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ABSTRACT

Context. Investigating light bridges (LBs) helps us comprehend key aspects of sunspots. However, few studies have analyzed the
properties of LBs in terms of the geometric height, which is a more realistic perspective given the corrugation of the solar atmosphere.
Aims. We aim to shed light on LBs by studying the variation in their physical properties with geometric height.
Methods. We used the SICON code to infer the physical quantities in terms of the optical depth and the Wilson depression values of
three LBs hosted by a sunspot observed with Hinode/SP in the Fe i 630 nm pair lines. We also used SIR inversions to cross-check
the height variation of the field inclination in the LBs. In both output sets, we performed linear interpolation to convert the physical
parameters from optical depth into a geometric height scale in each pixel.
Results. Depending on their general appearance, we classified each LB as filamentary, grainy, or umbral. They appear as ridges that
reach different maximum heights, with the umbral LB being the deepest. While the filamentary LB hosts a plasma inflow from the
penumbra, the results for the grainy LB are compatible with an injection of hot plasma through convective cells of reduced field
strength. Only a few positions reveal hints suggesting a cusp-like magnetic canopy. Moreover, strong gradients in the magnetic field
strength and inclination usually exhibit enhanced electric currents, with the filamentary LB having remarkably strong currents that
appear to be related to chromospheric events.
Conclusions. The height stratification in filamentary and grainy LBs differ, indicating diverse mechanisms at work. Our results are
in general incompatible with a magnetic canopy scenario, and further analysis is needed to confirm whether it exists along the entire
LB or only at specific locations. Furthermore, this work assesses the usefulness of the SICON code when determining the height
stratification of solar structures.
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1. Introduction

Sunspots sometimes host bright and elongated protrusions into
the dark umbra, called light bridges (LBs). LBs are related to
magnetoconvection in sunspots (Rimmele 1997, 2004), simi-
lar to umbral dots, bright penumbral grains, or penumbral fil-
aments (Sobotka et al. 1997a,b, 1999; Sobotka & Sütterlin
2001; Sobotka & Puschmann 2009; Rimmele 2004; Rimmele &
Marino 2006; Rimmele 2008). An investigation of these LBs,
and of other fine structures, is needed to analyze the relation
between mass flows and magnetic fields in sunspots, which is
crucial to comprehend the structure of sunspots.

Light bridges can arise at different stages of a sunspot’s life-
time (e.g., Bray & Loughhead 1964; Abdusamatov 1970; Gar-
cia de La Rosa 1987) and are often present in spots with com-
plex magnetic configuration. Furthermore, LBs exhibit different
fine structure in the photosphere, a characteristic that is used to
classify them (e.g., Korobova 1966; Muller 1979; Sobotka et al.
1993). For instance, while some LBs appear as extensions of
penumbral filaments, most show bright cells resembling quiet-
Sun granules. At high spatial resolution, some LBs also reveal a
narrow dark lane along the main axis (Hirzberger et al. 2002,
Berger & Berdyugina 2003, Rimmele 2008, Rouppe van der
Voort et al. 2010, and others), which is elevated from the nearby
umbra by about 200–450 km (Lites et al. 2004). The appearance
of such a dark lane is due to the accumulation of rising plasma at

the top of the structure, as in dark cores of penumbral filaments
and umbral dots (e.g., Schüssler & Vögler 2006; Bharti et al.
2007; Ruiz Cobo & Bellot Rubio 2008).

The velocity field in LBs is compatible with the presence of
convective motions, where central upward motions are flanked
by downflows (e.g., Rimmele 1997, 2008; Giordano et al. 2008;
Rouppe van der Voort et al. 2010; Toriumi et al. 2015). LBs gen-
erally harbor a weaker and more inclined magnetic field com-
pared to the umbra (Beckers & Schröter 1969; Rueedi et al.
1995, and others). Moreover, some studies reveal a cusp-like
magnetic canopy over the LB formed by adjacent umbral field
lines (e.g., Leka 1997; Jurčák et al. 2006; Felipe et al. 2016).
Within the canopy, the weak and horizontal magnetic field in
the LB becomes stronger and more vertical with height until it
is indistinguishable from that in the umbra. Furthermore, field
lines inside the canopy may sink at the lateral edges due to the
bending and dragging produced by downflowing plasma present
there, as Lagg et al. (2014) and Felipe et al. (2016) found only at
one edge of the LBs.

Discontinuities in the geometry of the magnetic field in LBs
may cause enhanced electric currents, which could lead to mag-
netic reconnection events (e.g., Leka 1997; Jurčák et al. 2006;
Shimizu 2009, 2011; Toriumi et al. 2015). These reconnections
are thought to trigger a wide variety of phenomena observed in
the chromosphere above LBs (e.g., Roy 1973; Asai et al. 2001;
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Berger & Berdyugina 2003; Louis et al. 2008; Shimizu 2009;
Louis et al. 2014; Bharti 2015; Robustini et al. 2016; Louis et al.
2021; Louis & Thalmann 2021).

The magnetic geometry plays a crucial role in the heating
of the chromosphere and transition region (TR), particularly in
sunspots, which has garnered significant interest in recent years.
For example, Louis et al. (2021) demonstrated that ohmic energy
dissipation by electric currents generated in an LB contributed to
an increase in the chromospheric temperature. However, Louis
et al. (2023) analyzed a case where the heating above a grainy LB
was too large to be explained by ohmic heating alone, suggest-
ing that additional mechanisms could be at play for the persistent
heating at different atmospheric layers above LBs. This study
backed the findings of Rezaei (2018), who concluded that LBs
are multi-thermal structures that can be observed consistently
from the photosphere to the TR. However, these results seem
counterintuitive if a cusp-shaped magnetic canopy encloses the
LB in the photosphere, as LB-like structures are not expected in
the chromosphere and TR. Therefore, we need further investiga-
tions on the geometry of the magnetic field in LBs to understand
their morphology and impact on the upper atmosphere.

In this study we focus on the properties of three LBs in a
single sunspot at the photosphere by deriving the physical pa-
rameters on a geometric height scale, which has been consid-
ered in only a few of the previous investigations (e.g., Jurčák
et al. 2006; Felipe et al. 2016). Given the corrugation of the
solar atmosphere, expressing the stratification of the physical
parameters on a geometric height scale is essential for a more
accurate estimation of the thermal and magnetic properties at
different heights, especially when studying structures with steep
shapes, such as LBs. Moreover, the transformation to a geomet-
ric height scale is also required to estimate the electric current
vector, which is an important aspect for understanding LBs and
their relation to other events.

2. Data

We analyzed spectropolarimetric data showing the main sunspot
of active region (AR) NOAA10953, which is shown in Fig. 1.
This target was scanned on April 30, 2007, between UT 18:35
and 19:39, with the spectropolarimeter on the Solar Optical Tele-
scope (SOT/SP; Tsuneta et al. 2008; Lites et al. 2013) aboard the
Hinode satellite (Kosugi et al. 2007). Specifically, the spot was
located at a heliocentric angle of 13◦ from the disk center dur-
ing the observation. The data acquisition was performed by sam-
pling the Fe i 630 nm line pair between 630.089 and 630.327 nm
at steps of 21.4 mÅ using the normal map mode. The time du-
ration per slit position was 4.8 s. The field of view (FOV) is
∼164′′×120′′with a spatial sampling of ∼0′′.16 per pixel. The
level 1 data used in this work are publicly available at the online
archive of the Lockheed Martin Solar and Astrophysics Labora-
tory.

3. Analysis

The rectangles in Fig. 1 enclose the three LBs hosted in the ob-
served spot (labeled LB1, LB2, and LB3). LB1 is a filamentary
LB, at least most of it, that joins two southern penumbral regions
and separates two umbral cores of the same polarity. Its dark lane
is only visible in the line core intensity image. LB2 is a grainy
LB in the northeast, whose dark lane is more visible in the line
core intensity map than in continuum intensity. Finally, LB3 is
an umbral LB that appears as an aligned distribution of umbral
dots.
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Fig. 1. Continuum and line core Fe i 630.15 nm intensity maps (upper
and lower panel). The yellow rectangles enclose the analyzed LBs. The
arrows in the upper panel point to the disk center (DC) and solar north
(SN). Ic,qs refers to the continuum of the averaged quiet-Sun intensity.

We inferred the physical parameters by performing inver-
sions with the Stokes Inversion based on COnvolutional Neural
networks code1 (SICON, Asensio Ramos & Díaz Baso 2019).
This code uses a convolutional neural network (CNN) to produce
a mapping between the observed Stokes profiles and the physical
properties at different layers in the atmosphere. The CNN was
trained with two snapshots extracted from three-dimensional
(3D) magnetohydrodynamic (MHD) simulations of a sunspot
(Rempel 2012) and an emerging flux region (Cheung et al. 2010)
performed with the MURaM code (Vögler et al. 2005). The
synthetic full-Stokes observations from these training sets were
computed using the Stokes Inversion based on Response func-
tions code (SIR, Ruiz Cobo & del Toro Iniesta 1992). The syn-
thetic data were processed considering the point spread function

1 https://github.com/aasensio/SICON_hinode
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Fig. 2. Physical quantities retrieved with the SICON and SIR codes at log(τ500)=0, −1, and −2 in a FOV hosting the analyzed LBs. The top panels
show temperature and LOS velocity. The bottom panels show magnetic field strength and inclination. The temperature maps are saturated between
3.4 and 7 kK at log(τ500)=0 and between 3 and 6 kK at log(τ500)=−1 and −2. The axes are represented in arcsec.

(PSF), pixel size, and spectral degradation of Hinode/SP. After
extracting randomly a large set of patches from these simula-
tions, the training of the CNN was performed by optimizing a
scalar loss function, which measures the difference between each
target patch with certain physical conditions and the output of
the neural network. Once the training phase is completed, this
inversion code can be applied to any Hinode observation. De-
tails on the training sets and the inversion code are described in
Asensio Ramos & Díaz Baso (2019). The code output offers a
prompt retrieval of the magnetic and thermodynamic properties
in the optical depth scale and an estimation of the Wilson depres-
sion (Wilson & Maskelyne 1774) for each optical depth surface.
Additionally, the output parameters are decontaminated from the
smearing effect of the Hinode PSF.

We calibrated the LOS velocities using the averaged umbral
value as the zero reference. Specifically, we defined the umbra
as those pixels with a continuum intensity ≤ 0.5 Ic,qs, where Ic,qs
stands for the continuum of the average quiet-Sun intensity.

The SICON code gives the output magnetic field vector in
the LOS reference frame, which does not coincide with the local
reference frame (LRF) as the observations were not performed
at the disk center. Assuming a potential field, we solved the 180◦
ambiguity of the magnetic field azimuth following the acute-
angle method. Then we transformed the magnetic field to the
LRF using the appropriate transformation matrix (e.g., Robus-
tini 2018). After the disambiguation, we obtained that, in gen-
eral, the magnetic field in the sunspot is directed radially toward
the umbral cores and along the structure in LB1. Finally, because
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Fig. 3. Wilson depression maps at log(τ500)=−0.5, −1.5, and −2.5 given by the SICON code. The white contours delimit the umbra and penumbra.
The axes are in arcsec.
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the Wilson depression for each LB and is saturated as the upper panel in Fig. 1. The triangular and circular markers indicate respectively the
starting and ending points of the paths. The black dotted horizontal lines (left-hand plots) mark every 100 km.

of its relation to the disruption of the magnetic field vector (B),
we also inspected the components of the electric current density
vector (J), which is computed as

J=
1
µ0

(∇ × B), (1)

where µ0 (= 4π × 10−7 T m A−1) is the magnetic permeability.

4. Comparison with results from the SIR code

Even though neural networks are a powerful tool, results from
an inversion code based on this strategy could cast doubts among
the community. In this section we compare our results with those
inferred by Ruiz Cobo & Asensio Ramos (2013) with the SIR
code. Using a deconvolved version of the same dataset, these au-
thors characterized the atmosphere as a function of the optical
depth by considering seven nodes in temperature; five in mag-
netic field strength, inclination, and LOS velocity; and two in
azimuth. We used the same methods to calibrate the LOS veloc-
ities and to obtain the magnetic field in the LRF as those applied
to the corresponding outputs inferred with SICON (see Sect. 3).

Figure 2 compares the results given by SICON and SIR at
different optical depths. The maps inferred by the former are
sharper and show smaller features. LBs generally show similar
temperature and magnetic field strength values regardless of the

inversion code. Roughly speaking, the LOS velocity and incli-
nation maps given by SICON resemble those inferred with SIR;
however, we find important differences in the LBs. Specifically,
the LOS velocity maps given by SICON show small but relevant
details in LB1 and LB2 that are practically imperceptible when
using SIR. In contrast, we can discern the inclination values
within LB1 and LB2 in the maps obtained with SIR, while the
inclination provided by SICON shows abrupt changes, mainly at
log(τ500)=0. Despite these differences, on the whole, the SICON
and SIR codes provide comparable scenarios in terms of the opti-
cal depth. In the following we describe the results obtained with
the SICON code in terms of the geometric height. Furthermore,
we also analyze independently the values inferred for the incli-
nation at different heights with SIR.

5. Atmospheric stratification in geometric height

The mapping between geometric height and optical depth for a
given pixel depends on the specific physical properties at that
location. Consequently, the surface at a fixed constant optical
depth is corrugated. The inference of this mapping is challenging
when only using spectropolarimetric methods, and previous ap-
proaches have relied on using additional constraints. Puschmann
et al. (2010a) were arguably the first to estimate the mapping
by minimizing the divergence of the magnetic field vector and
the deviations from static equilibrium. This approach was later
considered by Löptien et al. (2020).
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Some inversion codes directly provide the stratification of
the atmospheric parameters on a geometric height scale. For in-
stance, the MHD-Assisted Stokes Inversion method (MASI, Ri-
ethmüller et al. 2017) uses degraded MHD simulations to assign
in each observed pixel the atmosphere model related to the syn-
thetic Stokes profiles that best fit the observed ones. The result-
ing mosaic is the initial condition of new iterative MHD simu-
lations to assure physical consistency throughout the FOV. Al-
ternatively, Pastor Yabar et al. (2019) presented the FIRTEZ-dz
code, which directly solves the radiative transfer equation for
polarized light on a geometric height scale.

In the case of the SICON code, it learns this mapping from
the simulations used as training sets. Theoretically, one should
train the CNN with synthesis performed at the same heliocen-
tric distance as the observations to assure consistency between
the two datasets. However, Asensio Ramos & Díaz Baso (2019)
showed the seamless performance of the SICON code after com-
paring the outputs obtained from ARs located at about 14◦ and
43◦ from the disk center, respectively, to previous results in the
literature. We thus expect little deviation from the results we
would infer using training sets computed with the same helio-
centric angle as present in the observations (13◦).

Figure 3 displays the output Wilson depression values for
log(τ500)=−0.5, −1.5, and −2.5. The height zW=0 refers to the
average height of the quiet Sun at log(τ500)=0. We infer an ex-
pected height increase as the optical depth decreases. Our ge-
ometric heights in the umbra at a log(τ500) of −0.5 and −1.5
resemble those obtained by Löptien et al. (2020) and are also
consistent with those calculated by Borrero et al. (2021). We
also observe a conspicuous patch showing heights > 400 km at
log(τ500)=−2.5 (see coordinates (X, Y)=(35′′, 55′′)), which may
be related to enhanced activity above the AR (see, e.g., Canou &
Amari 2010).

All maps in Fig. 3 show the analyzed LBs. LB1 covers
heights from −150 km to 200 km between log(τ500)=−0.5 and
−2.5. At the same optical depths, the location of LB2 and LB3
ranges between −100 and 200 km and from −380 to 0 km, re-
spectively. In addition, Fig. 4 displays how the inferred geo-
metric heights vary along the LBs at different optical depths.
Specifically, we represent the heights retrieved along the dark
lane of each LB as seen in the Fe i 630.15 nm line core inten-
sity map. The geometric heights in LB1 and LB2 are similar,
though we can see deeper at some positions of LB1. Optical
depths above 0.1 correspond to heights below 0 km (reaching
down to −350 km), whereas above log(τ500)=−1.5 heights are
above 0 km (up to 150 km). In contrast, geometric heights in
LB3 are below 0 km, except for log(τ500)=−3. On average, LB3
is located 200 km deeper than the others.

The corrugated mapping between optical depth and geomet-
ric height can be inverted so that we end up with the physical
parameters in a geometric cartesian coordinate system. We do
so by performing linear interpolation in the allowed range of
heights for each pixel. In the following we present the variation
in the physical quantities inferred for each LB with the geometric
height.

Figure 5 displays the physical quantities inferred for each LB
at three geometric heights. In particular, we selected these geo-
metric heights to show the lower, middle, and upper regions of
the height stratification retrieved for each LB. A yellow contour
delimits the area hosting the LBs for ease of visualization.

First, we describe the results obtained for LB1 (top panels).
On first inspection, we observe that the information retrieved at
zW=−150 km mainly comes from the northern part of the LB,
while we need to examine higher up to see the rest of the LB.

This height difference suggests a slope along LB1, as also evi-
dent from the left panel of Fig. 4.

Furthermore, the physical parameters along LB1 vary signifi-
cantly. In the northern part, a cold lane between two hotter lateral
paths is visible in the temperature maps until zW=150 km, when
only the cold lane is discernible. This part of LB1 shows a cen-
tral blueshift of −1.2 km s−1 and lateral redshifts of 1.5 km s−1

at –150 km height, while we only infer a central blueshift of
∼ −1 km s−1 higher up. Although the temperature and LOS ve-
locity patterns in this part of LB1 resemble those in a penumbral
filament in the center-side penumbra, this flow channel is lo-
cated in the limb-side penumbra suggesting an inflow of plasma
from the penumbra protruding into the umbra (as suggested by
Shimizu 2011 in the same LB), which was falling at the middle
of the structure at the moment of the observations. On the other
hand, the temperature map at zW=0 km shows patches in the
southern part of LB1 that are 800 K hotter than their surround-
ings. In the corresponding dopplergram, we mainly observe red-
shifted LOS velocities and some blueshifted (or at rest) locations
that smooth with increasing height. In contrast to the northern
part of LB1, these signatures in temperature and LOS velocity
resemble those in the quiet-Sun granulation. Furthermore, we do
not observe a strict correlation between the patterns detected in
temperature and LOS velocity in either part of LB1.

Regarding the magnetic field, the northern part of LB1 shows
horizontal (or slightly reverse) fields which are strong (1–2 kG).
In contrast, fields are much weaker inside the hot patches found
in the southern part (<500 G). The height variation of the field
strength also differs along LB1. Whereas the field strength de-
creases with height in the northern part, it increases by 200–
400 G in the southern part 150 km above. Meanwhile, in the
northern part, the field at the center of the LB has opposite po-
larity to that of the sunspot and tends to be more vertical with
height, which appears as a decrease in the field inclination with
increasing height. Unfortunately, the variation in the field incli-
nation in the southern part of the LB is unclear. There, we infer
changes of polarity that seem unreal according to the emerging
Stokes V profiles (red line in Fig. 6).

The differences in the magnetic field along LB1 influence the
electric current density values. We computed the horizontal elec-
tric current density (Jh) using the x and y components of the elec-

tric current density vector as Jh =
√

J2
x + J2

y , while the vertical
electric current density (Jz) simply stands for the z component.
First, we focus on the currents found in the northern part of LB1.
The Jh values are, in general, similar to those in the penumbra.
At zW = −150 km, we observe two elongated paths of strong Jh
(∼ 400–650 mA m−2) that partially overlap the LB. Moreover,
the northern part of LB1 and the penumbra show a similar dis-
tribution of Jz formed by two elongated paths with positive and
negative currents on either lateral side. We infer absolute values
of Jz ranging between 100–350 mA m−2, which again overlap
partially with the northern part of LB1. The Jh and Jz compo-
nents both tend to decrease with increasing height; this trend is
particularly abrupt for the positive Jz values.

The southern part of LB1 also shows strong Jh and Jz com-
ponents. At zW = 0, we observe an elongated shell with Jh values
of 400–600 mA m−2 that partly overlaps the hot patches found in
the temperature map. However, these two parameters may not be
correlated as nearby penumbral locations show similar Jh values
that are not associated with a temperature increase. Moreover,
the southern part of LB1 does not show the same distribution of
Jz as the northern part. Instead, we infer rather positive Jz val-
ues of ∼200 mA m−2, which again partially coincide with the hot
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Fig. 5. Physical quantities inferred at different heights for each LB. From left to right: temperature, LOS velocity, magnetic field strength, incli-
nation, logarithm of the gas pressure, horizontal and vertical components of the J vector. For visualization purposes, the yellow contours delimit
umbral pixels with Fe i 630.1 nm line core intensity < 0.25 Ic,qs (LB1 and LB2 panels) and < 0.12 Ic,qs (LB3 panels). Slits A–D mark the position
of the vertical cuts shown in Figs. 8, 9, and 10. Each major tickmark represents 5′′. No information was retrieved within the blank areas.

patches. Both Jh and Jz usually decrease with height, though it is
not easy to discern as the region diminishes severely with height.

The middle panels of Fig. 5 portray the height variation of
physical quantities for LB2, which has a uniform behavior along
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Fig. 6. Stokes profiles emerging at the center of cut D in LB1 (red lines),
where the retrieved inclination indicates a field reversal while the as-
sociated profiles do not show a change in the sign of the lobes. For
comparison, the Stokes profiles observed at an umbral position are also
plotted (black lines). The horizontal dotted lines indicate zero polariza-
tion signals.

the LB compared to LB1. At zW=−50 km, we mainly infer
information from the lateral edges of LB2, where redshifts of
∼1 km s−1 coincide with hotter locations compared with the um-
bral surroundings. At 100 km above, the center of the LB ex-
hibits compact hot patches with central blueshifts and higher gas
pressure. Higher up, we only detect a lane at the top of LB2 with
lower temperature, higher gas pressure, and mostly blueshifted
LOS velocities. Nonetheless, the height stratification inferred for
LB2 is not smooth, as Sect. 6.2 shows.

The magnetic field in LB2 is arranged in compact patches of
reduced field. Similar to LB1, some positions show reverse fields
that may be unreal, as revealed by the Stokes V profile emerg-
ing from an affected pixel (red line in Fig. 7). Considering those
positions not showing field reversals, patches with reduced field
are surrounded by strong Jh values of 400–600 mA m−2 at zW
= 50 km. Meanwhile, the Jz currents are of ±100–200 mA m−2,
with the positive values being predominant. We cannot discern
the height variation of Jh and Jz.

Interestingly, we find some differences when comparing the
results for LB2 found in optical depth and geometric height
scales. In optical depth (see Fig. 2), LB2 appears as a com-
pact and hot structure that faintly shows a central colder lane at
log(τ500)=0, which is more clear at greater optical depths. In ad-
dition, the LOS velocity pattern is compatible with the presence
of convective motions at the shown optical depths, although LOS
velocities are smoother at log(τ500)>0. Meanwhile, LB2 shows
a reduced and more horizontal magnetic field than the umbra
at log(τ500)=0, which is stronger and more vertical at greater
optical depths. However, when using a geometric height scale
(Fig. 5), the grainy character of this LB stands out, so its patches
look sharper. In addition, the variation in the physical parame-
ters appears dissected along the height stratification, particularly
in the temperature and LOS velocity maps.

Finally, the bottom panels of Fig. 5 show the physical param-
eters for LB3. Since we cannot identify apparent features closer
to the penumbra, we focus on the outer end of LB3 (the furthest
from the penumbra). Similar to LB2, we observe differences in
the results obtained in optical depth and geometric height scales,
mainly in temperature. While LB3 appears as a chain of aligned
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Fig. 7. Stokes profiles emerging at the center of cut A in LB2 (red lines),
where we infer a field reversal according to the retrieved inclination,
while the observed Stokes profiles do not show a change in the sign of
the lobes. For comparison, the Stokes profiles observed at an umbral po-
sition are also plotted (black lines). The horizontal dotted lines indicate
zero polarization signals.

bright grains in the temperature maps at log(τ500)=0 and −1 (see
Fig. 2), it hosts a cold lane along its main axis at zW=−250 km.
Temperatures tend to smooth out with increasing height. At the
same time, the information from its borders vanishes until we
only observe a region above the cold lane with greater temper-
ature. In particular, we find that the cold lane coincides with
higher gas pressure and redshifted LOS velocities (∼0.6 km s−1)
at −250 km height.

Furthermore, at zW=−250 km, LB3 shows a lane with strong
fields (about 2.5 kG) surrounded by weaker fields (∼0.5 kG less)
that coincides with the variation in temperature. Higher up, we
infer smoother field strengths from an ever reduced area. More-
over, the field inclination differs significantly on either side of
the LB, so fields are more horizontal on the side showing the
cold lane in temperature. Regarding Jh and Jz, at zW = −250 km,
we infer strong Jh values of 300–450 mA m−2 on a lateral side
with prominent Jz values of ∼100 mA m−2. As height increases,
Jz values smooth out while Jh decreases.

6. Height stratification along the LBs

The previous section shows the results for each LB at the lower,
middle, and upper regions of their stratifications. However, some
aspects are better seen by inspecting all the height ranges. This
section analyzes the complete stratification at particular posi-
tions describing each LB.

6.1. Light bridge 1

Figure 8 shows the height variation of multiple parameters along
the four slits marked A, B, C, and D in the upper panels of Fig. 5.
Although all positions show a cuspidal shape, we identify dif-
ferences among them. In the northern part (cuts A and B), the
center of LB1 shows more blueshifted LOS velocities than at
the lateral edges, primarily at cut A. Moreover, the central re-
gion coincides partially with a colder lane, higher gas pressure,
and weaker and horizontal (or slightly reverse) magnetic fields.
As height increases, we find more blueshifted LOS velocities,
lower temperature, and higher gas pressure. Although the mag-
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netic fields tend to weaken with increasing height, they are usu-
ally above 500 G. These variations are not abrupt except at the
top of the LB. On the other hand, the field inclination does not
show noticeable changes with height except for field reversals
at the top of the LB. Considering its position in the sunspot and
the results on temperature, LOS velocity, gas pressure, and field

strength, the imprints found in the northern part of LB1 may in-
dicate hot plasma flowing horizontally and sinking at the lateral
edges. Regarding Jz, its characteristic distribution persists with
height, with the positive values dominating the structure.

Between the northern and southern parts of the LB (cut C),
we find a temperature rise that partially coincides with redshifted
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LOS velocities, reduced magnetic field, and higher gas pres-
sure. Usually, these parameters smoothen with increasing height.
These imprints may suggest plasma sinking at this position af-
ter flowing along the northern part of LB1. Furthermore, we find
a transition to more vertical fields with height (with γ > 135◦),
which may agree with the cusp-like canopy scenario. However,
these vertical fields are not as strong as expected in such a case.
Furthermore, we find a reverse distribution of Jz compared to the
northern part (cuts A and B).

In the southern part (cut D), the center of the LB shows
higher temperature and gas pressure while the magnetic field ap-
pears dramatically reduced. These variations partially coincide
with a deep and small blueshift. This particular location thus
may be consistent with the presence of convective motions. Un-
fortunately, the reversals inferred at cut D may be unreal, so we
cannot extract any clear conclusion from the Jz values. As height
increases, we can only distinguish a decrease in temperature and
more redshifted LOS velocities.

To summarize, the height stratification of the northern and
southern parts of LB1 differ conspicuously. The former not only
shows smoother gradients but also appears seemingly wider.
This can be seen in Fig. 8, where the floor of the northern
and southern parts (located at −250 and −50 km, respectively)
show a gradient of 200 km, while that of the nearby umbra (at
−350 km) barely changes. Furthermore, according to the tem-
poral evolution of this LB (shown in Shimizu 2011), differences
along LB1 may be related to changes in the plasma inflow of the
northern part (see also Figs. 4 and 6 of Louis et al. 2008). The
southern part of LB1 might be due to injections of plasma from
below through remaining conduits with locally weaker fields.
Specifically, we plan to analyze the height stratification and tem-
poral evolution of this LB in a coming study.

6.2. Light bridge 2

Light bridge 2 reveals its grainy morphology when we analyze it
in terms of the geometric height. As we did for LB1, we selected
four cuts along LB2 to inspect the height stratification inside and
outside the hot patches, which is shown in Fig. 9.

Positions coinciding with a temperature rise (cuts A, B, and
D) show deep blueshifted LOS velocities accompanied by lateral
redshifts, as well as higher gas pressure and strongly reduced
fields compared to their surroundings. These signatures seem
compatible with the presence of convective flows. Regarding the
height variation, we observe a decrease in temperature and an in-
crease in gas pressure, but it is difficult to discern how the LOS
velocity varies with height. The reason for this is the appearance
of sudden changes at zW = 120–200 km, possibly due to an un-
desirable effect of the conversion from the optical depth scale to
the geometric height. In this process, the range of optical depths
in LBs is compressed into stratifications of ∼250 km height at
some positions, and consequently, a parameter having a smooth
stratification in optical depth can show sudden changes in geo-
metric height. Nonetheless, we infer small and weak blueshifts
at 200 km height. Moreover, the magnetic field becomes stronger
at some positions (see cut A), while it barely changes at others.
The inclination values show field reversals that may be unreal
(see Sect. 5), so we cannot conclude anything about this param-
eter. Positive currents are predominant in the stratification of Jz,
though the greatest values in cuts A and B are on opposite sides.

On the other hand, cut C is between two hot patches. There,
the LB also shows a rise in temperature and gas pressure and
a decrease in field strength with respect to the nearby umbra.
However, these changes are less prominent than those in cuts A,

B, and D, where we retrieve temperatures around 1 kK higher
and field strengths half as strong as that at cut C. In addition,
in contrast to the other cuts, the LB exhibits rather redshifted
LOS velocities coinciding with pixels with higher temperature.
Moreover, negative Jz currents are dominant at this position.

Therefore, the height stratification along LB2 relies on
whether a hot patch is present or not. Compared to positions
outside them, hot patches host larger gradients of the inferred
parameters along a seemingly narrower height range. According
to the sensitivity of the observed Fe i lines to the optical depth,
the floor of LB2 at the hot patches is 300 km above that of the
nearby umbra (found at around −350 km), and 150 km less deep
than in the rest of the LB. The maximum heights reached along
LB2 also differ, with the locations outside hot patches being the
highest.

6.3. Light bridge 3

Figure 10 shows the height stratification inferred for LB3 and
confirms that this structure is elevated compared to its surround-
ings. Although it is very faint, we found consistent patterns
across LB3, which reinforces the idea that the inferred results
are reliable.

The first thing to note about LB3 is that it shows differences
on both sides. Specifically, the left side shows higher tempera-
tures and more redshifted LOS velocities, having a difference of
about 400 K and 0.2 km s−1 with respect to the adjacent um-
bra. Although the field inclination suggests rather vertical fields,
the left side usually hosts more inclined fields, as mentioned in
Fig. 5. At the same time, compared to the surroundings, the mag-
netic fields at the center of LB3 are 300 G weaker, while the log-
arithm of the gas pressure is about 0.8 higher. We find mainly
negative values for Jz, except in cut B, which shows a patch of
strong positive values. Given that the magnetic field is very ver-
tical, and the vertical component of the electric currents uses the
horizontal components of the magnetic field for its calculation,
we estimate that the inferred variations may not be reliable.

In general, as height increases the temperature of LB3 rises,
while the LOS velocity, magnetic field strength, and gas pressure
decrease and the field inclination barely changes. These trends
differ from the height gradients found in LB1 and LB2. The in-
ferred signatures in LB3 do not seem to indicate the presence
of convective flows, though results for the gas pressure may be
compatible with a material supply from below. In addition, LB3
harbors the strongest magnetic fields (of about 2 kG) found in
the analyzed LBs. Therefore, we suspect a possible mixing of in-
formation between LB3 and the surrounding umbra, which may
hamper a better characterization of this LB.

7. The height variation of the field inclination

By applying the SICON code, we obtained valuable informa-
tion to analyze the height variation of diverse parameters in LBs.
However, further discussion about the field inclination is miss-
ing. The SICON code infers the transverse and longitudinal mag-
netic fields as two independent parameters, so small errors in one
of these components can lead to large errors in the inclination
angle of the magnetic field vector. We are currently working on
a version where the inclination is also involved in the training
process, which would mitigate this problem.

In Sect. 4 we describe how the inclination maps given by
SIR show the LBs more conspicuously than those obtained with
SICON. Thus, in this subsection we analyze the field inclination
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Fig. 10. Same as Fig. 8, but for LB3. The horizontal lines indicate the heights shown in the bottom panels of Fig. 5.

of the studied LBs using the field inclination and the Wilson de-
pression given by SIR and SICON, respectively. We converted
the field inclination values from the optical depth scale to geo-
metric height following the same method that we applied to the
SICON outputs (see the beginning of Sect. 5).

Figure 11 shows the height variation of the field inclination
along the cuts A–D in LB1, LB2, and LB3. For LB1 we ob-
serve a similar pattern to that obtained with SICON (see Fig. 8),
though the center of the LB shows more horizontal fields when
using SIR. Furthermore, we only detect slight reversals in some
positions (at the top of cuts A–C and in cut D).

In LB2 the center tends again to show more horizontal fields,
not only inside hot patches (cuts A, B, and D), but also outside
them (cut C). In addition, only cut A shows a variation to more
vertical fields with increasing height, which may indicate the
presence of a cusp-like canopy. We also detect abrupt reversals
in cuts B and D.

Finally, LB3 shows more significant differences between the
field inclination given by SICON and SIR, though we do not
find a clear height variation in either case. Using SIR, we obtain
rather vertical fields instead of more or less vertical fields on
either side of the LB (see Fig. 10).

The field inclination retrieved with SIR usually provides
more accurate physical information in positions where we in-
fer imprecise values with SICON. Furthermore, some positions
in the LBs show three-lobed Stokes V profiles formed by two
antisymmetric V profiles with opposite polarities and different
lineshifts (examining deconvolved data). These V profiles are
related to the coexistence of magnetic components with oppo-
site polarities along the LOS. Specifically, we find changes of
polarity at positions of the lateral edges of LB2 with such pro-
files (cuts B and D in Fig. 11), which may denote the presence of
field reversals (as in Felipe et al. 2016). However, other polarity
reversals in the LBs appear at positions having more complex
Stokes V profiles.

The detection of irregular Stokes V profiles in LBs indicates
significant changes in the physical properties between neighbor-
ing pixels (e.g., Louis et al. 2014, 2015). In particular, the lateral
edges of LBs are squeezed between two environments of radi-
cally different physical properties, so their surroundings strongly
affect the information from such positions. We plan to perform
a future study using data simultaneously acquired in different
photospheric lines at higher spatial resolution to determine the
physical scenario in LBs, paying particular attention to their lat-
eral edges.

8. Discussion

One of the challenges in our study lies in attempting to define
a suitable model to explain the features inferred in the LBs.
While LBs share certain generic properties, some essential fea-
tures differ, as other investigations have also pointed out. It is
not straightforward to define such a model since important as-
pects must be considered. First, the analyzed LBs were at differ-
ent stages of their evolution and had different morphologies. In
addition, one should take into account that using data acquired
with a slit instrument imposes strong limitations when analyzing
dynamic structures, such as LBs (e.g., Hirzberger et al. 2002;
Berger & Berdyugina 2003; Louis et al. 2008).

Light bridges come across as mountain ridges standing out
from the umbra, which corroborates previous studies. The max-
imum height reached by each LB differs, with the umbral LB
(LB3) being the deepest. In general, the analyzed LBs cover
height ranges of 200–500 km, similar to the estimate given by
Lites et al. (2004). Considering the sensitivity of the observed
spectral lines in optical depth, the thickness of the height stratifi-
cation seems to vary along the length of the LBs. Locations with
hot patches, such as the southern part of LB1 and LB2, usually
have narrower height stratifications compared to other positions.
On the other hand, the thickness of LB3 barely changes along
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the structure, likely because of a mixing of information from
LB3 and the umbra.

Light bridges show clear variations in physical quantities
with geometric height. Sometimes, we observe differences in the
spatial distribution of some parameters when considering either
optical depth or geometric height scales. This fact is of great
interest, for instance, in the analysis of LB2, where using a ge-
ometric height scale has led to the characterization of its grainy
nature.

Commonly, LBs are identified as bright protrusions that host
convective motions of weakly-magnetized plasma compared to
the nearby umbra. Our results show local signatures in each LB
suggesting an injection of hot plasma into the LBs from below.
These local signatures are usually the combination of a LOS ve-
locity pattern compatible with the presence of convective mo-
tions, higher gas pressure, and weaker magnetic fields at specific
positions. Thus, the injection of plasma may occur at these fa-
vored locations.

Specifically, the hot patches host strongly reduced magnetic
fields as a general rule, while the magnetic field in the northern
part of LB1 is still very strong. Despite some differences, the
northern part of LB1 shows patterns that are similar to those in
penumbral filaments in the center-side penumbra. For instance,
it shows a flow channel with a central blueshift bordered by red-
shifts along its length and a strong redshift at the tail. However,

this flow channel penetrates from the limb-side penumbra to the
umbra, which may suggest that this part of the LB is due to
plasma protruding from the penumbra to the umbra through a
conduit where the magnetic field is weaker than in the umbra.
Under these conditions, an inflow to the umbra produced mainly
by the gas pressure gradients along the magnetic field would
show a LOS velocity of −1 – −1.8 km s−1 at the center of the
structure, which is consistent with the observed values.

Interestingly, the penumbral region near the northern part of
LB1 seems connected to a filament existing in the above chromo-
sphere, which has been studied by, for example, Okamoto et al.
(2009) and Buehler et al. (2016). Figure 12 shows this filament
as seen in a H-α image obtained with Hinode/SOT at the time the
slit was scanning LB1. This filament may disturb the penumbra,
which has a similar curvature to that of the LB and shows con-
spicuous signals in far-wing magnetograms (see Fig. 1 in Bellot
Rubio 2010). Therefore, the inflow of plasma to the umbra in the
northern part of LB1 could be related to the presence of this fil-
ament, as also mentioned by Shimizu (2011). Similar behaviors
in structures protruding into the umbra and linked to chromo-
sphere activity have been inspected in other studies (e.g., Kleint
& Sainz Dalda 2013; Guglielmino et al. 2017, 2019).

Diverse aspects of LB1 have been thoroughly analyzed in
previous investigations, for example, in Louis et al. (2008),
Shimizu (2009), and Shimizu (2011). Our results are generally
compatible with those obtained in these studies, but some dif-
ferences exist. Using data acquired almost one day later, Louis
et al. (2009) found supersonic downflows at some locations of
the northern part of LB1 that could be related to reconnection
events. We have not inferred supersonic downflows, possibly be-
cause they were not present at the time the slit was scanning
or because of differences in the inversion strategy. Nevertheless,
Fig. 12 shows a jet-like structure in the chromosphere above the
northern part of LB1, specifically overlying the lateral redshifts
found on its right side (see cut B in Fig. 8). This coincidence may
suggest a relation between the two imprints, which were possibly
caused by reconnection events (as in Louis et al. 2009). Further-
more, we also observe significant divergences in the field incli-
nation values we obtained in the northern part of LB1 and those
reported by Shimizu (2009) and Shimizu (2011). We retrieve
mainly horizontal fields using the SIR code (or even of oppo-
site polarity to that of the sunspot with SICON) flanked by more
vertical fields of 120–130◦ inclination, while these authors found
average inclination values of 130–140◦ using Milne-Eddington
inversions. Such a difference is probably due to the strategy em-
ployed during the inversions. In contrast, our results in the field
inclination are consistent with those obtained by Louis et al.
(2009) with SIR.

The analyzed LBs also harbor enhanced electric current den-
sities, specifically at positions with strong gradients in the mag-
netic field strength and inclination. However, the abrupt changes
found in this latter parameter in the southern part of LB1 and
LB2 may affect the reliability of the current estimates there. The
horizontal component of the electric current density vector dom-
inates over the vertical component, as also found by Louis et al.
(2021) in an LB and by Puschmann et al. (2010b) in the penum-
bra. However, it is Jz the component that differs significantly
among the LBs, with the northern part of LB1 showing the great-
est values. In general, both the enhanced Jh and Jz components
partially overlap regions with higher temperatures, so they ap-
pear as a shell that is elongated or patchy depending on the shape
of the hotter regions in the LBs.

According to Shimizu (2011), the positive and negative en-
hanced Jz values in the northern part of LB1 may have differ-
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LB1

LB2

LB3

Fig. 12. Context H-α image of the sunspot hosting the analyzed LBs
at 19:06UT. The yellow rectangles enclose each LB. The gray contour
delimits the outer boundary of the sunspot, as seen in the Fe i 630.15 nm
continuum intensity map. Each major tickmark represents 20′′.

ent natures depending on their position in the LB. On April 30
(about ten hours before observing the data we used), Shimizu
(2009) found positive Jz values almost at the center of the LB
and negative ones along a lateral edge. They interpreted the for-
mer as field-aligned currents along the magnetic flux tube lying
in the LB, but the latter were thought to be currents induced by
the sudden change in the field orientation between the LB and
the nearby umbra. However, Shimizu (2011) used this latter in-
terpretation to explain both the positive and negative strong cur-
rents on May 1, as they appeared on either side of the LB. Our
study thus gives an intermediate picture between those described
by Shimizu (2009) and Shimizu (2011).

Positions with strong Jz in the northern part of LB1 seem
related to chromospheric brightenings detected above this re-
gion (see Fig. 12). Such brightenings manifest a local tem-
perature increase in the overlying chromosphere that may be
due to current heating. As a first approach, we have estimated
that such enhanced currents lead to a Joule heating of about
10−1 erg s−1 cm−3. In particular, the vertical currents are related
to a Joule heating that is ten times lower, and one order of mag-
nitude greater than that given by Jurčák et al. (2006). We used
the expressions |J|2/σ and J2

z /σ to compute each Joule heating
value, with σ being the electric conductivity estimated following
Kopecký & Kuklin (1969). In the near future, we plan to inves-
tigate the temporal evolution of LB1 and its relation with the
nearby filament and the overlying chromospheric activity by ap-
plying the SICON code. As demonstrated here, this code offers
an easy way to estimate the height variation of diverse parame-
ters and, specifically, of the electric current density vector, which
is needed to determine the contribution of the ohmic heating to
the chromospheric brightenings.

For a general view, we also compare our results with stud-
ies related to other LBs. The different stratifications inferred
by us are consistent with the diverse behaviors previously re-
ported. For instance, the northern part of LB1 shows a horizon-
tal (or slightly reverse) magnetic field that weakens with increas-
ing height. This height variation is compatible with the findings
of Griñón-Marín et al. (2021). On the other hand, LB2 and the
southern part of LB1 show an increase in the magnetic field

strength with height, while the temperature becomes lower in
agreement with Jurčák et al. (2006), Felipe et al. (2016), and
Borrero et al. (2021), among others. Furthermore, we corrobo-
rate that magnetic fields in LBs are usually more horizontal than
in the nearby umbra and, in some cases, they become more verti-
cal at the lateral edges of the LB. In this regard, while some stud-
ies proposed cusp-like magnetic canopies over LBs, we found
only two positions that support such a scenario. However, we
cannot rule out the existence of a magnetic canopy possibly due
to insufficient spatial resolution. Finally, some positions in LBs
reveal field reversals that may be real (as in Lagg et al. 2014 and
Felipe et al. 2016) since they coincide with deconvolved Stokes
V profiles of three lobes, which suggest the presence of fields
with opposite polarity along the LOS. However, we note that the
information from these particular locations may be affected by
that from nearby pixels due to the deconvolution process.

9. Summary and conclusions

In this work we studied the physical scenario of three LBs in
terms of the geometric height. To this end, we used the capability
of the SICON code to provide, along with the thermodynamic
and magnetic properties, the Wilson depression at each optical
depth and pixel.

Filamentary and grainy LBs reveal conspicuous differences
when inspecting their height stratification. Considering the sen-
sitivity of the observed Fe i lines, the former suggests the pres-
ence of a horizontal plasma inflow to the umbra, which may be
due to a filament anchored nearby. On the other hand, regions
with grainy morphologies reveal specific positions compatible
with convective flows of hot plasma injected from below. The
latter, moreover, shows larger gradients in the physical parame-
ters along narrower height ranges.

The height variation of the magnetic field is usually incom-
patible with the magnetic canopy scenario. The reason could be
a lack of spatial resolution or the inversion strategy adopted here.
However, this result might indicate that a magnetic canopy ex-
ists only at specific positions, which could agree with the detec-
tion of LB-like structures in the chromosphere and TR (Rezaei
2018). Furthermore, shells of enhanced electric current density
values partially overlap with positions with strong variations in
the magnetic field strength and inclination, giving the impres-
sion that they envelop the LBs. Our estimates corroborate previ-
ous results in general. However, we also find differences in each
LB, not only regarding their distribution, but also their values.
In this regard, we infer the strongest Jz values in the filamentary
LB, where the positive currents are particularly significant and
seem related to brightenings and a jet-like ejection in the above
chromosphere.

An appealing facet of our study is that it provides a spring-
board to conduct future investigations. For instance, we plan to
investigate how the properties of LB1 are related to the chro-
mospheric events detected above. Furthermore, multiwavelength
spectropolarimetric data taken at high spatial resolution with the
next-generation large-aperture telescopes, such as DKIST (Rim-
mele et al. 2020) and EST (Quintero Noda et al. 2022), will offer
a golden opportunity for analyzing the most evasive aspects of
LBs.

Finally, we emphasize the capability of SICON to provide
results consistent with those previously reported in LBs. Since it
provides a straightforward manner to infer the physical parame-
ters in terms of the geometric height, the application of this code
is of great interest to analyze the atmospheric stratification in
other solar structures.
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