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SPACE SCIENCES

The source of the major solar energetic particle events

from super active region 11944

David H. Brooks'* and Stephanie L. Yardley?

Shock waves associated with fast coronal mass ejections (CMEs) accelerate solar energetic particles (SEPs) in the
long duration, gradual events that pose hazards to crewed spaceflight and near-Earth technological assets, but
the source of the CME shock-accelerated plasma is still debated. Here, we use multi-messenger observations from
the Heliophysics System Observatory to identify plasma confined at the footpoints of the hot, core loops of active
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region 11944 as the source of major gradual SEP events in January 2014. We show that the elemental composition
signature detected spectroscopically at the footpoints explains the measurements made by particle counting
techniques near Earth. Our results localize the elemental fractionation process to the top of the chromosphere.
The plasma confined closest to that region, where the coronal magnetic field strength is high (a few hundred
Gauss), develops the SEP composition signature. This source material is continually released from magnetic con-

finement and accelerated as SEPs following M-, C-, and X-class flares.

INTRODUCTION

One of the central goals of heliophysics is to understand the origins
of solar activity and predict its impact on the terrestrial space envi-
ronment. We need to understand and characterize the processes that
form and heat the solar atmosphere and accelerate the solar wind
into the heliosphere. From a space weather perspective, we must eluci-
date the mechanisms that drive solar flares, coronal mass ejections
(CMEs), and solar energetic particles (SEPs). The recently launched
Parker Solar Probe (PSP) (1) and Solar Orbiter (2) missions will in-
vestigate the Sun from a closer vantage point than ever before [within
0.1 and 0.3 astronomical unit (AU)], allowing further insights into
these basic processes. Already the new measurements from PSP are
fundamentally altering long-held views. The discovery of magnetic
field reversals, dubbed “switchbacks” (3), raises questions about the
extent to which we can connect activity seen at Earth with dynamics
in the source regions on the Sun. For an operational space weather
predictive capability, we still need to understand what happens in
the near-Earth environment. Field reversals that we see close-in
where the probes operate are different than what we see at Earth (4).
The missions of the Heliophysics System Observatory are essential
tools to understand the whole Sun-Earth coupled system.

One important tracer of mass flow through the solar atmosphere
is the elemental abundance (plasma composition). A separation
(fractionation) of ions and neutrals takes place that preferentially
enhances elements that are easier to ionize [first ionization potential
(FIP) <10 eV] in the corona, solar wind, and SEPs. Elements such as
Fe, Ca, and Si are enhanced to varying degrees (usually factors of
2 to 4) compared to elements such as C, N, and O (5). This FIP ef-
fect is thought to operate in the chromosphere and is also wide-
spread on stars other than the Sun (6).

For solar wind and SEP connection studies, plasma composition is
central to linking the in situ data to solar sources. Several simple com-
parisons have been made in the past (7, 8), and more recently, back-
mapping and magnetic field extrapolations have been developed (9)
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and tested on composition data (10) to support the inner heliospheric
missions over the next several years. The plasma composition studies
have used measurements from the Hinode (11) Extreme-ultraviolet
(EUV) Imaging Spectrometer (EIS) (12) to track sources of the slow
solar wind interacting with the Advanced Composition Explorer
(ACE) observatory. To date, however, there have been no EIS studies
of the sources of SEPs or any investigation of what specific features
in a solar active region (AR) could be sources.

A key question is whether the coronal material that seeds the
SEP population during large, gradual events—those with high ion
fluxes and the greatest impact on near-Earth space infrastructure—
originates from the same source locations as the solar wind and is
simply shock-accelerated later by CMEs. In situ measurements of
SEP and solar wind abundances suggest otherwise. In particular, the
SEP/solar wind-to—photospheric abundance ratio pattern as a func-
tion of FIP is different, and the magnitude of the enhancement for
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Fig. 1. SDO/AIA 193 A image of AR 11944. Positive (white) and negative (black)
photospheric magnetic flux contours are overlaid with a saturation of £500 G.

10f10

T20Z ‘9T Yose uo /Bio Bewaousios saoueApe//:diy woly papeojumod


mailto:dhbrooks.work@gmail.com
http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

some element ratios is also different (13). Observations in situ sug-
gest that intermediate FIP elements such as S (the high FIP element
with the lowest FIP) behave differently on open and closed magnet-
ic field lines (13), making abundance ratios such as Si/S potentially
more useful diagnostics than others such as Fe/O. Currently, the
most developed model of the FIP effect suggests that the effect is a
result of the ponderomotive force, arising from the reflection/
refraction of magnetohydrodynamic (MHD) waves, acting on plas-
ma ions but not neutrals (6, 14). In this model, S is fractionated like
a high FIP element on closed magnetic fields and more like a low
FIP element on open fields. This is because the MHD waves can
achieve resonance on closed fields and that restricts fractionation to
the top of the chromosphere where H is beginning to ionize. S is not
fractionated in these conditions. In contrast, MHD waves on open
field do not achieve resonance and cause fractionation throughout
the chromosphere, and S can be fractionated lower down where H
is neutral (15). Essentially, this picture implies that there is more S
in the slow solar wind (and co-rotating interaction regions) than in
the magnetically closed corona or gradual SEPs.

Here, we report the likely sources of large, gradual SEP events
that occurred between 4 and 12 January 2014. We use Hinode/EIS
spectroscopic techniques, together with particle counting observa-
tions from the EPACT (Energetic Particles: Acceleration, Composi-
tion, and Transport) (16) instrument on the Wind spacecraft (17),
to match remote sensing and in situ measurements of the Si/S abun-
dance ratio between the solar corona and events detected at the L1
Lagrange point. We develop a picture of how the source material is
produced and evolves the SEP composition signature that is sup-
ported by current theoretical models and coronal magnetic field
strength measurements.

RESULTS AND DISCUSSION
We selected the January 2014 events to simplify the identification of
the sources. As we show below, the events are each associated with
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Fig. 2. SDO/AIA 193 A full Sun image showing AR 11944. This image was formed
at a temperature of ~1.6 MK. We have generated a PFSS extrapolation using GONG
synoptic data and overlaid some representative magnetic field lines in black.
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a solar flare that occurred in AR 11944, so we have a direct link to
the host AR without the need to model the magnetic connection.
The ACE observatory (18) recorded that the solar wind speed fell
below 500 km/s on January 5 and did not increase until January 12.
The bulk solar wind composition also increased from approximate-
ly photospheric values to enhanced factors of 3 to 4 during this
period (as measured by Fe/O ratios). These speeds and abundance
ratios are typical of the slow solar wind. AR 11944 was the domi-
nant feature on disk during this time and produced several major
(M- and X-class) flares. It was a magnetically complex (Byd/F-type)
region, and we show a full disk image taken by the Solar Dynamics
Observatory (SDO) (19) Atmospheric Imaging Assembly (AIA)
(20) on January 7 in Fig. 1. We also overlay a potential field source
surface (PFSS) extrapolation constructed using the Global Oscilla-
tion Network Group (GONG) synoptic data. The PFSS approach, of
course, has limitations, especially when applied to a complex and
flaring AR. Here, we mainly use the extrapolation to show the large-
scale magnetic configuration and connectivity of AR 11944, where
PFSS models have been relatively successful (21). We have verified
that the large-scale structure does not change significantly during the time
period of our observations, despite smaller-scale disruptions due to
flaring. Note that the extrapolation reveals apparent open flux to the
solar East side of the trailing negative magnetic polarity (Fig. 2).
We show the solar x-ray flux evolution from 4th to 9th January
in Fig. 3. The data are from GOES-15 (Geostationary Operational
Environmental Satellites 15) (22). The important flares that gener-
ated the SEP events we study are the M4.0, C2.6, and X1.2 events that
began around 19:00 UT on the 4th, 9:30 UT on the 6th, and 18:00
UT on the 7th, respectively. Within half an hour, each of these flares
launched a CME with speeds in the range of 960 to 1800 km/s (23).
The CMEs shock accelerate the ambient coronal plasma that has been
continually produced in the AR from, as yet, unidentified sources.
Figure 4 shows that the SEP events were detected by Wind, and
we also highlight the times of the associated flares. We see that the
particle flux increases almost immediately after the three flares and
stays high, in the Si 3.2- to 4.9-MeV channels, for at least a day in all
cases. These are classified as gradual events because of the CME asso-
ciation and long (day time scale) duration of high-energy (above tens
of megaelectron volts) particles. The fast development of the SEPs
at Wind suggests that they were near-Sun CME accelerated shocks

GOES x-ray flux

1072
M4.0 — 0.5-4.0R&
. 2.6 — 1.0-8.04
10 X1.2
1074 X

o \/\‘\WJ\WN\M M

Watts m—2

._.

2
&

3

=

Q
4

@

,_.

2
3

>

-9
1004 Jan

05 Jan 06 Jan 07 Jan 08 Jan

Date

Fig. 3. GOES x-ray flux in the 0.5- to 4.0-A (blue) and 1.0- to 8.0-A (red) chan-
nels. The M4.0, C2.6, and X1.2 flares are marked by the vertical dashed lines. The
shaded areas cover the start and stop times of the flares.

20f10

T20Z ‘9T Yose uo /Bio Bewaousios saoueApe//:diy woly papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

»I.I T I.I T I.l

— Si3.2-4.0 MeVh
— Si 4.0-4.9 MeVh
— S 3.2-5.0 MeVn

T TTTTT
| IIIIIII|

|
o

-
o

| IIII||.L|

|
&
—
———

=
=
o

Intensity (cm™®s™ sr'MeV ' nuc.)
] =
L

o
S
|

-5
1%4 Jan 06 Jan 08 Jan

Date

10 Jan

Fig. 4. Si and S intensities measured in three energy channels by EPACT/LEMT
between 4 and 12 January 2014. The flares shown in Fig.3 are marked by the
vertical dashed lines, and the shaded areas cover the flare start and stop times. The
three gradual SEP events on the 4th, 6th, and 8th appear shortly after each flare.
We show the time periods of the EIS observations with the three black bars.

(24), and magnetic reconnection in the train of consecutive flares (see
Fig. 3) is possibly the way that the required population of seed parti-
cles is produced that are then injected into the acceleration process
(25). We see increasing variability in the intensities in Fig. 4, over sev-
eral orders of magnitude, which could also be an indication of a grow-
ing availability of suprathermal particles following each flare (26).

Because of the low abundance of S, however, Wind does not de-
tect a measurable signal in the 3.2- to 5.0-MeV channel for the first
event, but the signal is strong after the C2.6 flare and has increased
by an order of magnitude. It increases by more than two orders of
magnitude after the X1.2 flare, so we are able to obtain the evolution
of the Si/S abundance ratio for the second and third SEP events (see
Materials and Methods). We show this ratio in Fig. 5. Note that the
uncertainties in the event averages for the Si/S abundance ratio are
very low: <10% for the first and second event and <1% for the third
event. The hourly data have higher uncertainties with a mean value
of ~25%.

The Si/S SEP abundance ratio shows a range of values but is al-
most always elevated above photospheric levels throughout both
the measured events. The event averages are close to 2.0, which is
typical of SEP abundances (13), and is at the high end of daily aver-
aged values recorded in the bulk solar wind by ACE during the pre-
vious solar cycle 23, which generally fall in the range of 1 to 2 (27).
Much higher Si/S ratios are seen periodically during these events,
reaching values of 4 to 5 at times. We explore where the plasma that
has abundances enhanced to these levels originates from using the
EIS data.

Hinode/EIS tracked AR 11944 from 4th to 16th January mostly
in flare observations mode. Because of telemetry constraints, only a
subset of the EIS wavelength range is downloaded when attempting
to catch flares, but several more detailed diagnostic scans were also
run during the period when the SEP events occurred. The details of
these observing sequences and the data reduction and analysis tech-
niques (Doppler velocity and composition maps) are given in Mate-
rials and Methods. To provide further context for the composition
measurements from these observations, we show several AIA imag-
es in Fig. 6. The figure shows the same field of view (FOV) as in
Fig. 1, and the images show the structure of the AR at ~0.9, 2.8, and
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Fig. 5. Si/S abundance (SEP/photospheric) ratio (blue) measured by EPACT/
LEMT between 4 and 12 January 2014. The data are an average of the 3.2 to
4.0 MeV/n and 4.0 to 4.9 MeV/n channels shown in Fig.4 normalized to the solar photo-
spheric abundance ratio. The vertical red/pink color bars are markers for compari-
son with the three EIS observations shown in Fig. 7. These EIS observations were
made during the time intervals 09:48 to 11:52 UT on January 5, 10:21 to 12:25 UT on
January 6, and 09:57 to 12:01 UT on January 8. The color bars are drawn on the plot
to cover these time periods. The pink section of these shaded areas corresponds to
the EPACT/LEMT event average for the SEP episodes that occurred closest to each
EIS observation. For example, because the S data are weak on January 5, no com-
position ratio measurement is possible for the event on that date. In this case, we
show the EPACT/LEMT data for the second event, because it is closest to the first
EIS observation. The second and third color bars, corresponding to the second and
third EIS observations, respectively, show EPACT/LEMT data for the second and
third events. The red sections of these shaded areas show the higher range of val-
ues up to the maximum measured by EPACT/LEMT for the same events. For
cross-reference, we have overlaid the same vertical dashed lines and shaded areas
that cover the flare start and stop times from Fig. 4.

10 Jan 12 Jan

7.1 MK. Bright “moss” emission (28, 29) is clearly visible in the AR
core in the 171-A image, with high-lying loop arcades connecting to
AR 11946 to the North and AR 11943 to the solar West. Fan struc-
tures also extend from the East side, where the PFSS extrapolation
suggests that the magnetic field is open (Fig. 2). It appears that even
the major flares that occurred did not drastically change the large-
scale magnetic topology created by the interaction of the three ARs.
Note the similarity between the AIA 193-A image in Fig. 1 and the
171-A image in Fig. 6. These two images were taken 18 hours before
and 17 hours after the X1.2 flare at 18:00 UT on the 7th. The higher
temperature ATA 94-A channel is dominated by Fe XVIII in ARs,
but there are also contributions from lower temperature emission
lines (30). We have isolated the Fe XVIII component using a tech-
nique that estimates the amount of lower temperature emission
from a combination of simultaneous ATA 171-A and 193-A images
(31). The extracted Fe XVIII image shows that hot loops dominate
the emission in the core of the AR above the moss.

Figure 7 shows data from the three EIS scans we used for the
composition analysis. An FOV of 240 by 512" was scanned using
the 1" slit. The first two scans captured both AR 11944 and 11946 in
the same FOV, but the third one was targeted ~240 " south into the
core of AR 11944. We show the FOVs of the EIS scans in Fig. 6.
Figure 7 shows intensity and relative Doppler velocity maps ob-
tained from the Fe XII 195.119-A spectral line formed at the same
temperature as the AIA 193-A images. We have overlaid contours
from the Si/S composition maps in red and pink. The contours were
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Fe XVIII 94 A

Fig. 6. Context SDO images showing the EIS FOV. SDO/AIA 171-, 335-, and 94-A and Fe XVIIl 94-A images showing AR 11944 for the same FOV as Fig. 1. The 171- and
335-A images are formed at temperatures of ~0.9 and ~2.8 MK, while the 94-A images are formed at ~7.1 MK. We isolated the Fe XVIIl component from the AIA 94-A
image as described in the text. The images were taken at 11:00 UT on January 8, which is close to the time that EIS had reached the center of its scan on that date. The EIS
FOV for January 8 is shown by the solid box outline. We have rotated the FOVs for the EIS scans on January 5 and 6 to the time of the 171-A image, and we show the

approximate location with the dotted box outline.
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Fig. 7. Hinode/EIS spectroscopic diagnostic maps of AR 11944. The blue images are Fe XIl 195.119-A intensity maps. The dark blue/red images are Doppler velocity
maps. Blue/red indicates plasma flowing toward/away from the observer. The color bar shows the range of velocities in the images. Contours overlaid on the intensity
maps show concentrations of plasma composition within the ranges shown in Fig. 5, i.e., the pink and red contours correspond to the values of the pink and red color bars
in that figure. The small black boxes show the locations where we measured the coronal magnetic field strength.

constructed from EIS composition maps, and these are noisy. We
reduced the noise using a Gaussian filter with a full width at half
maximum (FWHM) of 6 pixels and only show contours with lengths
larger than 25 pixels. In this way, we isolate coherent, recognizable
features with a strong signal. Uncontoured areas in the figure either
are too noisy or have too weak signals to make accurate measure-
ments. For example, the strong blue-shifted region on the fifth is
positioned above a sunspot. The emission from this region is too weak
in the critical S X 264.223-A line. The contours also correspond
to the values in the color bars of Fig. 5. Pink shows where in the
AR that EIS measures Si/S abundance ratios that correspond to
the SEP event averages. We show a range in the color bars of Fig. 5,
rather than single values, to take account of the uncertainty in the
EIS composition measurements. These are dominated by the in-
strument calibration and are ~30%. Red shows where in the
AR that EIS measures Si/S abundance ratios corresponding to the
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higher values measured in the SEP events (red range in color bars
of Fig. 5).

It is clear that the host AR produces plasma with a composition
that can explain that measured in situ by Wind. To be precise, the
contoured regions in red and pink show Si/S abundance ratios that
cover the full range of values detected by Wind.

The red contours mostly surround the bright moss emission in
the AR core. Moss corresponds to the footpoints of high tempera-
ture (~4 MK) loops (32). It means that plasma with the highest Si/S
abundance ratios, a signature that is detected by Wind in the SEP
events, is produced at the footpoints of the highest temperature
loops in the AR.

High Si/S abundance ratios have been reported at the footpoints
of coronal loops before in an anemone AR emerging in a coronal
hole (33), but these were significantly lower values than we find here
(~2), and the AR did not produce any major SEP events (34). Still,
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Table 1. Fe X line intensities Units of erg cm™2s™" sr".
5January 2014 6 January 2014 8 January 2014
A (A) South North West East West East
174.532 59524+876 34160+678 47528+847 44768+764 58079+830 53909+907
175.263 15238+449 9462+385 11170+402 12827+440 14326+434 15005+466
184536 14254+95 7032+63 11307+88 10422+82 12691+91 12159+102
257262 10460+31 4855+19 8928+27 7087+24 9342+27 8629+28
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Fig. 8. Coronal magnetic field strength measurements for the boxed regions in Fig. 7. (A) Fe X 175.263/174.532 density-sensitive ratio (solid line) with the measured
values overlaid (blue dots). (B) The theoretical r(E1M2/184) (solid), r(M2/184) (dotted), and r(E1/184) (dashed) ratios as a function of electron density, with the measured
values overlaid (blue, sky blue, and pink dots, respectively). (C) MIT/M2 intensity as a function of magnetic field strength (solid line), with the values measured using Eq. 2

/MmMz

overlaid as blue dots. (D) ratio as a function of the magnetic field strength (solid line) for a density of log (n/cm™ 3) =9.5, with the values measured using Eq. 3 overlaid

as blue dots.

it raises the question as to whether this is a common feature of ARs.
In addition, this previous work already suggested that higher abundance
ratios might be produced closer to the region where the FIP effect
operates, i.e., somewhere in the chromosphere. Our understanding
of how the FIP effect operates has advanced more recently. As dis-
cussed, in the ponderomotive force model, an enhancement of the
Si/S abundance ratio can arise if the FIP effect operates at the top of
the chromosphere. Our observations favor this scenario.

The closed field of the hottest loops in an AR is anchored in the
core where the photospheric magnetic field is strong. The highest
photospheric magnetic field strength ever observed (8.2 kG) was
measured in a light bridge that formed in the sunspot adjacent to the
moss region in AR 11944 on the next solar rotation (35, 36). Typi-
cally, the coronal magnetic field strength is lower, but an unusually
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strong coronal field could explain why the Si/S abundance ratio can
reach values as high as 5 in this AR.

The coronal magnetic field strength is, of course, difficult to mea-
sure. Very recently, the capability to map the plane-of-sky component
of the coronal magnetic field strength outside the solar disk, in stable
conditions, using MHD wave density measurements, was demonstrated
(37). The oft-limb field strengths were measured as 1 to 4 G. With an
AR positioned on the limb, this technique could be used to investigate
the core magnetic field strength, but not during eruptive events, and
line-of-sight superposition would make measurements in specific fea-
tures difficult. Even more recently, a technique to measure the coronal
magnetic field strength from the branching ratio of a specific magneti-
cally induced transition (MIT) to a magnetic quadrupole (M2) transi-
tion in Fe X was developed (38, 39). In what will likely be a landmark
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paper, the method was demonstrated to work on EIS data, which opens
up access to a complete solar cycle archive of observations (40).

Following these demonstrations, we apply the new EIS method here
to a specific physical problem and measure the coronal field strength
in the hot loop footpoints that we have identified as the likeliest SEP
sources. We describe the details of the technique in Materials and
Methods. A critical issue is that the method uses the Fe X 174.53-
and 175.263-A spectral lines to initially measure the electron density,
and the 175.263-A line is often weak. With the data at hand—the ex-
posure time of the spectra we used to make the measurement is
30 s—we were only able to analyze the brightest footpoint regions. To
further ensure that there was enough signal for an accurate measure-
ment, we averaged the spectra in the black boxed regions shown within
the red contours in Fig. 7. These boxes are 90 arc sec’ (47.3 Mm?).
We find values in the range of 245 to 550 G. Currently, this technique
has uncertainties on the order of 60 to 70% (40), but it is clear that the
confining field strength is on the order of hundreds of Gauss.

Our observations also show that other areas in the AR (pink con-
tours in Fig. 7) can supply plasma with lower (but dominant) Si/S
abundance enhancements (around the event averages of ~2). These
appear to encompass regions where the highest enhancements (red
contours in Fig. 7) are more scattered, such as loop footpoints away
from the AR core (left of Fig. 7). They converge around the edges of
the moss regions at the hot core loop footpoints. This is where the
magnetic field is changing and emission is more variable (41, 42)
and is also closer to the blue-shifted upflow regions in our velocity
maps. It seems that the material that is registered in situ in the SEP
events is a combination of plasma that can more directly escape on
open or opening field and plasma that requires another agent such
as interchange reconnection or a flare/CME shock. The hot loop
footpoints develop a high Si/S abundance ratio because the plasma
is confined by strong magnetic field close to the elemental fraction-
ation region. This source appears different from that of the slow
solar wind only in the sense that it was formed in special conditions
within the AR core loops, but other locations that potentially seed
the gradual SEP population are producing plasma that is also escap-
ing from around the same loop footpoints, and these intuitively
should form part of the solar wind. A critical measurement would
be to determine whether abundance ratios can reach the high values
reported here in situ in the solar wind on hourly time scales, al-
though this is difficult to do with S because of its low abundance. If
that were possible, it would imply no difference between the (slow)
solar wind and the coronal plasma that later becomes SEPs.

MATERIALS AND METHODS

Instrument data processing and magnetic field model

We used observations from SDO/AIA, SDO/HMI (Helioseismic and
Magnetic Imager) (43), the GONG Network, GOES, Wind/EPACT,
and Hinode/EIS in this article. The 193-A AIA images and HMI
line-of-sight magnetogram are level 1 data products that were ob-
tained from the JSOC (Joint Science Operations Center) online cut-
out service at Stanford University. SDO/AIA provides full-disk
images of the solar atmosphere in 10 different wavelengths with a
pixel size of 0.6 and a cadence of 12 s. HMI observes the full-disk
surface magnetic field at 6173 A with a pixel size of 0. 5 ~and a ca-
dence of 45 s. Both have a spatial resolution of around 1”. We used
the SunPy software package (44) in Python to create a composite
map of the two data products.

Brooks and Yardley, Sci. Adv. 2021; 7 : eabf0068 3 March 2021

The GONG magnetogram synoptic map used to construct the
PESS extrapolation was downloaded directly from the National Solar
Observatory’s (NSO) GONG data archive. GONG is a network of
six ground-based telescopes that monitor the Sun 24 hours a day.
GONG provides fully calibrated, full-disk, 2.5  pixel photospheric
magnetic field images of the Sun every minute. The synoptic map
we used was last updated at 23:54 UT on January 6—close to the
time of the ATA image used in Fig. 2. A total of 6512 magnetograms
were used to construct the map. These images have been averaged,
and the annual periodic modulation in the polar regions has been
corrected for. The images are then remapped into longitude and
sine (latitude), and the line-of-sight component is converted into
flux density by assuming a radial field at the photosphere. The syn-
optic maps therefore provide the radial component of the photo-
spheric magnetic field that is used by the PFSS model to obtain the
extrapolated magnetic field. We used pfsspy (45, 46) to compute the
PFSS model of the magnetic field in spherical coordinates using a
10 x 10 footpoint grid to trace the field lines and a source surface
radius of 2.5Rg. We subtract the mean radial field to ensure that the
solenoidal condition is satisfied. We also used the SunPy software
package to overplot the traced magnetic field lines on the ATA image.

The GOES is a series of satellites that carry an x-ray sensor that
observes solar flux in two broadband channels: 0.5 to 4 A and 1 to
8 A integrated across the full disk. We downloaded the GOES data
directly from NASA by using the Federated Internet Data Obtainer
(FIDO) search and retrieval tool in Python. The timing, duration,
and GOES class of the solar flares were taken from the Heliospheric
Event Knowledge catalog.

We obtained the Wind/EPACT Si time series of intensities from the
Coordinated Data Analysis Web at the NASA/Goddard Space Flight
Center. These are hourly datasets from the Low Energy Matrix Tele-
scope (LEMT) that are provided for several energetic particle ranges.
We only used two energy channels in this work: 3.2 to 4.0 MeV per nu-
cleon and 4.0 to 4.9 MeV per nucleon. Because of its lower abundance,
hourly measurements for S are more challenging and are not provided
online. We obtained the S intensities and also Si/S event averages for the
SEPs we studied in this article directly from the EPACT team.

Hinode/EIS is a moderate spatial resolution (~3") EUV imaging
spectrometer that observes in two wavelength bands covering 171 to
212 A and 245 to 291 A. Observers can choose from four slit width
options (1',2",40, and 266 ) using a slit exchange mechanism. The
best spectral resolution is 22 mA. We obtained the EIS data directly
from the Data ARchive and Transition System (DARTS) at the JAXA
(Japan Aerospace Exploration Agency) Institute of Space and Astro-
nautical Science (ISAS). We used the SolarSoftware IDL procedure
eis_prep to reduce the data for analysis. This code takes account of
pixels affected by electrical charge, dust, and hits from cosmic rays. It
also removes the charge-coupled device (CCD) dark current pedestal.

We used two different EIS observing sequences for our analysis.
For the plasma composition measurements, we used scans of AR
11944 with the 1" slit covering an FOV of 240" by 512" in coarse 2"
steps. The exposure time was 60 s, and 25-wavelength windows
were telemetered to ground. This sequence contains all the spectral
lines we need for the composition analysis (see below) but does not
include the critical lines needed for coronal magnetic field measure-
ments. For that analysis, we used a second observing sequence that
takes the full spectral range of the CCD. In this case, the 2 slit was
used to cover an FOV of 120" by 160, also in coarse 2 steps. The
exposure time was 30 s.
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EIS Doppler velocity measurements

Temperature variations around the Hinode orbit lead to changes
in the thermal environment of the EIS instrument. One consequence
is that the spectrum moves across the face of the CCD, and this
variation needs corrected before analysis. An artificial neural net-
work model of this orbital variation was developed early in the
mission (47), and we use this as a first step for our velocity cali-
bration. The EIS grating is also slightly tilted, and there is a spa-
tial offset between the short- and long-wavelength CCDs. These
are also corrected by the neural network model, and the final
uncertainties in measured velocities (from Gaussian fitting) are
about 4.5 km/s.

No absolute wavelength calibration is possible for EIS, so we
need to establish a reference wavelength when computing velocities
from measured spectral line centroids. We used the strong Fe XII
195.119-A spectral line for this purpose. Fe XII 195.119 A is blended
with a weak density-sensitive component at 195.179 A. We used a
double Gaussian function to extract the information for the main
component. Properly then, the maps we show are of relative Dop-
pler velocities. Ideally, the FOV of the observations would capture a
large area of quiet Sun, and we would use this to obtain a reference
wavelength. Our observations, however, are pointed at the core of
the AR, so this is not possible. Instead, we simply average the fitted
Fe XII 195.119-A line centroids over the upper 160 pixels for the
observations on January 5 and 6, and the whole FOV on January 8.
Furthermore, there is often a residual orbital variation of the spec-
tral line centroid across the FOV even after the velocity calibration
procedure. This is an indication that the standard neural network
model is not accurately representing more recent data, so we cor-
rected this residual effect using custom software we have devel-
oped (48).

Fortunately, the absolute magnitudes of the Doppler velocities
are not central to this work. We only use the velocity maps to
identify locations of blue-shifted upflows close to the likely SEP
sources.

EIS plasma composition measurements

EIS Si X 258.375-A and S X 264.223-A observations have been used
to measure the Si/S abundance ratio for a decade, and the tech-
niques are now well established (7). Here, we compute abundance
ratio maps (overlaid as contours in Fig. 7) using the method we de-
veloped for mapping sources of the slow solar wind (8). First, be-
cause the Si X 258.375/S X 264.223 intensity ratio is sensitive to
electron temperature and density, we measure these plasma proper-
ties using other Fe spectral lines available in our datasets. We mea-
sure the electron density using the Fe XIII 202.044/203.826 ratio.
Then, we use that density to compute contribution functions, under
the assumption of ionization equilibrium, for a selection of Fe lines
that span the 0.52- to 5.5-MK temperature range. Specifically, we
use the following list of Fe lines (with quiet Sun peak formation
temperatures shown in parenthesis): Fe VIII 185.213 A (0.52 MK),
Fe VIII 186.601 A (0.52 MK), Fe IX 188.497 A (0.87 MK), Fe IX
197.862 A (0.91 MK), Fe X 184.536 A (1.15 MK), Fe XI 188.216 A
(1.38 MK), Fe XI1192.394 A (1.58 MK), Fe XI1195.119 A (1.58 MK),
Fe XIII 202.044 A (1.74 MK), Fe XIII 203.826 A (1.74 MK), Fe XIV
264.787 A (2.00 MK), Fe XIV 270.519 A (2.00 MK), Fe XV 284.160 A
(2.19 MK), Fe XV1262.984 A (2.75 MK), and Fe XVI1 254.870 A (5.50 MK).
For reference, Si X 258.375 A and S X 264.223 A are formed at 1.38
and 1.51 MK, respectively.
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Next, we compute the temperature distribution [emission mea-
sure (EM)] of the plasma by inverting the well-known equation for
the spectral line intensities, i.e.

I = Alo(T)G(T,n)dT (1)

where G(T, n) is the contribution function, dependent on tempera-
ture, T, and density, n; ¢(T)dT is the EM; A is the elemental abun-
dance; and I is the resultant intensity for a specific atomic transition.
The contribution functions include all the relevant atomic transi-
tion processes needed to establish the population structure of the
particular ion (spontaneous radiative decay, electron collisional ex-
citation/deexcitation, and ionization/recombination). For all the
atomic calculations, including the ionization equilibrium, we use
the CHIANTI database (49-51).

The EM distribution is constructed using the Markov-Chain
Monte Carlo (MCMC) software in the PINTofALE package (52, 53).
We perform 100 MCMC simulations to find the EM distribution
that best reproduces the observed line intensities. Once the tem-
perature distribution has been found, we adjust it to reproduce the
observed Si X 258.375-A intensity while ensuring that this scaling
does not exceed ~40%. Thus, the shape of the temperature distribu-
tion is derived from the Fe lines, but the magnitude is determined
by the Siline. We use an updated version of the EIS absolute calibra-
tion for this work (54). Assuming photospheric abundances (55),
the ratio between the predicted and observed S X 264.223-A inten-
sity gives us the Si/S abundance ratio. To make the composition
maps, we followed this procedure for every pixel in the EIS FOV
(9600 to 61440 pixels for the two observing sequences).

Our methodology accounts for the temperature and density sen-
sitivity of the Si/S intensity ratio and any uncertainty in the Fe/Si
abundance (or small differences in fractionation levels). There are,
however, several other factors that contribute to uncertainties in the
measurements. There are generic factors in that we rely on accurate
atomic data for all the spectral lines, and we assume that the as-
sumptions we make to calculate the EM are reasonable. In a sense,
these uncertainties are coupled: A violation of ionization equilibri-
um, for example, leads to systematic errors in the G(T,n) functions.
We expect that these types of errors would become apparent as sys-
tematic differences between observed and calculated intensities. In
more practical terms, the EIS instrument calibration has associated
uncertainties of 23% (56) and has been evolving over time (54, 57).
Tests show that our method is robust to substantial calibration er-
rors (8), but this is the largest source of error in the current study
and leads to ~30% accuracy in the EIS composition measurements.

EIS coronal magnetic field measurements
The ability to directly measure the coronal magnetic field strength
from EIS observations arises from the helpful peculiarities of the
35’3p*3d *D term of Fe X. The fine-structure splitting energy be-
tween the 4D7/2 and 4D5/2 levels along the Cl-like isoelectronic se-
quence reaches a minimum close to the nuclear charge of Fe. The
near degeneracy of these levels allows the 2production of an MIT
from the 4D7/2 level to the ground state (3s 3p5 2P‘3’/2) in the pres-
ence of an external magnetic field. The theoretical basis of these
characteristics is described elsewhere (38), and a schematic diagram
showing the relevant transitions is also available [Fig. 1 (39)].
Because the energy separation between these levels is so small,
it is not possible with current spectrometers to resolve the MIT
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transition from either the M2 magnetic quadrupole forbidden tran-
sition to the ground state from the same upper level, or the E1 electric
dipole transition to the ground from the 4D5/2 level. All of these tran-
sitions produce spectral lines close to 257.262 A. We can, under
certain conditions, however, model the spectral line intensity of this
feature in a magnetic field-free environment and infer the inten-
sity of the MIT. This can then be compared to the M2 intensity to
determine the magnetic field strength because the MIT/M2 inten-
sity ratio has a quadratic dependence on the external field strength.
This is the idea behind recent work, and we follow the same method
here (39, 40).

First, we inferred the intensity of the MIT transition, Iyir, by mea-
suring the excess emission in the Fe X 257.262-A spectral line. This
was achieved by modeling the field-free intensity of the combined E1
and M2 transitions, Iz, using the Fe X 184.536-A spectral line. We
calculated the theoretical ratio, 7(E1M2/184), for the measured elec-
tron density using the CHIANTTI atomic database and used the ob-
served Fe X 184.536-A intensity, I;s4, to model the expected value for
Fe X 257.262 A. Subtracting the calculated intensity from the ob-
served one, L5, gave the excess emission. The electron density was
determined using the Fe X 174.532/175.263 diagnostic ratio.

Second, we inferred the intensity of the M2 transition, Iy;,. This
was achieved by calculating the theoretical ratio with Fe X 184.536 A,
r(M2/184), using the measured electron density and using the ob-
served intensity to model the expected value for the M2 component
of Fe X 257.262 A.

The procedure is summarized as

_ 1257 - (1184 X T(E1M2/184))
harr/Ivz = Trss X r(M2/184) 2

Table 1 provides the observed intensities for all the spectral lines
we used for these measurements in all of the boxed regions in Fig. 7.
We also show the theoretical Fe X 174.532/175.263 ratio depen-
dence on density in Fig. 8A. For the regions we analyzed, densities
fall in the range of log (n/cm™) = 9.5 t0 9.7. Figure 8B also shows the
theoretical #(E1M2/184), r(M2/184), and r(E1/184) ratios as a func-
tion of electron density, with the values inferred from the measured
densities overlaid.

Last, we compared the Iyyr/IM; ratio to the theoretical branching
ratio (38, 40) to derive the magnetic field strength. We also show the
relationship between the magnetic field strength and the Ivyr/Inmz
ratio in Fig. 8C. We find values in the range of 245 to 290 G.

There are considerable uncertainties associated with this tech-
nique (40). In addition to the usual uncertainties arising from the
plasma electron density measurements and the quality of the atom-
ic data, the accuracy of the probability (Einstein coefficient) of the
MIT transition depends critically on determining the energy sepa-
ration between the “Ds/, and *Dy, levels. This is difficult simply
because it is only a few milliangstroms and the EIS spectral resolu-
tion is much larger (22 mA). The value we use here was determined
independently to be 2.29 0.5 cm™', i.e, with an uncertainty of
~20% (58). The largest uncertainty is, however, the EIS photomet-
ric calibration, both between the short- and long-wavelength detec-
tors and also the evolution of the sensitivity with time. For consistency,
we use the same calibration as we used for our plasma composi-
tion measurements (54). Considering all these factors and from a
propagation of error analysis, the total uncertainty is estimated to
be ~70% (40).
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A separate issue is that as the magnetic field strength increases
above ~200 G, the MIT transition affects the *D;/, level population,
and thus, the M2 transition becomes indirectly dependent on the
magnetic field strength. In these conditions, we can use an alterna-
tive method that involves calculating the r(E1/184) ratio to subtract
the E1 intensity contribution from the Fe X 257.262-A line intensi-
ty. We can then model the combined M1 and MIT intensity, again
using the Fe X 184.536-A line, as a function of the magnetic field
(40), i.e.

Ivrremz _ Jas7 — (Tiga X 1(E1/184)) 3)
T4 Iigq

Because this involves one less intensity ratio in the calculation,
the uncertainty is ~60%.

We show the r(E1/184) theoretical ratio as a function of electron
density in Fig. 8B, with the values inferred from the measured elec-
tron density again overlaid. We also show the theoretical % ratio
as a function of the magnetic field strength in Fig. 8D, calculated at
the representative density of log (n/cm™>) = 9.5. Using this tech-
nique, we find values in the range of 325 to 550 G. Although some-
what stronger, given the quoted uncertainties, our measurements
using Eq. 3 are consistent with the field strengths we estimated us-
ing Eq. 2. Unfortunately, the range of sensitivity of this ratio to the
magnetic field strength is less than the technique for weaker fields,
and one of our measurements is slightly above the limit of the diag-
nostic capability of this method, although this would suggest even
stronger magnetic fields. All of these results point toward field
strengths on the order of a few hundred Gauss in all the regions.
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