
Schad et al., Sci. Adv. 10, eadq1604 (2024)     11 September 2024

S c i e n c e  A d v A n c e S  |  R e S e A R c h  A R t i c l e

1 of 10

A S T R O N O M Y

Mapping the Sun’s coronal magnetic field using the 
Zeeman effect
Thomas A. Schad1*, Gordon J.D. Petrie2, Jeffrey R. Kuhn3, Andre Fehlmann1, Thomas Rimmele2, 
Alexandra Tritschler2, Friedrich Woeger2, Isabelle Scholl1, Rebecca Williams4, David Harrington1, 
Alin R. Paraschiv2, Judit Szente5

Regular remote sensing of the magnetic field embedded within the million- degree solar corona is severely lack-
ing. This reality impedes fundamental investigations of the nature of coronal heating, the generation of solar and 
stellar winds, and the impulsive release of energy into the solar system via flares and other eruptive phenomena. 
Resulting from advancements in large aperture solar coronagraphy, we report unprecedented maps of polarized 
spectra emitted at 1074 nm by Fe+12 atoms in the active corona. We detect clear signatures of the Zeeman effect 
that are produced by the coronal magnetic field along the optically thin path length of its formation. Our com-
parisons with global magnetohydrodynamic models highlight the valuable constraints that these measurements 
provide for coronal modeling efforts, which are anticipated to yield subsequent benefits for space weather 
research and forecasting.

INTRODUCTION
The predominance of the Sun’s magnetic field in shaping its outer 
atmosphere is fantastically evident during a total solar eclipse. On 
April 8 of this year, eclipse onlookers across North America caught a 
glimpse of the solar corona near the maximum phase of the solar 
cycle, when coronal streamers trace the magnetic field’s extension 
into the inner solar system. Here, million- degree temperatures anom-
alously exist, driven by the transport of magnetoconvective energy 
originating from the solar interior (1). It is a tenuous region having 
mass densities eight orders of magnitude lower than the visible solar 
surface. As a result, radiative diagnostics of the corona are concen-
trated at ultraviolet, x- ray, and radio wavelengths (2, 3). Only during 
brief eclipses, or through the use of coronagraphic methods, is the 
bright solar disk sufficiently blocked to allow high- contrast visible 
and infrared observations of the Sun’s corona (4, 5).

Owing to the less rapid decline in the magnetic field amplitude 
versus height than the plasma density, the Maxwell stresses in 
the lower corona are generally not substantially opposed by plasma 
pressure or inertial forces but are mostly contained within the field. 
Magnetic flux, Poynting flux, and magnetic helicity continuously 
emerge from the interior into the corona, where Alfvén’s frozen 
flux theorem applies to an excellent approximation in this highly 
conducting plasma (6). The free energy and stresses cannot be sub-
stantially relieved by dissipation except at current sheets (7) and are 
instead trapped within the magnetic field, building up gradually 
until they lastly escape spectacularly through flares and/or coronal 
mass ejections (8, 9). The field strength and configuration are para-
mount in driving these eruptions; however, observations of their 
state remain largely unavailable. Whereas in the lower atmosphere, 
polarimetric measurements of the Zeeman effect (10) on visible and 
infrared spectral lines have facilitated mapping of the photospheric 

magnetic field for decades (11–13), applying these methods in the 
upper solar atmosphere is considerably more challenging; although, 
a number of key advancements have been made in recent years (14) 
including within the near ultraviolet (15, 16).

In the absence of regular coronal magnetic field measurements, 
coronal and heliospheric research relies heavily on the photospheric 
boundary magnetic field to model the outer solar atmosphere (17). 
This approach has many merits and forms the basis for operational 
space weather forecasting (18). Yet, these methods are undermined 
by a deficient knowledge of the extremely complex Maxwell stresses 
in and throughout the photosphere and the complex partially ionized 
chromosphere, which modify the magnetic field before it reaches the 
corona (19–21). Data- driven simulations may help make this prob-
lem more tractable (22–25), though the lack of coronal magnetic field 
measurements also inhibits the validation of such methods. Adding 
to these challenges, radiative emission in the corona is mostly opti-
cally thin, meaning that a large path length through the highly struc-
tured coronal plasma may contribute to observable signals.

Of the potential techniques for coronal magnetic field measure-
ments, polarimetric observations of the Zeeman effect on emission 
lines offer a comparatively simple diagnostic (26). Yet, such mea-
surements are often thought inaccessible as the great coronal tem-
perature Doppler broadens the emission lines thereby diluting the 
amplitude of the emitted Zeeman signature. Because of the weak 
coronal magnetic field amplitude, the targeted signal is only a few to 
tens of parts per billion of the solar disk’s spectral radiance. A few 
past efforts have demonstrated the possibility of Zeeman measure-
ments using circular polarized observations but have lacked suffi-
cient spatial and temporal resolution to be routinely used in practice 
(27–29). This landscape is quickly changing because of the advance-
ments afforded by the US National Science Foundation’s Daniel 
K. Inouye Solar Telescope [DKIST; (30)]. DKIST is a 4- m aperture 
off- axis Gregorian solar telescope (the world’s largest) inaugurated 
in Hawai’i in 2022 that provides capabilities for large aperture 
coronagraphic polarimetry. Here, we report the first spatial maps 
acquired by DKIST of the magnetic field–induced Zeeman effect in 
the off- limb corona. These new capabilities promise to open a new 
field of routine Zeeman- based coronal magnetometry.
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RESULTS
Zeeman- induced circular polarization
On 22 June 2023, DKIST acquired spectropolarimetric observations 
of the Fe+12 1074- nm forbidden emission line using the Cryogenic 
Near- Infrared Spectropolarimeter [CryoNIRSP; (31)]. The Fe+12 line 
is emitted by plasma at temperatures of 106.23±0.16 K and is one of 
multiple potential infrared diagnostics of coronal magnetism (32). In 
the infrared, the detection potential for circular polarization induced 
by the Zeeman effect is enhanced because the Zeeman line splitting 
increases as the square of the wavelength, whereas the Doppler- 
broadened thermal linewidth increases only linearly in wavelength. 
CryoNIRSP uses a rotating crystal birefringent optic and wire grid 
polarizers to reconstruct the full state of polarization, as encoded in 
the Stokes parameters (I, Q, U, V), of its long- slit spectrum centered 
on the Fe+12 line. Spatial maps are created by raster- scanning the 
solar image across the slit (please refer to Materials and Methods). 
Meanwhile, field stops occult the solar disk at the telescope’s primary 

and secondary foci, and a Lyot pupil stop is deployed just down-
stream of the secondary mirror to suppress diffracted light from the 
primary mirror.

Figure 1 presents the first maps of circularly polarized coronal 
emission measured by DKIST and CryoNIRSP. As context, Fig. 1A 
shows an image of the corona acquired by the Solar Dynamics Ob-
servatory’s (SDO) Atmospheric Imaging Assembly [AIA; (33, 34)] in 
an ultraviolet bandpass centered at 19.3 nm. Fe+10 and Fe+11 emission 
typically dominates this band for quiescent coronal material (35). 
The active region targeted by DKIST was located on the solar north-
east limb, having just rotated into view from Earth’s perspective. 
While the region exhibited eruptive behavior around 3:45 UT (uni-
versal time) and 15:45 UT, during the CyroNIRSP observations from 
17:40 to 20:40 UT, the region’s apparent structure was comparatively 
stable. CryoNIRSP conducted two raster scans with deep exposures, 
labeled A and B in Fig. 1B (36, 37), during which its 0.5–arc sec wide 
slit was oriented parallel to the solar limb and sequentially scanned 

A B

D

FE

C

Fig. 1. The first DKIST coronal magnetogram mapping the magnetic field intensity. (A) SdO/AiA 19.3- nm image cropped and rotated to geometry of dKiSt/cryoniRSP 
observations. vertical coordinates give arc seconds from the center of the solar disk. (B) the peak line amplitude of Fe+12 1074 nm observed within the overlapping raster 
maps of cryoniRSP in units of parts per million of the solar disk intensity, i.e., μB⊙. (C) Peak red- wing amplitude of the measured antisymmetric circular polarized Fe+12 
profile. (D) inferred coronal longitudinal magnetogram in units of gauss as inferred from the weak- field approximation fitted to the circular polarized profiles. (E) Synthetic 
Fe+12 1074- nm circularly polarized amplitude calculated from the Alfvén Wave Solar Atmosphere Model (AWSoM) coronal model. (F) Synthetic coronal magnetogram in-
ferred from the signal in (e) in the same manner as (d).
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outwards to cover a 180 × 225–arc sec field of view in each map. At 
each of 46 raster positions per map, the cumulative integration time 
was 81.2 s. Over the 88- min duration of each map, the spectrograph 
acquired 51,520 camera frames, which are processed and calibrated 
according to the methods described below.

These CryoNIRSP observations successfully resolve the spatial 
distribution of the Fe+12 1074- nm circular polarization across the 
observed off- limb active region. The map shown in Fig. 1C results 
from least squares fitting of the full- Stokes profile (see Materials and 
Methods) at each point in the raster- scanned image after first taking 
the median average of 10 spectral rows along the slit (1.2 arc sec on 
sky). We recover an antisymmetric shape of the circularly polarized 
Stokes V profile that is centered on the total intensity’s line position 
(Stokes I) as shown in Fig. 2. This is strongly indicative of the Zeeman 
effect on the ion’s fine structure energy level separation due to an 
external magnetic field (38). In Fig. 1C, the maximum amplitude of 
the fitted Stokes V signal in the red ling wing is shown. The red wing 
is selected so that its sign matches the polarity of the longitudinal 
field given by the weak field approximation of the Zeeman effect for 
an emission line (see Materials and Methods).

We measure red- wing circular polarized amplitudes between 
−21 and 13 μB⊙, where the units here refer to parts per million 
(ppm) of the disk center spectral radiance B⊙, which is ~182 pho-
tons cm−2 arc sec−2 nm−1 at the observed wavelengths. Using relative 
units provides better intuition for the photometric dynamic range 
achieved by these observations. We estimate the 1σ detection limit 
for Stokes V to be 0.0045 μB⊙ [i.e., 4.5 parts per billion (ppb) of the 
disk radiance] based on the measurement statistics across the region 
(see figs. S1 and S2); however, the detection probability at any given 
location is intricately related to the signal amplitude and the degree 
of parasitic solar disk light scattered by the terrestrial atmosphere 
and the telescope optics into the line of sight (39). For these obser-
vations, the background light amplitude as a function of off- limb 
distance in solar radii units (R⊙) can be approximated by a power 
law of index −0.836 and amplitude 11.6 μB⊙, which corresponds to 
80 μB⊙ at 1.1 R⊙ from the solar disk center (fig. S2).

For the Zeeman effect, three key parameters dictate the amplitude 
of the Fe+12 1074- nm circularly polarized emission for an isolated 
parcel of coronal plasma. These are the number density of the upper 
level of the emitting ion, the total magnitude of the acting magnetic 

Fig. 2. DKIST/CryoNIRSP Fe+12 Stokes spectra and model fitted profiles. left- hand images show the slit Stokes spectra of Fe+12 1074 nm obtained near the lower 
portion of map A, as indicated by the blue and orange arrows in Fig. 1c. each panel shows only a portion of the total observed spectral window. the antisymmetric signals 
in Stokes v, which show a polarity flip along the slit, are the first dKiSt detections of the coronal Zeeman effect. A single Stokes profile extracted along the dashed line, 
corresponding to the location marked with a yellow arrow in Fig. 1, is plotted in the right- hand panels together with modeled profile fits. the locations of scattered pho-
tospheric lines in Stokes i are identified with black arrows, while orange arrows indicate terrestrial absorption lines. here, the reference direction for Stokes +Q is tangen-
tial to the slit axis and therefore, to a fair approximation, radial with respect to the Sun.
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field, and the orientation of that field relative to the line of sight. It is 
only the component of the magnetic field parallel to the line of sight 
(also known as the longitudinal component) that induces circular 
polarization. The strongest Stokes V signals observed by CryoNIRSP 
occur near the limb at lower projected heights in the solar atmo-
sphere where the total line emissivity is comparatively large. The total 
magnetic field amplitude is also presumably larger at lower heights; 
however, the observed signals should not be mistaken as an unbiased 
map of coronal longitudinal field strength, in part due to the polar-
ized amplitude being directly influenced by the total line strength, 
which varies strongly across the target, unlike routinely used photo-
spheric Zeeman- sensitive spectral lines. Only for those regions with 
Stokes V amplitude at least 2 SDs larger than the detection limit, 
we convert the V signal strength into the equivalent longitudinal 
magnetic field strength given by the weak field approximation 
in gauss units, as shown in the first DKIST coronal “magnetogram” 
in Fig. 1D.

These coronal observations do not likely probe isolated parcels of 
coronal gas; instead, they result from the full path integral of the 
polarized emissivity along a given line of sight through the struc-
tured corona. We find the influence of the magnetic topology on the 
circular polarization observed here manifests as three resolved lobes 
of common polarity signals; two negative lobes separated by a 
region of positive polarity (see Fig. 1C as well as the slit spectra in 
Fig. 2). When compared to photospheric magnetograms from the 
SDO Helioseismic and Magnetic Imager [HMI; (40)], we find that 
the two negative polarity lobes correlate with the corresponding 
negative polarity regions of the photospheric field that are in closer 
proximity to the limb than the leading positive flux, which suggests 
that the signals originate from these regions. The origin of the patch 
of positive polarity is not as easily attributed to a photospheric coun-
terpart; instead, we address it via modeling efforts below.

Scattering- induced linear polarization
The maps of circular polarized coronal emission that we have just 
presented represent a major advancement for coronal magnetometry, 
as only in the Zeeman induced signal is the magnetic field amplitude 
encoded. Meanwhile, these signals are further enhanced by the informa-
tion content of the linearly polarized spectra. Fe+12 1074- nm linear 
polarization is generated through resonance scattering of the photo-
spheric radiation field that anisotropically illuminates the coronal 
plasma (35, 41). The embedded magnetic field modifies the scattered 
radiation through the Hanle effect (42); however, the long upper- 
level lifetime of infrared coronal emission lines like Fe+12 1074 nm 
implies that the operation of the Hanle effect saturates at negligibly 
small field amplitudes. Therefore, the linear polarized signal does not 
provide diagnostics for the magnetic field strength; instead, it probes 
only the orientation of the magnetic field. It is, however, generally 
much stronger than the Zeeman induced circular polarization 
(approximately tens of percentage of the total line emission) and has 
subsequently been more routinely observed (43, 44). Yet, again 
because of the long upper level lifetimes, electron and proton colli-
sions can efficiently depolarize the line at the higher coronal densities 
of the low corona (45, 46).

The high- sensitivity DKIST maps of Fe+12 1074- nm linear polar-
ization, which are derived from the same observations as the circular 
polarization maps above, are shown in Fig. 3C. Polarized amplitudes 
here range from 0.5 to 5% of the total line intensity (see also Stokes 
Q and U maps of fig. S1). Regions of enhanced Fe+12 emission 

(Fig. 1B) that trace out coronal loop structures show diminished 
linear polarized amplitudes (<1%) in Fig. 3C consistent with their 
typically enhanced densities and theoretical calculations of the 
polarized line amplitude (32). Meanwhile, the linear polarized 
direction given by the line hatched overlay in Fig. 3C is visibly 
aligned, as expected, with the apparent coronal structure topology for 
the upper portions of the field view where structures are inclined less 
than the Hanle critical Van Vleck angle (54.74°) with respect to the 
radial direction (47). For inclinations larger than the Van Vleck angle, 
the linear polarization direction is expected to be perpendicular to 
the projected magnetic field direction. Consequently, a preponder-
ance of radial linear polarization directions is expected for off- limb 
observations.

In addition to the emission line linear polarization, the coronal 
continuum spectrum is also linearly polarized. In the low corona, 
the continuum radiation is dominated by the K- corona created 
by Thomson scattering of the photospheric radiation field by free 

C

B

A

Fig. 3. CryoNIRSP linearly polarized observations. (A) A composite image 
blending AiA images at 19.3 nm (inverse gray scale), for which the primary contri-
butions are Fe+10 and Fe+11, and 9.4 nm that is dominated by emission of Fe+17 
(green). (B) linear polarized amplitude of the spectral continuum near 1074 nm, 
corresponding to the K- corona, in units of parts per million of the disk radiance 
(μB⊙). (C) the Fe+12 1074- nm emission line’s linear polarization shown in units of 
percentage of the line amplitude. Overplotted lines denote the direction of linear 
polarization in this panel. Meanwhile, contour lines for continuum polarization lev-
els of 0.95 and 1.1 μB⊙ are shown in each panel to denote the location of enhanced 
polarization.
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electrons (48). It is linearly polarized primarily tangential to the 
solar limb (49, 50). The K- corona is the dominant component of 
coronal emission visible to the naked eye during a total solar eclipse. 
The calibration accuracy required of CryoNIRSP to recover the 
Stokes V signals above has the additional benefit of resolving the 
polarized K- coronal amplitude across the regions, which is shown 
in Fig. 3B. We measure continuum polarization amplitudes ranging 
from 0.25 to 1.2 μB⊙, which are consistent with theoretical calcula-
tions of Thomson scattering in the low corona, for which we expect 
the degree of polarization to be 15 to 40% (50). The polarized ampli-
tude further increases within presumably denser coronal structures, 
which in the case includes the cusps of post flare loops that are 
partially visible in the AIA ultraviolet bandpass centered at 9.4 nm, 
shown in green within Fig. 3A. This bandpass is dominated by Fe+17 
emission broadly formed near temperatures of 106.8 K. Within the 
postflare material near ⟨X, Y⟩ = ⟨−125′′, 1010′′⟩, the polarized 
continuum peaks at of 1.15 μB⊙ within the orange contour, which 
is approximately a factor of 3 larger than the nearby nonactive co-
rona near ⟨X, Y⟩ = ⟨−180′′, 1010′′⟩. By estimating the loop struc-
ture depth to be equivalent to its apparent width of ~8 Mm, we can 
calculate, using established methods, a lower bound on its free elec-
tron density of 7 × 1010 cm−3 provided the emission is generated by 
Thomson scattering at the solar limb (51).

Model- based interpretation of the Zeeman 
effect observations
Our observations demonstrate the advanced new capability provided 
by DKIST and the CryoNIRSP instrument to map the full- Stokes 
spectra of the Fe+12 1074- nm coronal emission line coronagraphi-
cally. This includes maps of the Zeeman- induced circular polariza-
tion at unprecedented temporal and spatial resolution, which holds 
promise for vastly improved constraints on the magnetized struc-
ture of the active solar corona. However, resolving these signals is a 
first step, which must be followed by concerted efforts to interpret 
and incorporate these diagnostics into coronal modeling efforts.

As a first step, Fig. 1 (E and F), together with Fig. 4, provides a 
model- based interpretation for the origin of the three distinct lobes 
of Stokes V polarization observed by CryoNIRSP for the targeted 
region. We compare the observations to the equivalent diagnostics 
forward synthesized through a global three- dimensional (3D) 
magnetohydrodynamic model of the corona (see Materials and 
Methods). For this, we adopt the Alfvén Wave Solar Atmosphere 
Model [AWSoM; (52, 53)]. A critical boundary condition driving 
this model is the photospheric magnetic field distribution at the spe-
cific time of interest. Because of the off- limb observing geometry of 
the DKIST coronagraphic measurements, in addition to the lack of 
available complementary data from alternative vantage points on 
this date, we must approximate the bottom boundary using photo-
spheric measurements of the region after it rotates onto the observ-
able solar disk. This approach is limited by the continued evolution 
of the active region (fig. S3), which includes a large- scale flux emer-
gence on 26 June 2023 that doubles the unsigned flux in the region 
before its transit of the central solar meridian. We have subsequent-
ly chosen the National Solar Observatory (NSO)/Global Oscillation 
Network Group (GONG) Air Force Data Assimilative Photospheric 
Flux Transport (ADAPT) (54) photospheric magnetic field map 
from 26 June 2023, before the emergence, to drive the model.

The synthetic maps of Fe+12 1074- nm circular polarization and 
the corresponding synthetic magnetograms in Fig. 1 (E and F) 

exhibit structure bearing some limited resemblance to the obser-
vations. A combination of factors is likely responsible for the sub-
stantial differences, including the crudeness of the bottom boundary 
used in the model and assumptions baked in by the energy equation of 
the model. These interesting discrepancies will need to be addressed 
in due course as they highlight the gap in our knowledge of the cor-
onal structure based on these routinely used modeling approaches. 
That said, the synthesized data do reproduce the three- lobe character 
of the observed maps within the lower portion of the region, albeit 
the amplitudes of the circular polarization and the magnetogram 
are reduced in comparison to the observations. DKIST/CryoNIRSP 
measures absolute Stokes V amplitudes larger than 0.01 μB⊙ at 
distances of 1.05 to 1.1 R⊙, whereas the model exhibits strengths a 
factor of 5 to 10 lower. One explanation may be the relatively coarse 
~1° resolution of the ADAPT magnetograms driving the AWSoM 
model, which would dilute the maximum magnetic field strengths 
extending from finely structured photospheric magnetic field con-
centrations at the base of the region (see the plage in fig. S3B).

To understand the origin of the three- lobed structure of circular 
polarization, we investigate the formation of the polarized signals 
through the coronal model. The top panel of Fig. 4 depicts the 3D 
global coronal model from a rotated perspective. The green plane 
overlaid is a slice through the model along the line of sight from 
DKIST at the time of observation. This plane is at a constant pro-
jected height of 0.04 R⊙ above the observable solar limb as viewed 
from DKIST, which corresponds the height of the observed slit spec-
trum shown in Fig. 2, though extending over the full range of posi-
tion angles around the limb observed by the two CryoNIRSP maps. 
In Fig. 4 (B to G), select model state variables and calculated emis-
sivities are displayed which sample the material within this plane. 
Black contours in Fig. 4 (B, C, and E) surround regions of the largest 
line- integrated Stokes I emissivity, which help pinpoint the locations 
along the line of sight that contribute the most to the observed in-
tensity. Meanwhile, blue and yellow contours in Fig.  4 (D and F) 
surround regions of strong Stokes V circularly polarized emissivity 
in the red wing of the spectral line. Given that this quantity is signed, 
opposite handed circularly polarized emission along the line of sight 
may cancel; therefore, in Fig. 4G, the cumulative V emissivity along 
the path increased toward DKIST is shown as a function of distance 
from the solar limb.

We find the strongest contributions to the total Fe+12 1074- nm 
Stokes I emission along the line of sight are located directly above 
and just behind the solar limb as viewed from DKIST, trailing the 
active region core where the magnetic flux density is strongest, 
which has already rotated on to the solar disk viewable from Earth. 
Along the sampled plane, the core of the active region has the largest 
electron densities and longitudinal magnetic field strengths; how-
ever, the temperatures are greater than 106.4 K, which is above the 
equilibrium formation temperature of Fe+12 leading to depressed 
ion populations in the core and therefore low Stokes I emissivity. 
Similarly, the circularly polarized V emissivity is also low within the 
active region core. Instead, near the center of the sampled plane, 
which corresponds to the region of positive circular polarization ob-
served by CryoNIRSP, the Stokes V emissivity is dominated by the 
positive polarity longitudinal field trailing the active region core just 
beyond the solar limb. In contrast, the Stokes V emission sampled 
by the outer portions of the sampled plane finds its dominant 
contributions in the oppositely directed longitudinal field just above 
and below the latitudes of the active region core; the latitudinal 
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direction is along the arc of the plane sampled in the figure (see also 
fig. S4). In this way, we can explain the three- lobe circular polarized 
structure observed by CryoNIRSP (Fig. 1C), although further mod-
el refinement is needed to further substantiate these initial findings.

DISCUSSION
Reconstructing the 3D distribution of coronal plasma and its em-
bedded magnetic stresses remains essential for understanding coro-
nal energetics. These first reported maps of the coronal Zeeman 
effect, made possible by DKIST, unveil the wealth of information 
that polarimetric diagnostics provide for the solar corona, particu-
larly for its key driver: the magnetic field. The Stokes V signals that 
we resolve refute early preconceptions that the Zeeman effect is too 
weak to reliably map the corona magnetic field. Our findings sug-
gest the longitudinal coronal field strengths are larger at greater dis-
tances above the limb (≳15 G at ~1.07 R⊙) than routinely used 

global coronal models would otherwise estimate. Part of this dis-
crepancy could be due to the lower resolution of the model used 
here or the crudeness of the imposed bottom boundary, which are 
limitations of this current study. Another question to consider, 
though, is whether the fundamental energy equation inherent in the 
model skews the thermal distribution of plasma in such a way that 
the regions of Fe+12 emissivity do not adequately sample the stron-
ger field regions of the model. This could also lead to an underesti-
mation of the line- of- sight integrated longitudinal Zeeman effect 
signal. Once again, the polarized emissivities are intricately related 
to both the magnetic field distribution and the thermodynamic 
structure, which we emphasize to highlight both the complexity of 
these diagnostics and their inherent value.

Our measurements have also revealed the presence of coherent 
morphologies in the Fe+12 Stokes V maps above an active region, 
which are in addition to complementary structures resolved in maps 
of Fe+12 linear polarization. By comparing these observations with 

A

B C DD

E F GG

Fig. 4. Synthetic Fe+12 polarized emissivities through the AWSoM coronal model. (A) A rotated perspective of the 3d global coronal model with select magnetic field 
lines (blue) traced within the region observed. Solar north is toward the top of the image. the overlaid green plane is a slice of constant projected height (0.04 R⊙) as 
observed along the line of sight from dKiSt. (B to F) extracted quantities within the green plane as a function of distance from the solar limb observed from dKiSt; positive 
distances are closer to earth. (G) the cumulative Stokes v emissivity along the path increasing toward dKiSt. Solar black contour lines in (A), (B), and (d) outline ϵI = 7 × 
10−10 photons cm−3 s−1 arc sec−2. dashed black and white contour line in (A) to (e) outline line- of- sight magnetic field strengths of ±10 G. Blue and yellow contour lines 
in (c) and (e) outline ϵV = ±1.5 × 10−10 photons cm−3 s−1 arc sec−2 nm−1. the dashed line in (F) occurs at zero.
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the forward synthesized observables, we have identified the probable 
source regions for the coherent lobes of common Stokes V polarity. 
It is yet to be demonstrated whether active regions routinely pro-
duce such coherent polarized morphologies when observed at the 
limb; however, one may already anticipate the favorable constraints 
such morphologies provide for the magnetic field configuration 
even before the associated photospheric field distribution is observ-
able from Earth. Furthermore, we anticipate the possibility to study 
the evolution of these morphologies for various active regions and 
other structures, jointly in linear and circular polarization, as a way 
to diagnose the buildup of coronal free energy (55).

In summary, our work has observationally confirmed that the 
Zeeman effect, and more generally, large- aperture coronal polarim-
etry, provides powerful diagnostic tools for solar coronal research. 
While a number of important strategies and techniques are being 
advanced for coronal magnetometry, for example, the seismological 
use of coronal waves (44, 56), radio emission (57), and unique 
magnetically induced extreme ultraviolet (EUV) transitions (58), 
Zeeman effect observations are uniquely positioned to advance this 
area of research as well as help cross- validate other techniques. Even 
given the complexities of the optical thin formation of these observa-
tions, which may at times be overcome using tomography and single- 
point approximations (59–61), detections of a Stokes V signal provide 
a hard lower bound on the distribution of the magnetic field within 
the corona. Yet, more than that, high- sensitivity and high- accuracy 
full- Stokes polarized maps provide unique constraints on solar 
coronal models that are critical to the progression toward reliable 
physics- based modeling of space weather. The advanced large aperture 
coronagraphic capabilities of DKIST has opened these new possi-
bilities.

MATERIALS AND METHODS
Data description
CryoNIRSP (31) is a facility instrument of the US National Science 
Foundation’s DKIST (30). The CryoNIRSP data used here include two 
raster scans of the off- limb solar image across its 0.5–arc sec–wide 
spectrograph slit. In each scan, the slit was oriented tangential to the 
solar limb, and the solar image was scanned in the direction away from 
the solar disk. The two maps were acquired on 22 June 2023. The first 
map (A) commenced at 17:42 UT and extended until 19:00 UT. The 
second map’s (B) time ranged from 19:18 to 20:37 UT. We note that 
these target locations were selected on the basis of the consensus pre-
dictions of the solar source regions connected to the Parker Solar Probe 
during its 16th perihelion on this date (62). During the CryoNIRSP 
maps, the telescope’s optical axis was centered at Helioprojective 
coordinates of ⟨X, Y⟩ = ⟨−1003′′, 250′′⟩ and ⟨−944′′, 420.5′′⟩ cor-
responding to a Helioprojective radius of 1.095 R⊙. The prime 
field stop of the telescope rejects most of the disk light by reducing 
the field of view to a 5–arc min diameter circle. The remaining 1 arc 
min of the near- limb solar disk is subsequently blocked at the sec-
ondary focus with an occulting blade. A Lyot pupil stop is located 
between the primary and secondary foci, reducing the effective 
telescope collecting area by 19%.

The CryoNIRSP raster scans are composed of a series of 46 image 
step positions separated by 4 arc sec. The final focal plane consists of 
two spectral images that exit the dual- beam polarimetric analyzer. 
The illuminated length of the slit is 225 arc sec, sampled at 0.12 arc 
sec per pixel. The effective spatial resolution is sample limited in the 

scanning direction (~8 arc sec); meanwhile, along the slit, it is 
limited to a few arc seconds by terrestrial seeing which shows some 
qualitative degradation over the time period of the observations. 
The spectral dispersion is 4.4 pm per pixel, extending over 1000 
spectral pixels, with a resolving power of R ~ 48,000. At each step 
position, up- the- ramp exposure sequences with 10 frames (includ-
ing reset and bias frames) were acquired at 16 discrete phase angles 
of the crystal polarimetric modulator and then repeated seven 
times. The rate of modulation was 1.08 Hz with 725- ms integration 
per modulation state, for a total of 81.2 s of total integration per step. 
The time between adjacent slit positions was 105 s. The per- pixel 
photon flux is estimated to be 560 photons per second per μB⊙. 
Thus, for a 180- μB⊙ background scattered light level, as in Fig. 2, 
we would expect a root- mean- squared (RMS) noise level of ~19 ppb 
(for photon errors) for the full processed polarimetric data assum-
ing dual- beam combination and averaging of 10 pixels along the slit. 
For the coronal line spanning approximately 50 spectral pixels, the 
expected RMS error reduces to ~4 ppb, which is consistent with the 
noise floor found in our fitting results (see fig. S2).

Data processing
Achieving a high signal- to- noise ratio, in addition to high polarimet-
ric accuracy, for these data requires careful mitigation of specific ob-
servational artifacts. Standard processing includes detector, geometric 
and polarimetric calibration steps (63, 64); however, residual cross- 
talk between the Stokes parameters can still be present. Interference 
fringes also affect the data. A Fourier amplitude analysis of flat- field 
calibration data identifies eight dominant fringe periods (6.3, 8.7, 11.8, 
13.4, 19, 22.2, 24.8, 26.4, 34.4, and 44 spectral pixels) with amplitudes 
between 0.02 and 0.5%. These are attributed to transmissive optics in 
the optical path, particularly the crystal modulator, which has since 
been upgraded to further improve the instrument performance. For 
these data, we devise an iterative scheme that filters the fringes in fre-
quency space using a multiple bandstop Butterworth filter while also 
determining the Stokes I to Q, U, and V residual cross- talk by mini-
mizing the presence of scattered photospheric lines in the polarized 
spectra (50). A demonstration of these steps, which are done before 
dual- beam combination, is shown in fig. S5 for the Stokes V slit spec-
tra shown in Fig. 2. We also implement a correction for residual linear 
to circular cross- talk, as done by previous authors (29), which is deter-
mined during Stokes profile fitting discussed below.

Coronal stokes spectral model fitting
The theoretical basis for polarized coronal line formation within 
forbidden emission lines is well established (35, 65). The joint influ-
ence of resonance scattering, the saturated Hanle effect, collisional 
depolarization, and the Zeeman effect can be well described using 
a multilevel model of the ion within the atomic density matrix 
formalism. Under the assumption of a Maxwellian distribution of 
ion velocities, the line profile for Stokes I and the linear polarized 
(Q and U) emissivities take on a Gaussian shape. Meanwhile, the 
circular polarized profile is given by the derivative of Stokes I under 
the weak field approximation (35). Here, we ignore the influence of 
atomic alignment on Stokes V, which becomes negligibly small in 
denser regions of the corona. To perform least squares fitting of 
the observed Stokes spectra, we start with a model of the Stokes 
parameters as follows

I(λ) = bIdisk(λ) + GE

(
λ; a, λ0, σ

)
(1)
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where b is the fraction of photospheric solar light Idisk scattered into 
the light of sight; GE is the Gaussian coronal line profile with ampli-
tude a, line center λ0, and linewidth σ; p is the linear polarized frac-
tion; α is the angle of linear polarization; and Qc and Uc are the 
continuum linear polarization due to Thomson scattering of the K- 
corona. e0 is the elementary charge, and me is the electron mass. g is 
the effective Landé factor. B‖ is the longitudinal component of the 
magnetic field. Last, XP2V is added as a correction factor for residual 
cross- talk from linear to circular polarization.

When fitting the above model with least squares optimization, we 
further include the effects of terrestrial atmospheric extinction and 
convolution with the spectrograph line spread function (L) on each 
parameter; for example, I ⇒ L(σi) * I e−τ

⊕ where L is approximated 
as a Gaussian function and τ⊕ is the optical depth of terrestrial 
absorbers. Idisk is approximated by the Solar Pseudo- Transmittance 
Spectrum provided by TCCON network (66). τ⊕ is calculated using 
the high- resolution transmission (HITRAN) molecular absorption 
database for water absorption and the Python for Computational 
Atmospheric Spectroscopy code [Py4CAtS; (67, 68)]. We scale the 
water absorbance linearly during the fit using an additional fit pa-
rameter to account for airmass variations. We demonstrate the vari-
ous components of the least squares fitting approach in fig. S6. The 
derived parameters for the CryoNIRSP raster scans A and B are 
shown in Fig. 1 and fig. S1.

The coronal global model and forward line synthesis
Our initial interpretation of the observed polarized signals is based 
on forward- synthesized polarized intensities emergent from global 
magnetohydrodynamic models of the solar corona. Preliminary in-
vestigations with routinely produced model runs from the Predictive 
Sciences Inc. Magnetohydrodynamics Around a Sphere model (69), 
as well as AWSoM (52, 53) both yielded some favorable correspon-
dence with the data despite using traditional synoptic magnetograms 
as the bottom boundary. Using the AWSOM model, we perform fur-
ther refinement of the bottom boundary conditions for the analysis 
reported herein (70). AWSoM is a 3D magnetohydrodynamic model 
of the solar corona that is driven at the lower boundary by the 
observed photospheric magnetic field distribution and is self- 
consistently heated via low- frequency Alfvén wave turbulence. We 
refer the reader to the primary AWSoM reference papers for more 
information (52, 53). We adopt the NSO/GONG ADAPT magneto-
gram from 26 June 2023 for the bottom boundary, which assimilates 
data of the targeted active region 3 days after it was observed off- limb 
by CryoNIRSP. The magnetohydrodynamic equations are solved on 
a spherical block adaptive grid (71) extending from 1 to 24 R⊙. A 
total of 4,624,896 grid cells are used in this case. The highest angular 
grid resolution is 1.4° near the bottom boundary (≲1.1 R⊙), while the 
radial sampling occurs on a stretched grid. The mean radial cell size 

increases from 10−4 R⊙ at the bottom boundary, to 0.02 R⊙ at 
1.15 R⊙, to 0.86 R⊙ at 20 R⊙.

Using the 3D state variables from AWSoM, we calculate the po-
larized Stokes emissivities for the Fe+12 1074- nm line throughout 
the model domain using the Python package for Coronal Emission 
Line Polarization (32, 72). The logarithmic iron abundance relative 
to 1012 hydrogen atoms is set to 8.1 dex (73). The atomic data are 
sourced from the CHIANTI database V10.1 (74), but we truncate 
the number of atomic levels to the 200 lowest- energy states for 
numerical expediency. The reduced number of levels provides 
sufficient accuracy for our purposes (32). We also do not include 
macroscopic Doppler motions in these calculations. The full- Stokes 
emissivities ϵI,Q,U,V are calculated; however, only ϵI and ϵV are dis-
cussed here. ϵV includes the influences of atomic alignment that are 
not represented by the weak- field approximation of the Zeeman ef-
fect. In Fig. 1, however, we fit the synthesized Stokes V spectra pro-
files with the weak- field approximation to give a Gauss equivalent to 
the longitudinal circularly polarized amplitude in the same manner 
applied to the observations.

Supplementary Materials
This PDF file includes:
Figs. S1 to S6
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