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Global maps of the magnetic field in the solar corona
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Understanding many physical processes in the solar atmosphere requires determination of the magnetic
field in each atmospheric layer. However, direct measurements of the magnetic field in the Sun’s
corona are difficult to obtain. Using observations with the Coronal Multi-channel Polarimeter, we have
determined the spatial distribution of the plasma density in the corona and the phase speed of the
prevailing transverse magnetohydrodynamic waves within the plasma. We combined these measurements to
map the plane-of-sky component of the global coronal magnetic field. The derived field strengths in
the corona, from 1.05 to 1.35 solar radii, are mostly 1 to 4 gauss. Our results demonstrate the capability
of imaging spectroscopy in coronal magnetic field diagnostics.

he solar atmosphere is shaped by its mag-
netic field. Because of magnetic coupling
between the various atmospheric layers,
understanding many physical processes
in the solar atmosphere requires infor-
mation on the magnetic field of the whole
atmosphere. However, only limited measure-
ments are available for the magnetic field in
the upper solar atmosphere, especially in the
outermost atmospheric layer, the corona (7).
Information on the magnetic field at the
solar surface is usually obtained through the
Zeeman effect, the splitting of spectral lines
in the presence of a magnetic field. However,
it is difficult to use this method to measure the
coronal magnetic field, mainly because of the
negligible line splitting induced by the much
weaker magnetic field in the corona. A few at-
tempts have been made to measure the coronal
magnetic field using the Zeeman effect, but
only in small regions where a strong field is
present (2, 3). Spectro-polarimetric measure-
ments can also determine the local coronal mag-
netic field in some cool loop-like structures or
prominences (e.g., 4, 5). Coronal magnetic field
strengths can be inferred from observations
of waves and oscillations, although most pre-
vious studies only provided an estimate of the
average field strengths in individual oscillating
structures (e.g., 6-9). Observations of shocks
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driven by solar eruptions can also be used to
infer coronal magnetic field strengths along the
shock paths (e.g., 10, 1I) but such shocks are
only occasionally observed. Radio observations
have also been used to estimate the coronal
magnetic field but only in localized regions
(e.g., 12, 13); this method often requires accu-
rate identification of the radio-emission mecha-
nisms, which are not always clear. Because of
the observational difficulties with each of these
methods, no routine measurements of the global
coronal magnetic field are available.

We used the Coronal Multi-channel Polarim-
eter (CoMP) (I4) to observe the corona outside
the whole disk of the Sun on 14- October 2016.
The CoMP data included spectral profiles of
the Fe xim lines at 1074.7 and 1079.8 nm in the
corona from 1.05 to 1.35 solar radii (15). We
fitted each line profile with a gaussian func-
tion to obtain the line intensity and Doppler
velocity at each pixel within the CoMP field of
view (FOV) (16). Figure 1, B and C, shows the
intensity images of these two lines averaged
over the period of 19:24 to 20:17 UT. For com-
parison, Fig. 1A shows a simultaneous coronal
image in the Fe xu 19.3-nm channel of the At-
mospheric Imaging Assembly (AIA) (17) on the
Solar Dynamics Observatory (SDO) spacecraft.
The intensity ratio of the two Fe xmi lines (Fig.
1D) is sensitive to the electron density, allow-
ing us to derive (75) a global map of the coronal
electron density (Fig. 1E). The measured elec-
tron number density is mostly in the range of
107 to 10%° cm™. The associated uncertain-
ties, which arise from both the statistical mea-
surement uncertainties and the systematic
uncertainties in the atomic physics parame-
ters used to calculate the relationship between
electron density and line ratio (75), were mostly
10 to 25% (Fig. 1F). Assuming a standard cor-
onal elemental abundance and electrical neu-
trality, the corresponding total mass density (p)
was calculated as p = 1.2N.mp, where mp is the
mass of a proton (I8).

Previous CoMP observations have found prop-
agating periodic disturbances in the Doppler

velocity of Fe xm 1074.7 nm, indicating the
ubiquitous presence of transverse magneto-
hydrodynamic (MHD) waves in the corona
(e.g., 19-22). A wave-tracking technique has
previously been developed to track the prop-
agation of the Doppler velocity perturbation
and to calculate the phase speed of the trans-
verse wave along its propagation path (20).
Similarly pervasive velocity fluctuations also
appear in our dataset (movie S1). We applied
a modified version of the wave-tracking tech-
nique (15) to the Doppler velocity image se-
quence of Fe xmr 1074.7 nm during the time
period of 20:39 to 21:26 UT and calculated the
wave phase speed and measurement uncer-
tainty (I5) at each pixel within the FOV (Fig. 2).
The phase speed mostly fell in the range of 300
to 700 km s, and the associated uncertainty
was generally smaller than 40 km s ™.

We identified the observed transverse
MHD waves as kink waves, which have an
Alfvénic nature (e.g., 8, 23-26). The phase
speed (kink speed), ¢y, can be expressed as
follows (27):

2 2
@ - Bith (1)
Ho(Pi + Po)

where 1, is the magnetic permeability of a
vacuum, B is the magnetic field strength, p is
the mass density, and the subscripts i and o
indicate physical parameters inside and out-
side the wave-guiding magnetic field struc-
tures (flux tubes), respectively. In the coronal
plasma environment, the pressure balance
across flux tubes is dominated by the magnetic
pressure, so B; ~ B, [see, e.g., (20), (21), and
(26)]. Because individual flux tubes are likely
unresolved at the spatial resolution of CoMP
(~7000 km), we used the density averaged inside
and outside flux tubes (p) within each spatial
pixel and estimated the magnetic field strength
using the following equation (21, 26, 28):

=2 (2)
k—m

Our measurements are based on spectral pro-
files that result from an integration of the spec-
tral line emissivity (the released energy per unit
time per unit volume during an electron transi-
tion from a higher energy level to a lower one,
increasing with density) along the line of sight
(LOS). The derived density, phase speed, and
magnetic field strength are therefore all weighted
by the emissivity along the LOS. Because the
density generally decreases with distance from
the solar limb, LOS weighting favors magnetic
structures in the vicinity of the plane of sky
(POS), i.e., the plane passing through the center
of the Sun and perpendicular to the LOS. We
expect the phase speed measured from the
data to correspond to the kink speed projected
onto the POS. If we further approximate the
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Fig. 1. Images of the solar corona and density diagnostic results. (A) AIA (D) Map of the 1079.8-nm/1074.7-nm intensity ratio. (E and F) Maps of the
19.3-nm intensity image taken at 19:25:55 UT on 14 October 2016. (B and C) CoMP  derived electron density and associated uncertainty. In all panels, the dotted circle

Fe xi 1074.7-nm and 1079.8-nm peak intensity images averaged over the time marks the edge of the solar disk (limb) and the dashed circle indicates the inner
period of 19:24 to 20:17 UT on 14 October 2016 expressed as parts per million boundary of the CoMP FOV. The x and y coordinates are positions in the east-west
(ppm) of the solar disk intensity and plotted on a logarithmic color scale. and south-north directions, respectively, measured from the center of the solar disk.

1000

500

Uncertainty in
Wave Phase Speed (km s™)

o £ g

-1.00 -050 0.00 0.50 1.00 . . 10 20 30 40

3.5mHz Filtered Doppler Velocity
(km's™)

Y (arcsec)
o

-500

1000 . - Rl = 1 T bl

-1000  -500 0 500 1000 -1000  -500 0 500 1000 -1000  -500 0 500 1000
X (arcsec) X (arcsec) X (arcsec)

Fig. 2. Doppler velocity and wave-tracking results. (A) Map of the Doppler velocity of the Fe xin 1074.7-nm line at 20:39:09 UT. A 3.5-mHz gaussian filter has been
applied to the Doppler shift image sequence (15). Movie S1 shows an animated version of this panel. (B and C) Maps of the derived wave phase speed and associated
uncertainty. The circles are as in Fig. 1.
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Fig. 3. Maps of the coronal magnetic field derived from observations. (A) Map of Bpos. The four
numbered black annulus sectors indicate the regions used for Fig. 4, C to F. (B) Map of the associated
uncertainty. The circles are as in Fig. 1.
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Fig. 4. Comparison between the coronal magnetic field derived from observations and that extrapolated
using the PFSS model. (A) PFSS model field lines overlain on a photospheric synoptic magnetogram (15)
reconstructed using HMI observations from the SDO. The magnetogram and model field lines sampled

at 18:03:28 UT have been rotated and are shown from the Earth’s viewpoint at 20:39:09 UT. The yellow and
cyan circles mark the solar limb and the inner boundary of the CoMP FOV, respectively. The white lines
are closed field lines, and the red and blue lines represent open field lines with opposite polarities. (B) Same
as Fig. 3A but showing the map of Bpos generated from the PFSS model. (C to F) Average magnetic

field strengths as a function of radial distance from the solar center for the four sectors marked in (B) and in
Fig. 3A. The black solid lines with error bars are Bpgg derived from the observations and associated
uncertainties, and the blue dashed lines show Bpos calculated from the PFSS model.
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average density in the vicinity of the POS with
the derived density, we can obtain the POS com-
ponent of the coronal magnetic field strength
(Bpos) using Eq. 2. Forward simulations of prop-
agating Alfvénic waves have shown that this is
an appropriate approximation (28).

Our derived global coronal magnetic field
map and its uncertainty are shown in Fig. 3.
Comparing Fig. 3A with the intensity images
in Fig. 1, A to C, shows that the magnetic field
is higher in regions with stronger coronal emis-
sion. Typical values of Bpog in the FOV are 1 to
4 gauss, similar to the magnetic field strengths
in smaller coronal regions inferred using other
methods (3, 10, II). The uncertainties in Bpog,
which we calculated by propagating the uncer-
tainties in the measured density and phase
speed (15), are shown in Fig. 3B and are gen-
erally smaller than 15%. There could be an
additional uncertainty caused by our use of the
POS emissivity instead of the LOS-integrated
emissivity in the calculation of the theoretical
relationship between line ratio and electron
density. Because the electron density distribu-
tion along the LOS is unknown, we estimated
the impact of this assumption using a model of
homogeneous density distribution with spheri-
cal symmetry (I5). The density estimated with
our line ratio method was lower than the local
density in the POS (from the density model) by
~30%. Following Eq. 2, this corresponds to a
possible additional uncertainty of ~12% on the
measured Bpog.

In the absence of routine measurements of
the coronal magnetic field, the potential field
source surface (PFSS) model (15, 29) is often
adopted to extrapolate the observed magnetic
field on the solar surface to the corona. For com-
parison with our method, we also used the PFSS
model to reconstruct the three-dimensional
coronal magnetic field structures from obser-
vations of the Helioseismic and Magnetic
Imager (HMI) (30) on SDO (Fig. 4A) and obtain
a map of Bppg from the model (75) (Fig. 4B). A
comparison between the map of Bpog extrapo-
lated using the PFSS model and that estimated
from our data shows similar distributions of
coronal magnetic field on the global scale but
differences at scales smaller than ~200 arcsec.
At many locations, the radial variation of Bpog
has a discrepancy between CoMP measure-
ments and PFSS results (Fig. 4, C to F). Some of
these differences may arise because the mag-
nitude of Bpog from the PFSS model is plotted
for a POS slice. The Bppg derived from our CoMP
data represents a measurement weighted by the
emissivity along the LOS and is the POS com-
ponent of the magnetic field strength averaged
inside and outside flux tubes. We nevertheless
compared the two Bpog maps because the LOS
weighting favors magnetic structures in the
vicinity of the POS. Differences between the
two Bpog maps could also be related to the as-
sumptions used in the PFSS model (75).
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Our method for measuring the coronal mag-
netic field requires a continuous observation of
1 to 2 hours under good conditions, including
~1 hour to observe the transverse waves and
additional time for density diagnostics. This
implicitly assumes that the coronal structures
do not evolve during the observing period. We
expect this to be valid in the absence of eruptive
events. The technique may not be applied to re-
gions affected by solar eruptions, where signa-
tures of transverse waves are often masked by the
rapidly changing magnetic field environment.

Subject to these assumptions and limitations,
our results demonstrate that imaging spectros-
copy can be used to determine the coronal mag-
netic field. In principle, this technique could be
applied to continuous observations from CoMP-
like instruments to produce routine global
coronal magnetic field maps.
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The magnetic field in the Sun's corona

The solar corona is the outermost layer of the Sun's atmosphere, consisting of hot, diffuse, and highly ionized
plasma. The magnetic field in this region is expected to drive many of its physical properties but has been difficult to
measure with observations. Yang et al. used near-infrared imaging spectroscopy to determine the electron density and
magnetohydrodynamic wave speed in the corona. By combining these measurements, they derived maps of the
magnetic field throughout the entire observable corona. The method could potentially be used to produce routine
magnetic field maps for the corona that are similar to those already available for the Sun's surface.
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