and H. The average velocity
across the whole IBIS FOV was set to zero for each of the six
spectral scans, which puts the average umbral velocity at rest
as well (Beck et al. 2020; Henriques et al. 2020). The veloci-
ties of H and Ca jj IR in and near sunspots are similar (e.g.,
Beck & Choudhary 2020; Beck et al. 2020), with a correlation
coecient above 0.5 and usually higher velocity values in H (Fig.
A.1). We primarily show results for H in the following but note
that the velocities of the two lines can be used synony-mously.
The line-core intensity was defined as the lowest value inside the
spectral line in each profile.

Appendix B: Conversion of HMI intensity to
temperature

We used the Planck function to convert the de-projected contin-
uum intensity maps of HMI to temperature (see, e.g., Beck et al.

8000

)

o2}

o

o

o
T

4000

Temperature (K

2000

ob i
0.0 05

15 20

1.0
1/1(5800)
Fig. B.1. Conversion curves between HMI continuum intensity and
temperature as derived from the Planck function (blue line) and using
the SIR code (red dashed line). The black dashed vertical lines at

I=1(5800) =0.11 and 1.15 represent the minimum and maximum inten-
sity values in our HMI data.

2012; Valio et al. 2020). Norton et al. (2006) give the formation
height of the continuum (line core) of the Fej line at 617 nm as
about 20 km (300 km), and so the assumption of an ideal gas in
local thermodynamic equilibrium (LTE) with black body radi-
ation is justified. At the heliocentric angle of the observations,
the continuum formation height should shift slightly upwards to
about 40 km with the optical depth changing from = 0:63 to
= 0:63 sin = 0:46 corresponding to log = 0:2 and log =
0:33, respectively.

We calculated the emergent radiation at 617 nm from the
Planck function for a temperature range from 3000 to 7000 K
and normalized the values by the intensity for 5800 K to obtain a
conversion curve from relative intensities to absolute tempera-
tures. The center-to-limb variation (CLV) in the observed inten-
sity maps was removed in a similar way as for the HMI veloc-
ities using averages in x and y, but now dividing with the fitted
straight lines. After the correction for the CLV, the relative HMI
intensities were converted to their corresponding temperatures.
With this choice of normalization, the average QS temperature is
forced to be 5800 K.

To verify the conversion curve, we generated the same
using the Stokes Inversion based on Response functions code
(SIR; Ruiz Cobo & del Toro Iniesta 1992), which employs LTE.
We synthesized a wavelength window around the Fej line at
617.3 nm that covered continuum wavelengths while modifying
the HSRA model with global osets of -2000 to +2000 K at all
optical depths. We selected the continuum intensity that corre-
sponds to having a temperature of 5765K at log = 0:4 in the
original unperturbed HSRA model for the normalization in that
case. Figure B.1 demonstrates that in the relevant intensity range
of the HMI data from 0.11 to 1.15 the dierences between the two
approaches are minor, and so the simple conversion using the
Planck function can indeed be used, especially as our main focus
is on spatial locations with a relative intensity of about unity.

Appendix C: Non-force-free magnetic field
extrapolation

We used the NFFF extrapolation code developed by Hu et al.
(2010) to obtain the magnetic field connectivity around the
sunspot. The algorithm for this code is based on the principle of
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minimum dissipation rate (MDR; Montgomery & Phillips 1988;
Dasgupta et al. 1998; Bhattacharyya & Janaki 2004), which
originates from a variation approach that allows one to obtain
dissipative relaxed states in a two-fluid plasma with an exter-
nal helicity driving (Bhattacharyya et al. 2007). This therefore
makes it suitable for an open system with a flow, as in the solar
photosphere.

The MDR approach leads to a set of two decoupled inho-
mogeneous double-curl Beltrami equations (Mahajan & Yoshida
1998) for the magnetic field B and the fluid vorticity ! given by
(Bhattacharyya & Janaki 2004; Bhattacharyya et al. 2007)

rr B+air B+biB=r
' +axr ! +by!l=r;

(Cl)r r
(C.2)

where a;;a,;b;, and b, are constants that depend on the
parameters of the system, and and are arbitrary scalar func-
tions that satisfy the Laplace’s equation.

For the rest of the description, we focus only on the magnetic
field, which is more relevant to the current study. The ambiguity
arising from the arbitrary potential can be eliminated by taking
the curl of Eq. (C.1), which results in (Hu et al. 2008)

rrr B+airr B+bir B=0: (C.3)

An exact solution of Eq. (C.3) can be obtained using the
linear superposition of three linear force-free fields (LFFFs)
arising from the orthogonality of Chandrasekhar-Kendall (CK)
eigenfunctions (Chandrasekhar & Kendall 1957). Thus, B is
expressed as (Hu et al. 2008):

B=B1+By+B3s; r Bj=iBi; (C.4)

where are distinct constant parameters with i = 1;2;3. The
equation further requires that one of the iis zero. Here we arbi-
trarily choose = 0, which makes B _a potential field. This then

implies that a = ( + ) ang b= - Now, we combine Egs. (C.3)
and (C.4) to get
0 1 0 1

B1 B

=V 'gr B g (C.5)
@325 Er r B d
Here V is called the Vandermonde matrix whose elements are of
the form ' 1jfori; j = 1;2;3 (Hu & Dasgupta 2008). Writing the
above equation for the z component yields the boundary con-
dition for each LFFF. Assuming a value for the ; parameter, we
can then use a standard fast Fourier transform based LFFF solver
(Alissandrakis 1981) to obtain the extrapolated field in the full
volume.

To obtain an optimal pair of ( ;; ), we minimize the dier-ence
between the observed (B ) angd computed (b ) transverse field
by defining the following metric (Hu & Dasgupta 2008; Hu et
al. 2008):

Xv X
jBt;i bt;ij=
i=1 i=1

jBuij: (C.6)

Here M = N2, is the total number of grids points on the bottom
boundary.

One term on the right-hand side of Eq. (C.5) involves the
evaluation of a second derivative, (rrB) = Zr2 B ,atz= 0.This
means that we need to provide the boundary conditions at two or
more layers. As vector magnetograms are only available at the
photospheric boundary, Hu et al. (2010) devised an iter-ative
scheme which successively corrects the potential subfield
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Fig. D.1. De-projection of LOS velocities onto the magnetic field vector.
Top to bottom: observed H LOS velocity, cos (x;y), and de-projected H
velocities. No de-projection was applied for all places with cos < 0:1 and
jvj < 0:2km's ! (white areas in the middle panel).

B, starting from an initial guess. By setting B, = 0, Eq. (C.5) is
first reduced to a second-order matrix equation. This allows us to
unambiguously determine the boundary conditions for sub-
fields B, and B ;. If the value of the metric E is above a certain
threshold, then a corrector potential field —which is derived from
the dierence in the observed and the computed transverse field— is
added to B tp improve the agreement. For the extrapolations in
the present study, the final value of the E  was around 0.32,
which is similar to those obtained in previous studies (Liu et al.
2020).

Appendix D: De-projection and alighment of
high-resolution and full-disk data

D.1. Spatial de-projection of high-resolution data

Because of the o-center position of the AR, the high-resolution
data from the DST required a de-projection to compensate their
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geometrical foreshortening. We first determined the center of
the sunspot and the orientation of the line that joins the cen-
ters of the sunspot and the sun, which made an angle of 35.54
to solar eastwest. We rotated all 2D images by the angle above
to have the symmetry line along a row of the data. We then
stretched the images by a factor of 1=cos = 1:37 with = 43
being the heliocentric angle of the sunspot in the y-axis and
rotated the images back by 35.54 to their original north—south
orientation. The resulting images now had 13651000 pixels
instead of the initial 10001000 pixels in the uncorrected DST
images. The one-hour duration of the observation was too short
to cause a significant change in the position of the sunspot on
the disk. The same values for the angle and stretching were
therefore used for all of the IBIS images recorded during the
observation.

D.2. De-projection of LOS velocities

The observed velocities are the projection of the true velocity
vector ontothe LOS. The true flow speed can only be determined if
the flow angle is known, which cannot be directly derived from
the observed spectra, only through additional assump-tions
such as axisymmetry (Schlichenmaier & Schmidt 2000) or
calculations such as a thermal inversion (Beck & Choudhary
2019). A third possibility is to assume field-aligned flows (e.g.,
Bellot Rubio et al. 2003; Beck 2008), where ionized and mag-
netized plasma can only move along MFLs but not perpen-
dicular to them. In the vicinity of a sunspot at chromospheric
layers this assumption is largely valid. We thus used the mag-
netic field extrapolation to retrieve the magnetic field vector
B(x;y;z) at a height z = 1Mm across the FOV. The height
corresponds roughly to the formation height of the Ca jj IR
line core in which the IEF channels can be seen both in inten-
sity and velocity maps. The scalar product of the LOS vector
LOS = [cos sin;sinsin; cos] with = 215:54 and

= 43 with the magnetic field vector gives

LOS B(x;y) = jBj cos (x;Vy); (D.1)

while the de-projected true flow speed is given by vy, (X y) =

Vios (X y)= o5 (x; y).

Figure D.1 shows an example of the H LOS velocities prior and
after the de-projection for one velocity map together with

the corresponding map of cos. On the center side, the LOS is
roughly aligned with the magnetic field, and so there is lit-tle
change to the flow speed apart from the sign. On the limb side,
there is some extended area where the LOS was perpen-dicular
to the magnetic field and the values of both the observed LOS
velocities and of cos are very small. We decided not to

apply the de-projection to all pixels (x;y) with jcosj < 0:1 or
an unsigned LOS velocity jvj < 0:2kms ! to avoid introducing
spurious high velocities, but set cos to 1 and the LOS veloci-ties
to zero at those places. With the lower threshold of 0.1, the de-
projection thus increased the LOS flow speeds by a factor of 1-10
depending on the location in the FOV.

D.3. De-projection and mapping of full-disk data

For the NFFF extrapolations, we used the "hmi.sharp_cea_720s"
data series from HMI, which provides the three components
of the magnetic field remapped onto a heliographic cylindrical
equal-area (CEA) coordinate system centered on an active region
cutout (Bobra et al. 2014). The original FOV downloaded from
JSOC! consisted of 1089541 pixels centered at 192.51 and

15:58 Carrington longitude and latitude, respectively. This
was then cropped to 1024512 pixels by shifting the origin to
(60,10) pixels to improve the numerical accuracy. The full 3D
domain for the extrapolation then consists of 1024 512 512
pixels in the x, y; and z directions, respectively. With the 0a5
pixel ! sampling of HMI, the horizontal extent of the box in x is
371 Mm. All other SDO/AIA filtergrams were also CEA pro-
jected and remapped to the same spatial sampling as the mag-
netic field data with the same FOV.

D.4. Alignment of high-resolution and full-disk data

The de-projected IBIS data (13651000 pixels) were degraded
to the HMI sampling of @:5 pixel ! (262192 pixels). The
resampled IBIS data were then placed into an empty array of
1024512 pixels that matched the size of the FOV used in the
extrapolation. The appropriate location for the IBIS images was
determined from a visual comparison of the outer penumbral
contour line in the HMI and IBIS continuum intensity images.
The final images have a common spatial (x;y) coordinate sys-
tem for all quantities and are aligned to pixel precision at the
HMI spatial sampling (rightmost column of Figure 1).

! http://jsoc.stanford.edu/ajax/lookdata.html
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