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ABSTRACT

In this multi-instrument paper, we search for evidence of sustained magnetic reconnection far beyond

the impulsive phase of the X8.2-class solar flare on 2017 September 10. Using Hinode/EIS, CoMP,

SDO/AIA, K-Cor, Hinode/XRT, RHESSI, and IRIS, we study the late-stage evolution of the flare

dynamics and topology, comparing signatures of reconnection with those expected from the standard

solar flare model. Examining previously unpublished EIS data, we present the evolution of non-thermal
velocity and temperature within the famous plasma sheet structure, for the first four hours of the flare’s

duration. On even longer time scales, we use Differential Emission Measures and polarization data

to study the longevity of the flare’s plasma sheet and cusp structure, discovering that the plasma

sheet is still visible in CoMP linear polarization observations on 2017 September 11, long after its last
appearance in EUV. We deduce that magnetic reconnection of some form is still ongoing at this time

– 27 hours after flare onset.
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1. INTRODUCTION

Solar flares are a key form of energy release in the
corona, as free energy stored in coronal magnetic fields

converts into kinetic, thermal, and electromagnetic en-

ergy through the process of magnetic reconnection.

Powered by the inflow of plasma with oppositely ori-

entated magnetic field components, magnetic reconnec-
tion is in essence a dynamic change in magnetic topol-

ogy to a lower energy configuration. In the standard

CSHKP solar flare model (Carmichael 1964; Sturrock

1968; Hirayama 1974; Kopp & Pneuman 1976), recon-
nection is believed to power the impulsive phases of

flares, typically lasting a few minutes to an hour. There

has, however, been evidence to suggest that magnetic

reconnection within flares can persist for much longer

than this, with energy release timescales of tens of hours
(Bruzek 1964), albeit at a more gradual rate than during

the impulsive phase.

2017 September 10 saw the eruption of an X8.2-class

flare on the western solar limb. Multiple aspects of
this flare have been studied, in particular the long-lived

plasma sheet structure, which rose above the solar limb

behind the erupting coronal mass ejection (CME), where
it remained for several hours. Due to high temperatures

and enhanced line widths in the region (Warren et al.

2018), the plasma sheet has been interpreted as hot,

turbulent plasma, enclosing the current sheet at the site

of magnetic reconnection. Due to the unique edge-on
perspective of the eruption, and its visually striking sim-

ilarities to the standard CSHKP 2D solar flare model,

this particular plasma sheet has prompted many studies

of the nature of reconnection and flare energy releases.
Additionally, Chen et al. (2020) found that the 2017

September 10 event fits the 3D models of eruptive flares

(Aulanier et al. 2012, 2013; Janvier et al. 2013, 2014),

finding that the plasma sheet is sitting above the un-

derlying arcade along (and arching over) the east-west
inversion line in the line-of-sight (LOS). The plasma

sheet extends to lower altitudes in the foreground, and

is briefly visible above the continuation of the arcade in

the north-south direction (at the footpoints of the erupt-
ing flux rope), to the south of the primary flare arcade

(Cai et al. 2019).
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Observations of the impulsive phase of the flare have

been thoroughly explored. Multiple studies have re-

vealed evidence for turbulence or tearing mode in-

stabilities within the plasma sheet, such as unusually
high emission line widths, and associated non-thermal

velocities, which Warren et al. (2018) interpreted as

reconnection-induced turbulence and outflows. Quasi-

periodic pulsations have been reported (Longcope et al.

2018; Cheng et al. 2018; Hayes et al. 2019), along with
small-scale velocity fluctuations consistent with turbu-

lent plasmoid fragmentation (Cheng et al. 2018). Most

of these observations occurred within forty minutes of

flare onset. Reconnection outflows along the plasma
sheet during the post-impulsive phase of this flare are

explored in Yu et al. (2020).

French et al. (2019) provided further evidence to sug-

gest the presence of reconnection-induced instabilities,

based upon Coronal Multi-channel Polarimeter (CoMP)
spectropolarimetric data from coronal forbidden Fe XIII

lines. In spite of the strikingly laminar appearance of the

plasma sheet in unpolarized measurements (e.g. from

AIA), the amplitude of linearly polarized light was found
to be anomalously small along the sheet. In a process

of elimination, the authors concluded that the magnetic

field could not be laminar, and instead must contain un-

resolved structure on sub-pixel scales. Given theoretical

work on plasmoid formation during reconnection, these
data were interpreted by French et al. (2019) as evidence

for the presence of instabilities within the reconnecting

plasma sheet. These CoMP measurements took place 4

hours after the flare onset, long beyond the impulsive
phase of the event. The plasma sheet is still clearly visi-

ble in extreme ultraviolet (EUV) images at this time,

(similar to the duration of previously observed EUV

plasma sheets, Savage et al. 2010; Seaton et al. 2017).

The presence of sustained reconnection and instabilities
within the plasma sheet at this point in the flare’s evolu-

tion suggests that the reconnection process plays a role

throughout the entire dynamic evolution of the flare,

and not just during the impulsive phase.
In this study, we provide additional evidence for sus-

tained fast reconnection late in the flare’s evolution, by

examining plasma kinematics associated with the stan-

dard flare model, beyond the impulsive phase of the

event. These features include Doppler velocities, hard
X-ray (HXR) sources, and flare loop growth. We also

track the evolution of non-thermal velocity at the base of

the plasma sheet, supporting the interpretation from the

2017 September 10 CoMP data that the low polarization
signature is likely a result of internal magnetic structure

expected from the presence of small-scale plasma insta-

bilities. On even longer timescales, we examine 2017

September 11 CoMP observations, showing that mag-

netic reconnection is still occurring in the plasma sheet

structure, over a day into the event (and several hours

after its last appearance in EUV).

2. OBSERVATIONS

The 2017 September 10 event was observed across

the electromagnetic spectrum by multiple instruments.
The Hinode Extreme Ultraviolet Imaging Spectrometer

(EIS; Culhane et al. 2007) captured the flare from its

onset at 15:44 UT, past its peak at 16:06 UT, up to

16:52 UT. Observations later continued at 18:39 UT,
observing the late evolution of the flare until 19:31 UT.

In both observing runs, EIS observed the flare with a 2′′

slit, which provides an approximately 4′′ resolution over

a field of view (FOV) of 240×300′′. The slit spectrome-

ter rasters the FOV from west to east with a cadence of
8 minutes 52 seconds. The plasma sheet is most visible

in the Fe XXIV 192.04 Å line, which samples plasma

with a typical formation temperature of 17 MK in a

thermal plasma. The FOV changed between the two
EIS observation sequences. The first sequence observed

the full radial extent of the plasma sheet, whereas the

second was pointed 120′′ to the east, missing the upper

plasma sheet but sampling some of the underlying the

solar disk. Both FOVs are shown in Figure 1.
Spectral maps from EIS are supported by full

disk EUV images from the Solar Dynamics Obser-

vatory (SDO) Atmospheric Imaging Assembly (AIA;

Lemen et al. 2012). AIA observed the event with a 12
second cadence and 0.6′′ spatial resolution, with a vary-

ing exposure time. The plasma sheet is most visible in

the broadband 193 Å filter, which measures plasma from

the cooler Fe XII and hotter Fe XXIV lines. It is emis-

sion from this hotter line dominating during the early
flare, which explains the similarities between AIA 193 Å

and EIS 192.04 Å observations (Figure 2).

The Hinode X-Ray Telescope (XRT; Golub et al.

2007) captured the duration of the flare in thin Al Poly
and thin Be filters. This is a broad band imaging instru-

ment, with temperature sensitivity peaking at 6.9 and

7 MK respectively for each filter (Narukage et al. 2011).

Observations continued for the days succeeding the flare

and imaged the post-flare loops as they rotated off the
limb.

Observations from the Interface Region Imaging Spec-

trograph (IRIS; De Pontieu et al. 2014) are also avail-

able for this event. IRIS observed from 12:00 UT to
19:22 UT with a large (119 × 119′′) slit jaw FOV ori-

entated at 60 deg, capturing the edge of the erupting

flare in the top left of the frame. At 19:44, IRIS slit

jaw observations switched to a very large (166 × 175′′)
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FOV, continuing until 04:13 UT. In this wider FOV,

we observe the larger flare loop structure and primary

plasma sheet base. In both the large and very large FOV

rasters, IRIS acquired data with the 1330 Å slit-jaw win-
dow. The FOV of both rasters are shown in Figure 1.

These observations were complemented by HXR mea-

surements from the Reuven Ramaty High Energy So-

lar Spectroscopic Imager (RHESSI; Lin et al. 2002).

RHESSI had four operational detectors at the time of
the flare, and took measurements intermittently across

the flare’s duration.

Finally, we include observations from the Mauna

Loa Solar Observatory (MLSO) Coronal Multi-channel
Polarimeter (CoMP) (Tomczyk et al. 2008) and K-

coronagraph (K-Cor) instruments. 2017 September 10

data from these instruments have been presented in

French et al. (2019). Mauna Loa observations continued

the next local morning on 2017 September 11, from 17:41
and 17:37 UT for CoMP and K-Cor respectively. CoMP

measures linear spectropolarimetry (Stokes I,Q,U) of in-

frared coronal forbidden lines in the low corona (∼1.03

to 1.5 R⊙), with the occulting disk location shown in
Figure 1. Here we focus on Fe XIII 1074.7 nm emission,

measured with a 4.35′′ spatial resolution and a varying

cadence. Fe XIII 1079.4 nm are also available, forming

a density sensitive pair with Fe XIII 1074.7 nm. K-

Cor complements this with measurements of white light
polarization (pB) from ∼1.03 to 1.5 R⊙, with a 5.64′′

spatial sampling and 15s cadence.

3. EIS SPECTROSCOPY

Hinode EIS observations of the impulsive flare phase

are studied in Warren et al. (2018) and Cheng et al.

(2018), which look at the early EIS data up to 16:44 UT.

Analysis of the later EIS observations, from 18:39 - 19:23
UT, are yet to be published. Although the alignment

of the earlier EIS observations are optimal for study-

ing the visible plasma sheet, saturation of the detectors

by bright features under the plasma sheet makes spec-
tral analysis of this region, including post-flare loops,

impossible. In the later observations however, the flare

loops have cooled enough for EIS to measure reliable

spectral data during the late flare evolution. Unfortu-

nately, pointing for the latter observations only captures
the base of the plasma sheet on the western edge of the

frame.

In Figure 2, we examine the evolution of the flare re-

gion across three EIS Fe XXIV 192.04 Å rasters, with
accompanying broadband AIA 193 Å observations. We

present the last EIS raster of the earlier observing se-

quence (16:44 UT) and the first and last raster of the

later observing sequence (18:39 and 19:23 UT). It is

AIA 193 Å, 10−Sep−2017 17:20 UT
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Figure 1. IRIS (green) and EIS (red) FOVs overlaid on an
AIA 193 Å image. Dashed lines represent earlier observing
sequences, and solid lines later. The location of the CoMP
occulting disk is shown in white.

worth noting therefore that the three frames are not

evenly spaced temporally. The EIS data were prepped

using the SolarSoftWare eis prep.pro routine, with sat-
urated data points removed using eis sat windata (this

only has an effect in rasters at the start of the flare),

and lines fitted using eis auto fit. Wavelength cor-

rection due to spacecraft orbital variation is also ap-
plied. AIA observations around corresponding EIS

times were chosen with an exposure time under 1.5 sec-

onds, to minimize effects of saturation in the flare loops.

The AIA 193 Å images are sharpened using the the

Multi-Scale Gaussian Normalization (MGN) technique
(Morgan & Druckmüller 2014).

The EIS Fe XXIV 192.04 Å line has a formation tem-

perature of 17 MK, whereas the broadband AIA 193 Å

channel samples both the higher temperature Fe XXIV
and cooler temperature Fe XII lines (with formation

temperature at 1.2 MK). At 16:44 UT, there is a clear

similarity between the EIS and AIA measurements, with

both instruments measuring hot plasma in the bright

primary flare loops, the prominent horizontal plasma
sheet structure, and dimmer flare loops to the south of

the frame. The primary flare loops are still significantly

saturated in the EIS observations, causing the visible

‘X’-shape diffraction pattern. This diffraction pattern
is still noticeable at 18:39 UT, but gone by 19:23 UT. A
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AIA 193 Å − 19:23 UT

950 1000 1050 1100 1150
X (arcsec)

EIS Vnt 60 km/s RHESSI 12−25 keV

AIA 193 Å − 18:39 UT

950 1000 1050 1100 1150
X (arcsec)

EIS Vnt 60 km/s RHESSI 12−25 keV

AIA 193 Å − 16:44 UT

950 1000 1050 1100 1150
X (arcsec)

−250

−200

−150

−100

Y
 (

ar
cs

ec
)

EIS Vnt 70 km/s RHESSI 12−25 keV

EIS 192.04 Å Intensity − 19:23 UT

950 1000 1050 1100 1150
X (arcsec)

EIS 192.04 Å Intensity − 18:39 UT

950 1000 1050 1100 1150
X (arcsec)

EIS 192.04 Å Intensity − 16:44 UT

950 1000 1050 1100 1150
X (arcsec)

−250

−200

−150

−100

Y
 (

ar
cs

ec
)

EIS 192.04 Å non−thermal Vel − 19:23 UT

950 1000 1050 1100 1150
X (arcsec)

EIS 192.04 Å non−thermal Vel − 18:39 UT

950 1000 1050 1100 1150
X (arcsec)

EIS 192.04 Å non−thermal Vel − 16:44 UT

950 1000 1050 1100 1150
X (arcsec)

−250

−200

−150

−100

Y
 (

ar
cs

ec
)

0

20

40

60

80

100
km/s

EIS 192.04 Å Doppler Vel − 19:23 UT

950 1000 1050 1100 1150
X (arcsec)

EIS 192.04 Å Doppler Vel − 18:39 UT

950 1000 1050 1100 1150
X (arcsec)

EIS 192.04 Å Doppler Vel − 16:44 UT

950 1000 1050 1100 1150
X (arcsec)

−250

−200

−150

−100

Y
 (

ar
cs

ec
)

−40

−20

0

20

40

km/s

Figure 2. From left to right, the three columns show data at 2017 September 10 16:44, 18:39 and 19:23 UT. Top: MGN
sharpened (Morgan & Druckmüller 2014) AIA 193 Å observations. Blue contours show regions of highest EIS non-thermal
velocities from row 3. The red X marks the location of highest 12–25 keV RHESSI emission. Second row: EIS 192.04 Å
intensity measurements. Third row: EIS 192.04 Å non-thermal velocity measurements (km/s). Bottom row: EIS 192.04 Å
Doppler velocity measurements (km/s). A diffraction pattern is visible in earlier frames, seen as a cross emanating from the
brightest region.
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slight diffraction pattern of similar shape is also visible

in AIA.

Later in the flare, differences between EIS and AIA ob-

servations of the region become more apparent. In AIA,
the plasma sheet is still clearly present at 18:39 UT, with

the dimmer cusp-like separatrix structure visible around

it. In EIS measurements however, these two structures

appear to blend into one, forming the dominant cusp fea-

ture. As time passes, the flare loops rise and the cusp
structure starts to evolve towards a smoother, perhaps

less stressed structure. The southern flare loops are al-

most invisible in these later EIS times too, despite still

seen in AIA. These loops have cooled enough to be vis-
ible in Fe XII lines rather than in Fe XXIV, in contrast

to the primary flaring area loops, which still contain

significant 17 MK Fe XXIV emitting plasma. Electron

temperatures in this region are explored in section 3.3.

3.1. Doppler velocity

Doppler velocities of the plasma sheet’s early evo-

lution were studied in Warren et al. (2018). Unusual
red and blue shifts were reported, but these were at-

tributed to an artifact of the instrument’s asymmetric

point spread function (PSF). These instrumental arti-

facts are most common where a sudden sharp change

in velocity/intensity is observed. A similar pattern in
the plasma sheet is seen in the EIS 16:44 UT Doppler

data shown in Figure 2. Doppler measurements in the

flare loops are not available throughout the early EIS

observing sequence, due to high levels of saturation in
this region.

In the later EIS observations however (from 18:39

UT onwards), the flare loops are no longer saturated.

Additionally, the brighter cusp region means there is

no longer sudden intensity/velocity variation across the
plasma sheet, meaning the PSF effect is less of a con-

cern. Due to this, we are able to present reliable Doppler

velocity measurements of the 2017 September 10 event

for the first time.
The nominal wavelength scale was determined from

average spectra from a region on the disk. We see in

Figure 2 (at 18:39 UT onwards) that the smallest loops

closest to the limb are blue shifted on the southern half

of the loop, and red shifted on the northern half, while
the higher flare loops and cusp region display oppo-

site behaviour. The blue shifted regions show areas of

plasma with a component flowing towards the observer,

consistent with plasma flowing down from the top of the
newly reconnected flare loops (see cartoon in Figure 1 of

Polito et al. 2018b). This Doppler pattern implies that

the blue shifted footpoint is closer to the observer than

the red shifted footpoint, giving us an indication of the

orientation of the flare loops. The flare loops therefore

sit close to the plane of sky (POS), but tilted slightly in

either the north or south direction. The low LOS veloc-

ities of 10-20 km/s support the fact that the loops lay
close to the POS, when compared to downflow veloci-

ties of several hundred km/s observed in previous flares

(Antonucci et al. 1984).

Fleishman et al. (2020) provide a graphic displaying

the orientation of the primary flare loops at reconnec-
tion onset. They show the southern footpoint of loops

positioned on disk, closer to the observer, determined

by the absence of an on-disk hard X-ray signature at

the northern footpoint. This configuration is consistent
with the observed EIS Doppler velocities in the lower

flare loops. However, as further flare loops form (either

at different altitudes and/or locations along the LOS),

they do so with a different orientation from our LOS,

resulting in a northern footpoint closer to the observer.
Such an effect could be due to either a slight curve in

the east-west polarity inversion line, or to higher alti-

tude loops forming with lower shear.

At the edge of the FOV, at the tip of the cusp and base
of the plasma sheet, we observe blue shifted plasma with

velocities around 32 km/s in the LOS at 18:39 UT. These

Doppler velocities align spatially with the regions of high

non-thermal velocities. If the plasma sheet were tilted

slightly away from the observer in the east-west direc-
tion, then blue shifted plasma at this location is likely a

result of the downflow of plasma from the plasma sheet.

This tilt is likely small, as LOS velocities are low com-

pared to POS downflows of up to 165 km/s measured in
a current sheet by Savage et al. (2010).

3.2. Non-thermal broadening

Non-thermal broadening is the excess broadening ob-
served in spectral lines after subtracting the instrumen-

tal and thermal line-widths. Non-thermal broadening

can be caused by several processes, including opacity

broadening, Stark broadening, and unresolved plasma
flows with no preferential direction in the LOS (e.g.

Doschek et al. 2014). However, it is common in the

coronal spectroscopy of flares in particular to associate

excess line widths with the presence of non-thermal

mass motions (e.g. unresolved flows, Antonucci et al.
1986) and derive an equivalent RMS speed from the ex-

cess broadening. The LOS RMS speed is referred to

as the non-thermal velocity, given by Vnt = [2k(TD −

Te)/mi]
1/2, where TD is the Doppler temperature de-

rived from the total observed line width, Te the electron

temperature given by the peak of the contribution func-

tion, and mi the mass of the ion considered. Since Te

can be verified by line ratios in part of the FOV, and
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Figure 3. A,B: EIS 192.04 Å non-thermal velocity measurements (Vnt) (km/s) for 2017 September 10 16:18 and 19:06 UT
respectively. The dashed lines correspond to the cross-sections in panel C, and colored Xs refer to the locations at which we
track velocity variations with time in panel D. C: Variation in non-thermal velocity across the plasma-sheet at 16:18 and 19:06
UT, along the slice marked in top panels. D: Variation of non-thermal velocity with time, at three locations along the plasma
sheet (marked in top panels).

densities during flares are high, the excess line width

cannot generally be accounted for by a difference in ion

and electron temperatures.

Recent work by Kawate et al. (2016) does find evi-
dence of departures from a Maxwellian distribution and

ionization equilibrium from EIS measurements of highly

ionized Fe lines in flares. However, the number of pixels

affected in the flares studied were of order 1.4%, lead-
ing them to conclude that the isothermal assumption

is valid in most cases given the timescale of EIS expo-

sures. We make this assumption in our own analysis,

while acknowledging that departures could exist.

Figure 2 presents non-thermal velocity maps over the
event, with contours of the highest velocities overplotted

on the AIA 193 Å images. Both of these show the source

of fastest non-thermal velocities rising with time, a con-

tinuation of what is seen in the first few EIS rasters of
the flare (Warren et al. 2018). The temporal and spatial

evolution of the velocities are shown further in Figure 3.

Figure 3 shows the non-thermal velocity measure-

ments at 16:18 and 19:05 UT. Taking a cross-section

of the velocity at a height of 1065′′ (Figure 3C), we

see clearly the bifurcated velocity structure described
by Warren et al. (2018) and Cheng et al. (2018). Al-

though the structure is visible in most EIS rasters, it

is most prominent in the two shown here. This velocity

structure is long-lived, with these maps showing data 22
and 189 minutes after the flare onset. In the 166 minute

window between these observations, peak velocities only

fall from 90 km/s to 80 km/s. As the plot shows how-

ever, velocities at the edge of the plasma sheet decrease

at a much faster rate. This variation in velocity with
time is explored further in Figure 3D, where we plot the

change in velocity at three different altitudes of 1025,

1050 and 1075′′, across the EIS observation times.

We see non-thermal velocity at these altitudes drop
dramatically in the first 20 minutes of the flare, from

upwards of 150 km/s down to 100 km/s. From here,

velocity falls much slower, with its exact rate dependent
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upon the altitude. At the lower altitude of 1030′′, ve-

locities fall much faster to just 30 km/s at 19:23 UT. At

1050′′, velocity remains constant at 60 km/s from 18:39

until the end of EIS observations at 19:23 UT. Velocities
are highest around 1070′′, still as high as 80 - 90 km/s

at the end of EIS observations. They even appear to

rise slightly towards the end of the observing sequence.

3.3. Electron Temperatures

As in Warren et al. (2018), we can estimate the elec-

tron temperature of the region using the temperature
sensitive EIS Fe XXIV 255.10 Å / Fe XXIII 263.76 Å

line pair. Emission in these lines does not extend to

as high an altitude as Fe XXIV 192.04 Å emission, but

is observed near the base of the plasma sheet in the
early phase of the flare. Similarly to Fe XXIV 192.04 Å,

the central flaring region is saturated, causing a visible

diffraction ‘X’ for the duration of the first EIS observ-

ing sequence (Figure 4A). The diffraction pattern has

disappeared by the later EIS rasters however, and we
are able to discern the shape of the flare loops and cusp

at the base of the sheet. Qualitatively assessing Figure

4B, we see a rise in temperature across the flare arcade

with increasing height. This temperature increase is val-
idated quantitatively in Figure 4C, plotting the temper-

ature profile along the flaring region at 16:44 and 19:23

UT, the last raster of both observing sequences. We

measure the temperature up to 1040′′ with reasonable

uncertainty, but this uncertainty increases further with
altitude.

We observe that temperatures across the arcade fall

between the two frames, albeit at different rates at dif-

ferent heights. Maximum electron temperature occurs
at a projected height of 1030′′ at 16:44 UT, but around

1050 − 1060′′ at 19:23 UT, at the top of the cusp re-

gion. This observed change of temperature across the

arcade profile is consistent with the heating of progres-

sively higher loops along the LOS as the cusp grows
throughout the flare’s duration. The variation in tem-

perature with time is shown further in Figure 4D, for the

three different altitudes marked in the top frames of this

figure. We see a rapid drop in temperature during the
first thirty minutes of flare, only for the rate of cooling

to rapidly decrease. This temperature evolution follows

a similar trend to the velocity evolution seen in Figure 3

and in agreement with work from Warren et al. (2018),

where the cooling rate of flare loops decreases with time
as the densities within them decrease. As with the non-

thermal velocity evolution, near constant temperatures

can be seen at higher altitudes for the duration of the

second EIS observing sequence.

4. FLARE LOOPS

After forming due to magnetic reconnection, in-

dividual flare loops shrink rather than expand (e.g.

Forbes & Acton 1996). Therefore, the continued expan-

sion of a flare loop arcade indicates the formation of
newly reconnected loops at increasing heights as a re-

sult of ongoing reconnection. We can track this growth

with IRIS and AIA observations.

At the beginning of the flare, IRIS was centered on the

southern arcade and captured the edge of the primary
loop tunnel as the CME erupted. A Supra-Arcade Fan

(SAF) structure is observed over this southern arcade,

the spectra of which are presented in Cai et al. (2019).

During the impulsive phase of the eruption, the pri-
mary flare loop tunnel (top left of Figure 5B) is seen

to grow, as new flare loops form at progressively higher

altitudes. The flare loops continue to grow well into the

following day (visible in IRIS and AIA observations), de-

spite the active region rotating further around the limb.
Figure 5 B and C show a cross-section through the

primary flare loops, in both the earlier large (12:00 -

19:22 UT) and very large (19:44 UT onwards) IRIS 1330

Å slitjaw observing sequences, showing flare loops con-
taining plasma already cooled to around 25000 K. The

orientation of these frames are shown in Figure 1. By

plotting intensity along this cross section, we produce

the height–time plot shown in Figure 5A. From this dia-

gram, we can see the growth of the brightest flare loops,
with the formation of additional dimmer loops above.

The bulk expansion of the flare loop system is fast at

first, and slows to an estimated 1 km/s growth rate af-

ter ≈ 20:00 UT. In IRIS observations, the height of the
flare loops peak around 90′′ above the limb at 01:00 UT

on the morning of 2017 September 11, around 9 hours

after the flare onset and CME eruption.

The growth is even more remarkable considering the

rotation of the active region onto the far side of the
Sun, eclipsing the base of the flare loops. Using simple

trigonometry with the solar rotation rate, we estimate

that the rotation of the arcade over the western limb

decreases the expansion speed by 10% during the time
period analyzed. The bulk growth of a similar flare-

loop arcade was analyzed by van Driel-Gesztelyi et al.

(1997), who also found an arcade growth rate of 1 km/s

in the late phase of an X-class flare.

4.1. RHESSI Looptop sources

According to the standard flare model, HXR emission

can be produced at the flare looptops as high energy
particles outflow from the reconnecting current sheet

and collide with cooler plasma in the newly formed flare

loops. The cartoon in Figure 2 of Chen et al. (2015)

demonstrates this process, mirroring the observations
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Figure 4. A,B: Temperature determined from the ratio of EIS Fe XXIV 255.10 Å to Fe XXIII 263.76 Å, at 2017 September
10 16:44 and 19:23 UT respectively. The dashed white line shows the cross-section slice shown in the panel C. Colored Xs mark
the locations of temperature variation plotted in the panel D. C: Variation in temperature along the horizontal cross-section
at 16:44 and 19:23 UT. Location of cross-section marked above. D: Variation of temperature with time, at the three locations
marked in top panels.

in the top row of Figure 2 in this paper. In Figure 2,

the red cross shows the location of 12–25 KeV HXR

emission as measured by RHESSI (Lin et al. 2002) at

the time of each EIS raster, located at the top of the
flare loops in each case. Above this, we see the contour

of high non-thermal velocity, perhaps a signature of the

reconnection outflows shown at the base of the current

sheet in the cartoon of Chen et al. (2015).

The early evolution of RHESSI HXR sources with
time is presented by Hayes et al. (2019). They examine

the rise in 6–12 and 12–25 keV HXR signatures from the

flare onset at 15:49 to 18:30 UT. In Figure 5, we over-

plot the location of 12–25 keV emission onto the IRIS
height-time plot, from flare onset up to 23:00 UT. We

introduce the 25–50 keV source location too, from onset

to 21:30 UT. By binning the data over 120 seconds (30

spacecraft rotations), we are able to increase our signal

to noise (S/N) ratio and resolve the emission source this

late in the flare using the CLEAN algorithm. Binning
in this way provides fewer data points, but shows a clear

source of 12–25 and 25–50 keV emission 7 and 5.5 hours

after the flare onset respectively.

In Figure 5, we see the HXR source height rising with

time, at progressively slower speeds. At later times
(around 20:00 UT) the X-ray point source continues to

rise with the brightest flare loop, despite newer, fainter

loops forming above it.

4.2. Continued loop growth
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Figure 5. A: Height-time plot of a cross-section through the primary flare loop tunnel, as seen in IRIS 1330 Å images. The
blue and green crosses mark the corresponding location of RHESSI 12–25 and 25–50 keV emission respectively. B,C: Example
IRIS 1330 Å large and Example IRIS 1330 Å very large slit-jaw images with marked cross-section location (white dashed line).
Context for the FOV is given in Figure 1.

After the off-limb IRIS 1330 Å signal becomes too

weak to track loop growth past September 11 01:00

UT, we see the loops continue to rise in AIA images.
Differential Emission Measures (DEMs) can be used to

track this growth at different temperatures, and Fig-

ure 6 shows the evolution of Emission Measure (EM)

for 1.25 and 10.0 MK plasma, (constructed using the

DEM code of Hannah & Kontar 2013). The top row
of Figure 6 shows the growth of the loops in cooler

plasma, where both the primary (east-west) and south-

ern (north-south) arcades continue to grow in height un-

til around 12 Sep 02:00 UT – 34 hours after the flare on-
set. This continued growth is despite the fact that the

active region is rotating further over the western limb,

meaning a structure of constant size would appear to

shrink due to projection effects.

We see a similar effect with the hotter plasma too. On
September 11 at 02:00 UT, 10 hours after the flare on-

set, the base of the plasma sheet is still visible at these

high temperatures. The flare loops also have a more

‘cusp-like’ shape, in comparison to the relaxed lower-

temperature loops (Gou et al. 2015). This cusp struc-
ture is also visible in XRT, where the Al poly observa-

tions are most sensitive to plasma at around 6.9 MK.

This cusp feature seems to tilt to the south over the

next 8 hours, where we see a small plasma sheet signal
visible in the high temperature DEMs at 11 Sep 10:00

UT. The XRT FOV has shifted at this time, but the

loop structure in these images still match those in the
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Figure 6. Top: Time evolution of AIA 1.25 MK DEMs. Middle: Time evolution of AIA 10 MK DEMs. Bottom: Time
evolution of XRT Al poly.

high temperature DEMs; visibly different to the loops

seen at the same location in cooler plasma. To investi-

gate this further, future study could investigate the flare

loop cooling rate using DEMs, comparing with theoreti-

cal cooling rates. Although the EM of high temperature
plasma grows weaker, there is still some plasma emit-

ting at high temperatures on 12 Sep at 02:00 UT, as the

loops reach their maximum observed height as they are

eclipsed by the limb.

5. POLARIZATION MEASUREMENTS

According to the standard model, the presence of a

cusp would imply the existence of a reconnecting current
sheet above it. As seen in Figure 6, there is no evidence

of this in EUV images beyond around September 11

10:00 UT. Since the EUV lines are collisionally excited,

the EUV intensity falls off more rapidly with height than

the infrared forbidden lines observed by CoMP which in-

clude a significant radiative contribution. Similarly, the

Thomson scattered emission observed by K-Cor falls off

less rapidly with height. To detect the remnants of the

diffuse plasma sheet above our cusp, we turn to polar-
ized infrared (CoMP) and white light (K-Cor) data.

Figure 7A shows white light polarized brightness (pB)

measurements from K-Cor, time averaged over an hour

from 2017 September 11 17:43 UT. K-Cor observes pho-
tospheric photons scattered by electrons in the corona

and measures a variation of brightness with electron

density ne (rather than n2

e for EUV images) as, un-

like EUV, it does not rely on collisional excitation

(Landi et al. 2016). Due to this difference in density
dependency, coronal brightness drops more slowly with

height in white-light and infrared observations, allow-
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Figure 7. A: K-Cor polarized brightness, pB. Red dashed box shows FOV of CoMP panels. B: K-Cor pB, normalized by mean
brightness at each altitude. C: CoMP 1074.7 intensity. The black dotted contour marks the location of K-Cor cusp feature in
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polarization, P =

√
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ing K-Cor to observe more diffuse coronal structures at

much higher altitudes. Studying 7A, we can see the

outline of the bright cusp-like feature on the limb, but

it is difficult to resolve any detail. Figure 7B shows a
processed version of this image, normalized by dividing

each pixel brightness by the mean brightness at the cor-

responding altitude within the FOV. The plasma sheet

is clearly visible and emanating from the cusp top to-

wards the south-west. This direction was also indicated
from the apparent orientation of the cusp consistent with

XRT data shown in Figure 6. This southward deflec-

tion is interesting, given that the heliospheric current

sheet is located in the northern hemisphere at this solar
longitude. This deflection is then perhaps due to the

over-expansion of open field above a coronal hole to the

north of the flare loops (but to the south of the helio-

spheric current sheet). Projection effects may also con-

tribute to this southward deflection as the flaring region
rotates behind the limb. Although the plasma sheet is

no longer visible in LASCO at this time, the instrument

has observed a similar deflection of CMEs in the past

(Kay et al. 2017).

5.1. Coronal Multi-channel Polarimeter

Using infrared polarization measurements from

CoMP, we can examine more closely the base of the
plasma sheet structure observed by K-Cor. Linear po-

larization provides unique and complementary informa-

tion about source regions, enabling the study of thermal

and magnetic conditions of both large-scale (Dove et al.
2011; Gibson et al. 2017) and small-scale (French et al.

2019) structures in the solar corona. For the Fe XIII

emission observed by CoMP, linear polarization (nor-

malized by measured intensity, P =
√

U2 +Q2/I) is

proportional to P ∝ 3 cos2 θB−1 (Casini & Judge 1999;
Judge 2007; French et al. 2019), where θB is the POS

angle between the center of the incident solar radiation

and local magnetic field. Therefore, P varies between a

maximum value at θB = 0 (i.e. a radial field), to a min-
imum of zero at θB = θV V = 54.74◦, where θV V is the

‘Van Vleck’ angle. The maximum P value at θB = 0

is determined by the density and temperature of the

emitting plasma, and the local anisotropy of incident

radiation from the solar disk. θB can be estimated with
a 90◦ ambiguity through θ = 1

2
arctan (U/Q), where θ is

the polarization angle.

In French et al. (2019), CoMP observations of the

September 10 flare revealed a region of low polariza-
tion (P ≈ 0.01), aligned with the plasma sheet in EUV.

Such a small P value cannot result from depolarizing

particle collisions, as density effects are not sufficient.

French et al. (2019) concluded that depolarization oc-

curs through unresolvably small variations in θB. Com-

paring the data with exploratory models using the Coro-

nal Line Emission (CLE; Judge & Casini 2001) code,

French et al. (2019) found the polarization signature is
most likely a result of reconnection turbulence or plas-

moid instabilities, four hours after the flare onset.

Figure 7 presents CoMP data from 2017 September

11, averaged over 8 images between 17:41 – 18:47 UT.

The Fe XIII 1074.7 nm line observed by CoMP has a for-
mation temperature of 1-2 MK (Judge 2010), mapping

well to the 1.25 MK EM plasma shown in Figure 6. The

CoMP intensity (I) maps shows the flare loops above

the occulting disk, which were only just visible 24 hours
earlier in the September 10 observations (French et al.

2019). The K-Cor cusp shape is overlaid on CoMP I in

Figure 7C. Unlike white light pB, CoMP I only observes

the brighter flare loops with electron temperatures favor-

able to Fe XIII emission. Taking a cross-section in two
locations above the flare loops (Figure 7D), we do not

see any clear structure. This observation is compatible

with the lack of a plasma sheet signature in CoMP I

on 2017 September 10, despite its presence in EUV and
CoMP P .

CoMP P is shown in Figure 7E. Within the bright

post-flare loops we have a low linear polarization struc-

ture, likely a result of depolarization due to collisions

with thermal electrons and protons. Although there is
slight variation of P along the loops, the lack of depen-

dency on field direction (assuming the loops trace the

magnetic field), indicates a mix of θB along the LOS

down the flare loop arcade. Above these obvious post-
flare loops, we see a subtle, darker triangle-like struc-

ture, aligned to the center of the bright cusp feature in

K-Cor pB data. The structure is also consistent with

the last EUV observations made of the plasma sheet, in

10 MK DEMs (Figure 6) on September 11 at 02:00 and
10:00 UT. Taking a cross-section through this darker

region, we find a minimum P value of 0.03, from a max-

imum of 0.06 and 0.075 to the north and south of the fea-

ture respectively. Two sample cross-sections are shown
in Figure 7F. As seen in the K-Cor data, the polariza-

tion vectors show that the field in the region is deflected

towards the south. This deflection explains the asymme-

try in the P cross-section, as southwards-pointing fields

are orientated further from the radial direction at the
north of the plasma sheet, resulting in a lower polariza-

tion value.

Using the density sensitive intensity ratio of Fe XIII

1079.8 to 1074.7 nm (French et al. 2019) and taking into
account the contributions from radiative excitation with

CLE, we estimate the density of 1-2 MK plasma above

the flare loops (at 1140′′) to be 1.3 × 108 cm−3. In



13

the associated CLE calculations, we built a new plasma

sheet model that includes a laminar field aligned par-

allel and anti-parallel to the the plasma sheet observed

by K-Cor, as in French et al. (2019). Using the density
estimate at 1140′′, the model yields a minimum polar-

ization of P ≈ 0.05 in the plasma sheet. This is greater

than the minimum of P ≈ 0.03 observed in the Septem-

ber 11 CoMP observations. Just as on September 11,

we interpret this low P value to be a result of struc-
tured magnetic field (varying θB) in the LOS and POS

on sub-pixel scales (French et al. 2019). The increase

of polarization between 10 and 11 September is consis-

tent with continued presence of magnetic reconnection
instabilities, embedded in a more laminar magnetic con-

figuration as the system loses free magnetic energy.

6. DISCUSSION

We have analysed previously unpublished EIS data

from three hours after the flare onset at 15:44 UT. Sim-

ilarly to EIS observations from the impulsive phase,

we find high non-thermal velocities at the base of
the plasma sheet, consistent with the presence of sub-

resolution plasmoid-modulated reconnection or turbu-

lence (Warren et al. 2018). (Although alternative inter-

pretations of the non-thermal velocities are possible, this

interpretation is consistent with additional evidence pre-
sented in Cheng et al. 2018; French et al. 2019). These

velocities, 80 km/s at 19:23 UT, are only marginally

lower than the velocities early in the flare at 16:18 UT,

implying that the non-thermal processes are active at a
similar level at this time. As noted in Polito et al. (2015)

and Polito et al. (2018b), enhanced line widths can also

be produced by a rapid increase in ion temperatures.

Interpreting the excess widths measured by EIS in these

terms would imply an effective ion temperature in the
range of 40 MK, which is more than twice the Fe XXIV

peak formation temperature and electron temperatures

measured using line ratios in the lower plasma sheet at

this time. This assumes that ion and electron temper-
atures are equal in this case, which, as discussed ear-

lier may not always be true (Kawate et al. 2016). Work

by Dud́ık et al. (2016) and Polito et al. (2018a) demon-

strates that non-equilibrium ionization and non-thermal

particle distributions may lead to ions being formed at
much higher temperatures than expected, which could

in turn contribute to a broader line profile. Further anal-

ysis of the line profiles and their variation with position

and magnetic field orientation may help in quantifying
the contribution of such effects.

These non-thermal velocities, combined with the low

polarization structure in 2017 September 10 CoMP mea-

surements presented in French et al. (2019), suggests

that significant reconnection instabilities are likely still

present on 2017 September 10 at 20:00 UT. Additional

observations during this period are also consistent with

signatures of impulsive energy release, within the con-
text of the standard eruptive flare model. As we look

down the flare loop tunnel under the erupting flux rope

(Chen et al. 2020), we see RHESSI HXR signatures at

the loop tops as high energy particles from the plasma

sheet above collide with the closed loops. We also
find Doppler signatures in EIS measurements of down-

flowing (presumably cooling) plasma along the recon-

nected loops, with subsequent loops forming at increas-

ing altitudes as reconnection continues to take place.
Using RHESSI HXR, high resolution IRIS imaging,

AIA and XRT, we are able to track the growth of flare

loops with time from plasma with diverse thermal con-

ditions, establishing that the flare evolution displays the

classical signatures of cooler plasma in more relaxed
loops, and hotter plasma in a tighter cusp shape. Al-

though signatures of ongoing reconnection many hours

after flare onset have been seen before (e.g. Savage et al.

2010), the observations here indicate that this cusp fea-
ture is still seen with a plasma sheet emanating from

its looptop, up to 16 hours after the flare onset, with

significant plasma still at temperatures of 10 MK. The

presence of these structures, together with the persis-

tent presence of HXR emission at high altitudes is a
strong implication that fast magnetic reconnection is

still occurring in this case. Observations of long-lived

γ-ray emission observed by FERMI provide evidence of

particle acceleration over similar timescales (12 hours,
Omodei et al. 2018), consistent with this interpretation.

On even longer timescales, we examined K-Cor pB

and CoMP linear polarization measurements from over

a day into the flare’s evolution. At this time, K-Cor ob-

served a much larger cusp region and apparent plasma
sheet deflected towards the south (the direction of which

is also seen in earlier DEM measurements). The EUV

and white-light plasma sheet structure is also consistent

with linear polarization measurements from CoMP at
2017 September 11 17:41 UT, where low levels of polar-

ization at the base of the suspected sheet can only be ac-

counted for by sub-pixel magnetic structure in the LOS

and POS, implying the continued presence of magnetic

reconnection. The fact that infrared linear polarization
measurements can detect signatures of reconnection in

this way, despite no visual signatures in EUV, has excit-

ing implications for off-limb flare observations from the

DKIST CRYO-NIRSP instrument. It emphasizes the
need to complement EUV capabilities with optical/IR

instruments capable of measuring structure from the so-

lar surface to a few solar radii.
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7. CONCLUSION

The 2017 September 10 flare has been extremely well

studied, but most studies have so far focused primarily

on the impulsive phase of the event. In this work we have

shown that the dynamical energy release signatures and
flare configuration associated with the impulsive phase

of the standard eruptive flare model are still present

many hours into the flare’s evolution, indicating that

in this case fast reconnection is likely still occurring at

least 27 hours after the flare onset. This interpretation
supports the results of French et al. (2019), which indi-

cated that the presence of magnetic sub-structure within

the main plasma sheet is consistent with the presence of

unresolvable plasmoids and/or turbulence, only 4 hours
after the flare onset. These observations suggest that

there is still much to be learned from the evolution of

what is quickly becoming one of the most-studied solar

flares of all time.
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