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Mapping solar magnetic fields from the photosphere
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Routine ultraviolet imaging of the Sun’s upper atmosphere shows the spectacular manifestation of solar activity;
yet, we remain blind to its main driver, the magnetic field. Here, we report unprecedented spectropolarimetric
observations of an active region plage and its surrounding enhanced network, showing circular polarization in
ultraviolet (Mg 11 h & k and Mn 1) and visible (Fe 1) lines. We infer the longitudinal magnetic field from the photo-
sphere to the very upper chromosphere. At the top of the plage chromosphere, the field strengths reach more
than 300 G, strongly correlated with the Mg 11 k line core intensity and the electron pressure. This unique mapping
shows how the magnetic field couples the different atmospheric layers and reveals the magnetic origin of the

heating in the plage chromosphere.

INTRODUCTION

The chromosphere is a very important region of the solar atmosphere,
with an extension of several thousand kilometers, located between
the relatively cool surface layers of the photosphere and the overlying
hot corona (1-3). Although the temperature of the chromospheric
plasma does not exceed 10* K, the fact that its density is much larger
than that of the extended and rarified corona implies that much
more mechanical energy is required to sustain the chromosphere
than the million-degree corona. Moreover, from the visible photo-
spheric surface to the chromosphere-corona transition region (TR),
the plasma density decreases exponentially by several orders of
magnitude, more rapidly than the magnetic field strength. As a re-
sult, the B = 1 corrugated surface, where the ratio of gas to magnetic
pressure is unity, lies inside the chromosphere. Above the = 1 sur-
face, the magnetic field essentially dominates the structuring and
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dynamics of the plasma. This, together with the fact that the non-
thermal energy needed to heat the corona must propagate through
the chromosphere, explains why it is indeed a crucial interface re-
gion to solve many of the key problems in solar and stellar physics.

It is impossible to fully understand the solar chromosphere
without mapping its magnetic structure, especially in the relatively
hot layers of the upper chromosphere and TR where f <1 (1-9). To
this end, we need to measure and model the polarization of ultraviolet
spectral lines originating in such atmospheric regions (10). The
theoretical investigations reported in the just quoted review paper
led us to a series of suborbital space experiments called CLASP,
which required the development of novel instrumentation (Supple-
mentary Material 1A). The present investigation is based on a
unique dataset acquired by the Chromospheric LAyer Spectropo-
larimeter (CLASP2), a suborbital space experiment that on 11 April 2019
allowed us to measure the first ever spectrally resolved Stokes pro-
files across the Mg 11 h & k lines in active and quiet regions of the
solar disk.

METHODS

We focus on the CLASP2 measurements in an active region plage
and its surrounding enhanced network (see Fig. 1, A and B, and note
the position of the spectrograph’s slit). These are poorly understood
regions of the solar disk with large concentrations of magnetic flux,
located at the footpoints of many coronal loops through which the
mechanical energy that energizes the corona propagates (3, 11). Although
CLASP2 successfully measured the four Stokes parameters of several
lines around 280 nm (see fig. S2), in this paper, we use only the in-
tensity (Stokes I) and circular polarization (Stokes V) profiles of the
Mg h & k lines and of two nearby Mn 1lines. The observed V/I spectra
of these four lines can be seen in Fig. 1D, which also shows the detection
of weaker circular polarization signals in other spectral lines. We point
out that, in this paper, we always deal with the fractional circular
polarization V(A)/I(A) (hereafter, V/I), with A being the wavelength.
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Fig. 1. CLASP2 and Hinode data. (A) Broadband Lyman-a image obtained by the CLASP2 slit-jaw system. The red line indicates the radially oriented slit of the CLASP2
spectrograph, which covers 196 arc sec. (B) Longitudinal component of the photospheric magnetic field inferred from the Stokes profiles observed by Hinode/SOT-SP in
Fe visible lines. (C) Variation along the slit of the intensity profile /(1) observed in the spectral region of the Mg i1 h & k lines. The labels at the top of (C) indicate the location
of Mg i1 k at 279.64 nm, Mg i1 h at 280.35 nm, and the Mn | lines at 279.91 and 280.19 nm. (D) Fractional circular polarization V(A)//(x) observed by CLASP2 around 280 nm.
The I and V/I spectra are the result of temporally averaging the individual Stokes parameters during 150.4 s. The vertical axes indicate the distance in arc seconds along
the spatial direction of the CLASP2 slit, measured from its center. The small gap seen in (C) and (D) results from the lack of data in a few deteriorated pixels.

CLASP2 detected clear circular polarization signals not only
within the bright region of the plage but also at the enhanced net-
work elements located at d and e (Fig. 1A). The Stokes V/I profiles
of the Mg 11 h & k resonance lines have two external lobes and two
inner lobes, which encode information on the longitudinal compo-
nent of the magnetic field in the middle chromosphere and at the
top of the upper chromosphere, respectively (Supplementary Materials
2A to 2C). The V/I profiles of the two Mn 1 lines at 279.91 nm and
at 280.19 nm have only two lobes, which provide information on
the longitudinal field component in the lower chromosphere (Sup-
plementary Material 2D). In addition, to obtain the longitudinal
field component in the underlying photosphere, we have used the
Stokes profiles of two visible Fe 1 lines measured by the Hinode
spacecraft during the CLASP?2 flight (Supplementary Material 1B).

All such circular polarization signals are produced by the Zeeman
effect caused by the magnetic field that permeates the solar atmosphere.
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To determine the longitudinal field component from the Stokes I
and V profiles measured by CLASP2 in the abovementioned chro-
mospheric lines, we applied the weak field approximation (WFA;
Supplementary Material 1D). Figure 2 shows an example of the ob-
served profiles, with the colored curves indicating the correspond-
ing WEFA fits. The generally stronger photospheric magnetic field
values reported here result from the application of a suitable inver-
sion code to the Stokes profiles observed by the Hinode spacecraft
(Supplementary Material 1E).

RESULTS AND DISCUSSION

Figure 3 gives the variation, along the spatial direction of the spec-
trograph’s slit, of the longitudinal component of the magnetic field.
The figure shows this quantity in the photosphere (green curves), in
the lower chromosphere (blue symbols), in the middle chromosphere
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Fig. 2. Example of the Stokes I and V/I profiles observed by CLASP2. The profiles correspond to Mg i k at 279.64 nm, Mg i h at 280.35 nm, Mn 1at 279.91 nm, and Mn |
at 280.19 nm at location c in Fig. 1, where the longitudinal field retrieved from the Mg i1 h & k lines is among the strongest ones. The gray curves show the corresponding
Stokes / profiles, normalized to the maximum intensity of the Mg 11 k line. The V/I error bars indicate the +1c uncertainties resulting from the photon noise. The WFA fits
and the inferred longitudinal magnetic field values are shown in blue for the Mn 1 lines, in black for the external V/I lobes of Mg it h, and in red for the inner V// lobes of
Mg ih &k.
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Fig. 3. Spatial variation of the longitudinal component of the magnetic field (By). Blue symbols: B in the lower chromosphere determined from the Mn 1 lines. Black
symbols: B in the middle chromosphere determined from the external lobes of the V/I profiles in the Mg i1 h line. Red symbols: B, at the top of the upper chromosphere
determined from the inner lobes of the V/I profiles in the Mg it h & k lines. Green curve: B in the photosphere obtained from the Hinode/SOT-SP observations, after spa-
tially smearing the data to mimic the CLASP2 resolution (Supplementary Material 1E). The error bars of the CLASP2 data represent 1o errors. Note that the thin black
curves give the normalized intensity observed by CLASP2 at the k3 line center and at the k,, emission peak of the Mg i1 k line (solid and dashed-dotted; see the inset of fig.
S4). The lower panel is a zoomed-in image of the upper one.
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Fig. 4. CLASP2 data corresponding to one of the network features. V// profiles at location d indicated in Fig. 1. See the caption of Fig. 2 for further explanation. We find
B, =—5+7 Gat the top of the upper chromosphere (after averaging the longitudinal field values retrieved from the inner V// lobes of the Mg i h &k lines), B, =78 +7 G
in the middle chromosphere (from the external V// lobes of Mg i1 h), and B, = 164 + 15 G in the lower chromosphere (from the V/I profiles of the Mn 1 lines).

Table 1. Correlation coefficients (Cl for intensity and CP for electron pressure). The table gives the correlation coefficient between the longitudinal
component of the magnetic field, By, inferred at different heights in the atmosphere, and (i) the observed Mg 11 k-line intensity (k3 or k) and (ii) the inferred
electron pressure near the upper chromosphere (see Supplementary Material 2E). The linear Pearson correlation coefficients have been calculated considering
only the bright plage region pixels located between —98 and +28 arc sec (see Fig. 1C).

Wavelength window for B, Atmospheric layer

Cl (kzv)

Inner lobes of Mg h & k Top of upper chromosphere

External lobes of Mg it h

Mn 1 lines around 280 nm ower chromosphere

Feilines around 630.2 nm Photosphere

(black symbols), and at the top of the upper chromosphere (red
symbols). Note that the error bars (10) of the inferred values, due to
the noise in V/I, are very small, thanks to the high-precision of the
CLASP2 measurements. The observed bright plage region extends
from —98 arc sec to about 28 arc sec, with a small dark region located
around —62 arc sec (see Fig. 1A).

In the bright plage region, we see clearly in Fig. 3 that the mag-
netic field always shows a single magnetic polarity, except perhaps
at the —65 and +12 arc sec positions, where the retrieved opposite
polarity fields may not be statistically significant because they are
comparable to or smaller than the 16 uncertainty. As expected, the
strongest magnetic fields are found in the photosphere of the ob-
served plage, where the magnetic field appears to be organized into
small regions with strong magnetic concentrations (with longitudinal
field components as large as 1250 G) separated by small regions
with longitudinal field values of the order of 10 G (see the green
curve and its spatial fluctuation, which has typical scales of less than
10 arc sec). In the lower chromosphere (blue symbols), the magnetic
field also shows a substantial fluctuation on similar spatial scales,
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but the amplitude of the spatial variation is considerably smaller,
and this variation is not exactly in phase with the one in the under-
lying photosphere (e.g., note that the spatial locations of the blue-
symbol peaks do not coincide exactly with those of the green curve).
In the low chromosphere, the maximum longitudinal magnetic
field values are about 700 G (blue symbols). In the middle chromo-
sphere of the plage and at the top of its upper chromosphere, the
black and red symbols of Fig. 3 indicate that the longitudinal com-
ponent of the magnetic field varies from almost 0 G (slit positions
around +12 and —65 arc sec) to more than 300 G (locations a, ¢
and —44 arc sec), showing a smoother spatial variation than in the
lower chromosphere (blue symbols) and photosphere (green curve).
The longitudinal magnetic field values found near the TR (red sym-
bols, inferred from the inner lobes of the Stokes V/I profiles of Mg 11
h & k) are not much weaker than those found in the middle chro-
mosphere (black symbols, determined from the outer V/I lobes of
the h line), although it must be noted that the latter values are a
lower limit (Supplementary Material 2C). Last, note that at almost
all of the spatial positions where the fluctuating green curve reaches
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its local minima, the photospheric longitudinal field values are
smaller than at the same locations in the overlying layers (e.g., see
position b and the corresponding fig. S5). However, at the spatial
positions where the longitudinal component of the magnetic field
in the lower chromosphere (blue symbols) reaches its smallest values,
we find similar ones in the middle chromosphere and at the top of
the upper chromosphere (black and red symbols, respectively). These
and the previously mentioned fact, namely, that the spatial fluctua-
tions of the longitudinal field values decrease with height, confirm
that the plage magnetic field is highly structured in the photosphere,
with strong and weak field variations, and that it expands rapidly,
merging and spreading horizontally in the overlying chromosphere
where the field is weaker and has smoother spatial variations.

We have found a remarkably high correlation between the longi-
tudinal component of the magnetic field in the middle and top layers
of the plage chromosphere and the intensity at the center and the
emission peaks of the Mg 11 k line (see Fig. 3). As shown in Table 1,
the coefficient that quantifies this correlation increases with height
in the plage atmosphere, and it is important to note that the inten-
sity in the k line-core emission peaks correlates with the tempera-
ture at its formation height (12). Moreover, from inversions of the
observed Mg 11 h & k intensity profiles (Supplementary Material
2E), we have found (see Table 1) that in the middle and the upper
chromosphere, the longitudinal component of the magnetic field is
also substantially correlated with the electron pressure (i.e., with the
product of the temperature and the electron density). These pieces
of empirical information strongly support the idea that the heating
of the upper chromosphere of active region plages is of magnetic origin.

Consider now the supergranulation cell outlined by its bright
chromospheric network, which is located above 60 arc sec in
Fig. 1A. The slit of the spectrograph crosses network features at
63 arc sec (location d) and at 97 arc sec (location e). As shown by the
green curve of Fig. 3, the longitudinal component of the magnetic
field in the photosphere of these two network elements is about 220 G. At
these network locations, we find longitudinal field strengths of
about 160 and 80 G in the lower and middle chromosphere, respec-
tively (see Fig. 4 for location d). Figure 3 shows that the magnetic
fields in the atmospheres of these two network elements have oppo-
site polarities. As seen in the top panels of Fig. 4, the inner lobes of
the Stokes V/I profiles of the h & k lines are so weak that their circular
polarization amplitudes are compatible with zero within the error
bars, and this is not due to cancelations of the circular polarization
signals during the 150.4-s integration time (Supplementary Material
1D). The absence of appreciable inner lobes in such V/I profiles leads
us to conclude that the magnetic field in the very upper chromo-
sphere of the observed network features is weaker than about
10 G. Therefore, in the atmospheres of these network elements, the
longitudinal field values vary approximately from 220 G in the photo-
sphere to 160 G in the lower chromosphere, to at least 80 G in the
middle chromosphere, and to less than 10 G at the top of the upper
chromosphere.

We foresee three possible scenarios compatible with the above-
mentioned results from the CLASP2 spectropolarimetric observations
of the network features: (i) the magnetic loops of the network do
not reach the very top of the chromosphere and return to the photo-
sphere after reaching chromospheric heights, (ii) the magnetic fields
in the very upper chromosphere of the network regions are too weak
to be detected through the Zeeman effect in the Mg 1 resonance
lines, and (iii) the magnetic field in the top layers of the network
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chromosphere becomes nearly perpendicular to the lines of sight of
the CLASP2 observation, so that there is hardly any longitudinal
field component to measure. Our CLASP2 circular polarization
measurements provide quantitative evidence that the commonly
held picture of a wine glass-shaped magnetic canopy of network
fields that fill the entire quiet solar chromosphere above a certain
height is too simplistic to describe the expansion of the magnetic
field in the observed enhanced network regions (13, 14). An advanced
inversion code is currently under development, and we hope that its
future application to the four Stokes profiles observed by CLASP2
(see fig. S2) will allow us to disentangle among the three options
mentioned above.

Although a suborbital space experiment can only provide a few
minutes of observing time, the unprecedented observations achieved
by CLASP2 have demonstrated the enormous diagnostic potential
of spectropolarimetry in the spectral region of the Mg 11 h & k lines.
Of particular interest are the circular polarization signals observed
in the Mg 11 and Mn 1 resonance lines. This is the first time that the
longitudinal component of the magnetic field is simultaneously de-
termined at several heights from the photosphere to the very top
layers of the chromosphere of active region plages and enhanced
network features, at each position along the spatial direction of the
spectrograph’s slit. This opens up the possibility of mapping the
magnetic field throughout the solar atmosphere over large fields of
view, an empirical information that is crucial for obtaining more
accurate coronal field estimates and for deciphering how the mag-
netic field couples the different atmospheric layers and channels the
mechanical energy that heats the chromosphere and the corona of
our nearest star.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/8/eabe8406/DC1
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