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Abstract
We present a study of two active region jets (AR jets) associated with two
C-class X-ray flares. The recurrent, homologous jets originated from the northern
periphery of a sunspot. We confirmed the presence of flare like temperatures at
the footpoints of these jets using spectroscopic observations of Fe xxiii (263.76 Å)
and Fe xxiv (255.11 Å) emission lines. The emission measure loci method was
used to obtain an isothermal temperature and the results show a decrease (17.7
to 13.6 MK) in the temperature during the decay phase of the C 3.0 flare. The
electron number densities at the footpoints were found to range from 1.7ˆ1010

to 2.0ˆ1011 cm´3 using the Fe xiv line pair ratio. Nonthermal velocities were
found to range from 34-100 km/s for Fe xxiv and 51-89 km/s for Fe xxiii. The
plane-of-sky velocities were calculated to be 462˘21 and 228˘23 km/s for the
two jets using the Atmospheric Imaging Assembly (AIA) 171 Å channel.
The AIA light curves of the jet footpoint regions confirmed the temporal and
spatial correlation between both xray flares and the jet footpoint emission. The
Gamma-ray Burst Monitor (GBM) also confirmed the presence of superhot
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plasma of 27 (25) MK with nonthermal energy of 2.38ˆ1026 (2.87ˆ1027) erg
s´1 in the jet footpoint region during the rise (peak) phase of one of the flares.
The temperatures of the jet footpoint regions obtained from EIS show very
good agreement (within 20% uncertainty) with temperatures obtained from the
Geostationary Environmental Operational Satellite (GOES) flux ratios.
These results provide clear evidence for very hot plasma (ą10 MK) at the
footpoints of the flare-related jets, while confirming the heating and cooling of
the plasma during the flares.
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1. Introduction

The impulsive and collimated events which originate at the edges of active regions
and/or sunspots are known as active region jets (AR jets). Numerous studies
have been dedicated to understanding the relationship between AR jets and
other phenomena such as micro-flares (Chae et al., 1999; Chifor et al., 2008),
flares (Chen, Ip, and Innes, 2013; Krucker et al., 2008), hard X-ray emission
(Bain and Fletcher, 2009; Krucker et al., 2011; Glesener, Krucker, and Lin, 2012),
Coronal Mass Ejections (CMEs) (Liu et al., 2015; Panesar, Sterling,
and Moore, 2016; Miao et al., 2017; Sterling, Moore, and Panesar,
2018), type-III radio bursts (Kundu et al., 1995; Raulin et al., 1996; Klassen,
Gómez-Herrero, and Heber, 2011; Innes, Cameron, and Solanki, 2011; Chandra
et al., 2015; Mulay et al., 2016) and impulsive solar energetic particle events
(Nitta et al., 2006; Pick et al., 2006; Nitta et al., 2008; Wang, Pick, and Mason,
2006; Nitta et al., 2015).

From imaging observations of AR jets, it has been found that different
X-ray flares of all classes observed by the Geostationary Environmental
Operational Satellite (GOES) including B-class (Chifor et al., 2008), C-class
(Zhang and Ji, 2014; Mulay et al., 2016; Hong et al., 2017) and M-class (Bain and
Fletcher, 2009; Li et al., 2015) are temporally associated with jets. Out of 20 AR
jets studied in Mulay et al. (2016), three (five) jets were temporally associated
with B-class (C-class) X-ray flares. The helical structure and rotating motion
of EUV AR jets has been observed in many events (Mulay et al., 2016) and
their plane-of-sky velocities ranged from 80-500 km/s. Li et al. (2015) reported
flux emergence whereas Zhang and Ji (2014) and Chifor et al. (2008) reported
magnetic flux cancellation as the cause of the flare related AR jet events.

The temporal and spatial correlation of the jet activity with hard X-ray
emission has been studied using the Reuven Ramaty High Energy Solar
Spectroscopic Imager (RHESSI; Lin et al., 2002). The first observation of hard
X-ray emission formed in a coronal jet was reported by Bain and Fletcher (2009).
The authors measured apparent velocities of 500 km/s. The RHESSI imaging
data showed the presence of 30-50 keV hard X-ray sources at the footpoint region
and a jet temperature of 28 MK was measured from the spectroscopic data.
Krucker et al. (2011) reported observation of three hard X-ray sources; two at
the footpoint and one along the jet spire. The thermal sources (ă10 keV) were
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found to be associated with the top of the loop which was associated with a
jet footpoint region. Glesener, Krucker, and Lin (2012) observed double coronal
hard X-ray sources in the pre-impulsive phase and found temperatures of 13, 24
and 22 MK during the evolution of the jet whereas Christe, Krucker, and Lin
(2008) and Bain and Fletcher (2009) reported the presence of superhot plasma of
26 and 28 MK respectively.

The temperature structure of AR jets has been studied using imaging observa-
tions from the Atmospheric Imaging Assembly (AIA) (Chen, Ip, and Innes,
2013; Mulay et al., 2016; Mulay, Del Zanna, and Mason, 2017a), spectroscopic
observation from the EUV Imaging Spectrometer (EIS) on board Hinode
(Madjarska, 2011; Mulay, Del Zanna, and Mason, 2017b), the Interface Region
Imaging Spectrograph (IRIS) (Mulay, Del Zanna, and Mason, 2017a) and
RHESSI (Glesener, Krucker, and Lin, 2012). Making use of AIA observations
in the DEM analysis, Chen, Ip, and Innes (2013) reported a temperature of
7 MK whereas Liu et al. (2016) reported even higher temperature of 16 MK
in a jet and suggested the possibility of nanoflares occurring at the footpoint
region of the jet. Mulay, Del Zanna, and Mason (2017b) pointed out that there
is always an uncertainty associated with temperature estimation using only
imaging observations (such as AIA) in the DEM analysis. This is due to the
lack of constraints on the low and high temperature part of the DEM solution.
Madjarska (2011) studied the temperature structure of a micro-flare related
coronal hole jet (CH jet) using the EIS instrument and found weak emission from
the Fe xxiii line at a temperature of 12 MK at the footpoint of a jet. We also
analysed the same observation but did not find the evidence convincing. All the
above studies individually investigated the temperature distribution of AR jets
using various observations. But none of the studies confirmed the hot emission
simultaneously using imaging and spectroscopic observations of AR jets.

In this paper, we have studied homologous and recurring AR jet events
which were associated with C-class X-ray flares. We have carried out the first
thorough investigation of hot plasma (ą10 MK) observed in AR jets using GOES,
spectroscopic observations from EIS (using Fe xxiii (263.76 Å) and Fe xxiv
(192.02, 255.11 Å) emission lines), EUV imaging data from AIA, X-ray imaging
data from RHESSI and spectroscopic data from the FERMI Gamma-ray
Burst Monitor (GBM).

The paper is organised as follows. In section 2, we present the AR jet obser-
vations and data analysis. In section 3, we summarize our results and compare
them with results available in the literature. This project has been funded
through the award of the Daiwa-Adrian Prize through the Daiwa
Anglo-Japanese foundation.

2. Observations and Data Analysis

2.1. UV/EUV Imaging Observations from AIA

High-resolution (0.62 per pixel), high-cadence (12 sec) full disk data from the
AIA instrument (Lemen et al., 2012) on board Solar Dynamic Observatory
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(SDO; Pesnell, Thompson, and Chamberlin, 2012) were obtained for a recurrent
AR jet observed on 9 March 2015 during 00:00 - 01:30 UT. The data (level
1.0) was downloaded using the Virtual Solar Observatory1 (VSO) and prepared
for a scientific analysis (level 1.5) using the standard AIA software package
(aia prep.pro) available in the SolarSoftWare2 (SSW; Freeland and Handy,
1998) libraries. The intensities in the UV and EUV channels were normalized by
the exposure time.

Different AIA channels are dominated by a range of EUV emission lines which
originate at different temperatures. This leads to the multithermal nature of the
AIA channels (O’Dwyer et al., 2010; Del Zanna, O’Dwyer, and Mason, 2011;
Del Zanna, 2013a; Del Zanna et al., 2015) : 94 Å (Fe x, Fe xiv, Fe xviii), 131 Å
(Fe viii, Fe xxi), 171 Å (Fe ix), 193 Å (Fe xii, Ca xvii, Fe xxiv), 211 Å (Fe xiv),
304 Å (He ii 303.8 Å, emission from Si xi 303.3 Å line may contribute up to 20%
to the total intensity in the channel in case of active region observations), 335 Å
(Fe xvi), 1600 Å (C iv + continuum) and 1700 Å (continuum). The EUV AIA
channels were coaligned carefully by examining the position of a sunspot in the
AIA 1600 Å channel.

Figure 1. Left panel : a composite image of the active region NOAA 12297 (S17 E39) observed
on 9 March 2015 at 00:15:25 UT. The image is created by combining the AIA 171 (red),
193 (green), 211 Å (blue) channels. The spire and footpoint regions of the jet are shown by
white arrows. Middle panel : AIA 1600 Å image (reverse colour) at 00:15:52 UT. The black
arrow indicates a sunspot which was associated with the active region. Right panel : the
line-of-sight HMI photospheric magnetogram at 00:14:43 UT. The black and white regions
represent the negative (-200 G) and positive (200 G) magnetic fields respectively. The red
overplotted contours represent the jet observed at 00:15:25 UT in the AIA 171 Å channel. The
yellow boxes in the images represent the EIS raster field-of-view. The footpoint region of the
jet was well captured in a number of EIS rasters during the recurring jet activity.

The activity of NOAA 12297 (S17 E39) was examined in the different AIA
channels. The active region was associated with a positive polarity sunspot
(Hale class βγδ configuration3) on its eastern periphery. The active region was
producing homologous recurrent jets from the eastern edge continuously for many
hours on both days - 8 and 9 March 2015 (see online movie1.mp4).

1https://sdac.virtualsolar.org/cgi/search
2http://www.lmsal.com/solarsoft/ssw whatitis.html
3https://www.solarmonitor.org/?date=20150309
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Using near-simultaneous images in the three AIA channels, we created a
composite image of the active region during the recurrent jet activity. The red,
green and blue colours in fig. 1 (left panel) correspond to the AIA 171, 193 and
211 Å channels respectively. The jet’s spire and footpoint regions are shown by
white arrows. The sunspot associated with active region is shown by black arrow
in AIA 1600 Å image (middle panel). The yellow boxes represent the field-of-view
observed by the EIS raster which covered the footpoint region of the recurrent
jet. A small loop-like structure at the footpoint region was seen (associated with
an umbral-penumbral region of a sunspot), which is similar to that observed in
the AR jet observation discussed in Mulay et al. (2016) (Jet 1 - August 2, 2010).

We studied the AIA images during 00:00 - 01:30 UT and observed a couple of
homologous dynamic jets. We have analysed two AR jets in this paper which
were observed at 00:14 and 01:14 UT and referred to as jet 1 (see fig. 2) and 2 (see
fig. 3) respectively. The activity of jet 1 started with a small brightening at the
footpoint region which was observed at 00:13:52 UT in the AIA 1600 Å channel.
The jet spire originated from the footpoint region at 00:14 UT and started
its journey along the curved field lines associated with the active region. The
multi-threaded spire was seen to be traveling until 00:16:50 UT. The spire-plasma
started to fade away and eventually disappeared at 00:23 UT.

Figure 2. The images of AR jet 1 at 00:14 UT in all AIA channels (reverse colour images).
The images confirmed the multithermal nature of the plasma emission in the spire and footpoint
regions of a jet (see online movie1.mp4). The footpoint region was observed to be associated
with an umbral-penumbral region of the sunspot (see AIA 1600 Å image). The Fe xviii 93.93 Å
emission (first row middle panel) is derived from the AIA 94 Å channel. A small green boxed
region in the AIA 335 Å image was used to obtain AIA light curves (see fig. 4, bottom panel).

A similar scenario was observed during the evolution of jet 2. The activity
of jet 2 started with a brightening at the footpoint which was observed at
01:08:40 UT. The jet spire followed the curved field lines, but some jet-plasma
was also seen to be deviating from this path and started to flow along the closed
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field lines which were present on the east side of the active region. Eventually,
the spire-plasma faded away in all AIA channels and disappeared at 00:24 UT.

Figures 2 and 3 show images of jet 1 and 2 at 00:14 and 01:14 UT respectively,
in all AIA channels. The footpoint regions of the jets were clearly observed to be
associated with an umbral-penumbral region of the sunspot in the AIA 1600 Å
channel (bottom right). The AIA images confirmed the multithermal nature of
the spire and footpoint regions of both jets. The images in the AIA 94, 131, 193
and 304 Å channels show saturation (diffraction pattern) at the footpoint region
of both jets.

Figure 3. The images of the AR jet 2 at 01:14 UT in all AIA channels (reverse colour images).
The images confirmed a multithermal plasma emission in the spire and footpoint region of
the jet (see online movie1.mp4). The footpoint region was observed to be associated with an
umbral-penumbral region of the sunspot (see AIA 1600 Å image). The Fe xviii 93.93 Å emission
(first row middle panel) is derived from the AIA 94 Å channel. A small green boxed region in
the AIA 335 Å image was used to obtain AIA light curves (see fig. 5, bottom panel).

Using near simultaneous images in the AIA 94, 211 and 171 Å channels
during the jet activity, we estimated Fe xviii 93.932 Å emission using a semi-
empirical formula, I (Fe xviii) = I (94 Å) – (I (211 Å)/120) – (I (171 Å)/450)
given by Del Zanna (2013b). A comparison of AIA 94 Å images with the derived
Fe xviii emission showed that the AIA 94 Å channel was dominated by Fe xviii
emission during the evolution of both jets. The cool and hot plasma components
in the spire and footpoint regions of the jets are shown in AIA 304 Å (row 3,
middle panel) and Fe xviii images (row 1, middle panel) in figs. 2 and 3. The
observations confirmed that there is a temporal and spatial correlation between
hot and cool plasma components.

The X-ray activity during the evolution of the recurrent jet was examined
using GOES-15 observations. The C 3.0 class X-ray flare started at 00:12 UT,
peaked at about 00:14:30 UT and ended at 00:17 UT whereas; the C 1.8 class
flare started at 01:07 UT, peaked at about 01:14:30 UT and ended at 01:17 UT.
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Figure 4. Top panel : the X-ray C 3.0 class flare observed on 9 March 2015 between 00:12
- 00:17 UT. The black and red curves show X-ray fluxes in the 0.5 - 4.0 Å and 1.0 - 8.0 Å
channels of the GOES-15 respectively. The blue dashed lines indicate the start (00:12:33 UT)
and end times (00:16:04 UT) of the EIS raster respectively, for AR jet 1. The pink lines indicate
slit timings within the same raster (00:15:23 - 00:15:59 UT) where EIS observed emission from
the footpoint region of jet 1. A small peak between 00:03 and 00:09 UT represents a C 1.1
X-ray flare. Bottom panel : the temporal evolution of the footpoint of AR jet 1 in all AIA
channels. A small green boxed region shown in AIA 335 Å image in fig. 2 was used to obtain
AIA light curves. The Fe xviii 93.932 Å emission was estimated from the AIA 94 Å channel.
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Figure 5. Top panel : the X-ray C 1.8 class flare observed on 9 March 2015 during 01:07
- 01:17 UT. The black and red curves show X-ray fluxes in the 0.5 - 4.0 Å and 1.0 - 8.0 Å
channels of GOES-15 respectively. The blue dashed lines indicate the start time (01:09:41 UT)
of the first raster and end time (01:16:46 UT) of the second raster respectively. The pink
lines indicate slit timings within the first (01:12:31 - 01:13:03 UT) and second raster (01:16:05 -
01:16:37 UT) when the EIS raster captured emission from the footpoint region of jet 2. Bottom
panel : the temporal evolution of the footpoint of the AR jet 2 in all AIA channels. A small
green boxed region shown in AIA 335 Å image in fig. 3 was used to obtain AIA light curves.
The Fe xviii 93.932 Å emission was estimated from the AIA 94 Å channel.
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The evolution of the X-ray fluxes during the flares is shown in figs. 4 and 5 (top
panels) during the activity of AR jet 1 and 2 respectively. The black and red
curves show X-ray fluxes obtained from the 0.5 - 4.0 Å and 1.0 - 8.0 Å channels
of the GOES-15 satellite respectively. Jet 1 and 2 were found to be temporally
associated with the X-ray C 3.0 and C 1.8 class flares respectively.

The activity of the footpoint region of both jets was examined in all AIA
channels. A small green boxed regions in the AIA 335 Å channel of figs. 2 and 3
were used to obtain AIA light curves. Figures 4 and 5 (bottom panels) show AIA
light curves obtained during the evolution of the footpoint region of jet 1 and 2
respectively. After a careful examination, it was found that the AIA light curves
in all channels follow a similar pattern of activity as observed in the X-ray flares
(see figs. 4 and 5, top panels). The observations showed that there is a temporal
and spatial correlation between both flares and the emission from the footpoints.
The results confirmed that both X-ray C-class flares originated at the footpoint
regions of the jets.

Most of the images in the AIA 94 and 131 Å channels were saturated at the
footpoint region during the peak and gradual decay phase of both flares. The
light curves do not show sharp peaks as with the X-ray flares, rather the curves
are broader during that time. The Fe xviii 93.932 Å emission was estimated
from the AIA 94 Å. The Fe xviii light curve seems to follow the same pattern as
the light curve obtained from the AIA 94 Å. This confirms that the AIA 94 Å
was dominated by Fe xviii 93.932 Å emission at the footpoint region during both
flares. The AIA 131 Å channel was likely dominated by emission from Fe xxi
128.75 Å line during both flare-jet activity.

2.1.1. Plane-of-sky Velocities using AIA 171 Å images

The plane-of-sky velocities for both AR jets were calculated using the AIA
171 Å channel (dominated by the Fe ix 171.07 Å line formed at log T [K] = 5.85
(0.7 MK)). Figure 6 shows AR jet 1 (top left panel) and 2 (bottom left panel)
images in the AIA 171 Å channels.

The white overplotted lines along the jet spire were used to track the jet-front
during the evolution. The time-distance plots (top and bottom right panels) were
created. The near vertical features at 00:15 and 01:12 UT show signatures of AR
jet 1 and 2 respectively. The three white dashed lines were drawn along the
threaded structure of the jet-spire and these lines were used to measure
the plane-of-sky velocities (see Table 1). The averaged velocities were found to
be 462˘21 and 228˘23 km/s for jet 1 and 2 respectively. The vertical feature
at 23:30 UT represents one of the recurrent jets which originated from the same
footpoint region before the AR jet 1.

2.2. EUV Spectroscopic Observations from EIS

The EIS (Culhane et al., 2007) on board the Hinode (Kosugi et al., 2007) satellite
was observing a small field-of-view (592ˆ1522 shown as yellow boxes in fig. 1)
of the active region NOAA 12297 (S17 E39) on 8 and 9 March 2015. The
HH Flare raster v6 study was running continuously for several hours to capture

SOLA: flare_jet_rev1.tex; 18 September 2018; 16:39; p. 9



Mulay et al.

Figure 6. Left panel : The AIA 171 Å images of jet 1 at 00:16:23 UT (top panel) and jet 2
at 01:18:23 UT (bottom panel). The white overplotted lines represent artificial slits which
were used to create time-distance plots. Right panel : Time distance plots for jet 1 (top panel)
and jet 2 (bottom panel). The three white dashed lines along the jet-spire structure were
used for the plane-of-sky velocity calculation. The velocities were found to be 462˘21 and
228˘23 km/s for jet 1 and 2 respectively.

Table 1. Plane-of-sky velocities of the
recurrent jet

Velocity (km/s) Jet 1 Jet 2

Slit 1 448 223

Slit 2 486 209

Slit 3 452 253

Average Velocity 462˘21 228˘23
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a flare. A total of 12 wavelength windows were used for this observation covering
some high and low temperature lines in both short (SW: 166 - 212 Å) and long
(LW: 245 - 291 Å) wavelength channels of the EIS instrument. A 22-wide slit
was moving in the Solar West-East direction (in the opposite direction to the
Solar rotation) on the solar disk. The study used a sparse raster (32 spacing
between exposures). The raster covered 20 positions with 9 sec exposure time.
Other details of the EIS observations and a list of the observed spectral lines are
given in Tables 2 and 3 respectively.

Table 2. EIS observation details

EIS study details

Observation date 9 March 2015

Study Flare obs for AR near E-limb

Study acronym HH Flare raster v6

Raster start time (UT) 00:12:33

Raster end time (UT) 00:16:04

Raster type scanning

Number of line windows 12

Number of exposures 20

Slit width 22 (sparse raster)

Field-of-view 592 ˆ 1522

Raster cadence 3 min 31 sec

Exposure time (sec) 9.0

Pixel size in Solar-X 3.02

Pixel size in Solar-Y 1.02

The EIS data was downloaded from the Hinode Science Data Centre Europe4

and converted to level 1 using the eis prep.pro routine. The spectral lines were
fitted with a single Gaussian profile at each pixel and intensities (DN) were
obtained. The intensity images were created for each line. The intensities (DN)
were converted to calibrated units (erg cm´2 s´1 sr´1) using the radiometric
calibration by Del Zanna (2013b). This calibration can be used for the EIS data
which was observed before September 2012. For the data after September 2012,
the calibration assumes that there is no degradation in the EIS channels and it
calibrates data using the same degradation factor as that for September 2012.

EIS observed the active region during the impulsive, peak and decay phase of
the C 3.0 class flare in a single raster (EIS raster start time - 00:12:33 UT and
end time - 00:16:04 UT). The EIS raster captured emission from the footpoint
region of AR jet 1 in four slit positions (slit number 17 - 20) during 00:15:23 -
00:15:55 UT i.e. during the decay phase of the flare. In Figure 4 (top panel), the
blue lines show the raster start and end times and the pink dashed lines indicate

4http://sdc.uio.no/search/form
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Figure 7. Top panel : EIS intensity image (reverse colours) in Fe xii (192.39 Å) created using
the EIS raster observed at 00:12:33 UT. The green box indicates the emission observed from
the footpoint region of jet 1 which covered four slit positions. Bottom panel : EIS intensity
images (reverse colours) (zoomed view) of the footpoint region of jet 1.
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Table 3. List of the EIS emission lines observed
in this study

EIS Wavelength log Tmax

observed lines λ (Å) [K]

Fe x 184.54 6.1

Fe xxiv (bl) 192.02 7.25

Fe xii 192.39 6.2

Ca xvii (bl) 192.82 6.7

Fe xii (sbl) 195.12 6.2

O v 248.49 5.5

Fe xvii 254.87 6.8

Fe xxiv 255.11 7.25

Si x (bl) 256.40 6.1

Fe xvi 262.98 6.4

Fe xxiii 263.76 7.1

Fe xiv 264.79 6.2

Fe xiv (bl) 274.20 6.2

Fe xv 284.16 6.3

Notes. bl and sbl indicate blending and self-blending, respectively.

timings during which the raster captured emission from the footpoint region of
AR jet 1.

Figure 7 (top panel) shows the EIS raster in Fe xii 192.39 Å line during the
evolution of jet 1. The green box represents the region where the EIS raster (slit
number 17 - 20) captured emission from the footpoint region of jet 1. A zoomed
view of the footpoint region of jet 1 is shown in fig. 7 (bottom panel).

In the case of AR jet 2, two EIS rasters (raster 1 : 01:09:41 - 01:13:12 UT and
raster 2 : 01:13:15 - 01:16:46 UT) observed emission during the impulsive, peak
and decay phase of the X-ray C 1.8 class flare. Similar to jet 1 EIS observations,
the footpoint region of jet 2 was also observed in four slit positions (slit number
17 - 20) in both rasters (raster 1 : 01:12:31 - 01:13:03 UT and raster 2 : 01:16:05
- 01:16:37 UT) during the impulsive and decay phase of the flare respectively.
The pink dashed lines in fig. 5 indicate timings during which the raster captured
emission from the footpoint region of AR jet 2.

2.2.1. Density Diagnostics using the Fe xiv Line Ratio

Currently, the EIS calibration is uncertain and we found some inconsistent
densities using different line ratios. We measured electron number densities in the
footpoint region of jets using density diagnostics from Fe xiv (264.79 and 274.20 Å)
lines where the lines are close in wavelength. The electron number density in
the footpoint regions of jet 1 and 2 was calculated using the CHIANTI v.8.0.2
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atomic database (Dere et al., 1997; Del Zanna et al., 2015). Figure 8 (top panel)

shows the theoretical line intensity ratios for these Fe xiv lines.

Figure 8. Top panel : the theoretical intensity ratio for Fe xiv (λ264.78/λ274.20) line pairs as
a function of electron number density. Bottom panel : the Fe xiv intensity images (left and
middle panel) and electron number density map (right panel) for jet 1. The green boxes show a
region from slit 17 which was selected to calculate density in the the footpoint of jet 1. The
electron number densities are in logarithmic scale in cm´3 units.
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Table 4. Electron number densities obtained
from Fe xiv line ratio density diagnostics

Event Time Y Fe xiv Density

(UT) (pixel) (N e cm´3)

AR Jet 1 - Raster 1 - 00:12:33 - 00:16:04 UT

slit 17 00:15:23 119:127 4.7ˆ1010

slit 18 00:15:33 123:133 2.7ˆ1010

slit 19 00:15:44 129:143 5.3ˆ1010

slit 20 00:15:55 140:148 4.6ˆ1010

AR Jet 2 - Raster 1 - 01:09:41 - 01:13:12 UT

slit 17 01:12:31 121:130 2.6ˆ1010

slit 18 01:12:42 123:133 1.7ˆ1010

slit 19 01:12:52 127:140 2.0ˆ1011

slit 20 01:13:03 129:141 3.2ˆ1010

AR Jet 2 - Raster 2 - 01:13:15 - 01:16:46 UT

slit 17 01:16:05 120:130 2.0ˆ1010

slit 18 01:16:15 125:135 2.1ˆ1010

slit 19 01:16:26 127:140 4.4ˆ1010

slit 20 01:16:37 133:148 4.1ˆ1010

The Fe xiv 264.79 Å line is unblended whereas Fe xiv 274.20 Å line is blended
with the Si vii 274.175 Å. The contribution of the Si vii 274.175 Å can be
estimated by using the other Si vii 275.35 Å line. But unfortunately, this study
did not include the other Si vii line. So its contribution could not be included.
Therefore, the densities measured here show lower limits. However, only a small
contribution from Si vii to the Fe xiv line has been reported during the flares by
Brosius (2013), Del Zanna et al. (2011) and Polito et al. (2016).

The densities obtained in the footpoint region of jet 1 and 2 using Fe xiv
density diagnostics were found to be lower than the values obtained by Mulay,
Del Zanna, and Mason (2017b) and Chifor et al. (2008) using Fe xii density
diagnostics except for one slit position (slit 19 for Fe xiv for AR jet 2) where
the densities show good agreement. The densities show good agreement with the
values obtained by Mulay et al. (2016) which were lower limits to the densities.

2.2.2. Fe xxiii and Fe xxiv Line Profiles

During the evolution of jet 1 and 2, the EIS raster observed emission from very hot
plasma (ą10 MK) from Fe xxiv (192.02, 255.11 Å) and Fe xxiii (263.76 Å) lines
at the footpoint region of jets where the flares occurred. Figure 9 shows Fe xxiv
192.02 Å (left panel), Fe xxiv 255.11 Å (middle panel) and Fe xxiii 263.76 Å
(right panel) line profiles for four slit positions observed for the footpoint region
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of jet 1 (Raster 1 - 00:12:33 - 00:16:04 UT). Two or three Gaussian components
(blue dashed curves) were used to fit the profiles where the lines were more broad
and showed wings.

Figure 9. Fe xxiv 192.02 Å (left panel), Fe xxiv 255.11 Å (middle panel) and Fe xxiii 263.76 Å
(right panel) line profiles observed during the decay phase of the X-ray C 3.0 class flare at
the footpoint region of jet 1 (Raster 1 - 00:12:33 - 00:16:04 UT). The first, second, third and
fourth rows show the spectra obtained for the slit positions 20 (00:15:55 UT), 19 (00:15:44 UT),
18 (00:15:33 UT) and 17 (00:15:23 UT) respectively. The curved dashed blue lines represent
Gaussian profiles and the fits to the line profiles are shown by red lines.

The Fe xvii 254.87 Å line is close to the Fe xxiv 255.11 Å line. During X-ray
flares, both lines get broader and it is difficult to separate and fit the individual
line profiles. In this study, the Fe xxiv 255.11 Å line was carefully separated
and fitted with a single Gaussian component (see middle panel of fig. 9). The
Fe xxiv 192.02 Å line is blended by Fe viii (Del Zanna, 2009b), Fe xi (Del Zanna,
2010) and an unidentified TR line (Del Zanna, 2009a). The Fe xxiv 192.02 Å
line was found to be saturated for two slit positions (see fig 9, slit number 18
and 19) in the raster observed during jet 1 and could not be used for quantitative
analysis. So, for further calculations, we used the Fe xxiv 255.11 Å and Fe xxiii
263.76 Å lines. The advantage of using these lines is that both lines are close in
wavelength and observed in the long wavelength channel of the EIS instrument.
So even if there has been a degradation in the long wavelength channel the lines
would have been affected in a similar way.
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2.2.3. EM Loci Curves for Fe xxiii and Fe xxiv Lines

The intensity Ipλjiq of an optically thin emission line of a wavelength λji emitted
along the line-of-sight h can be written as

Ipλjiq “ Abpzq

ż

Ne NH CpT,Ne, λjiq dh (1)

where Ne and NH are the electron and hydrogen number densities, CpT,Ne, λjiq
is the contribution function of spectral line, Abpzq is the elemental chemical
abundances, and h is the column depth of the emitting plasma along the
line-of-sight.

The amount of plasma along the line-of-sight that emits the observed radiation
in the temperature between T and T ` dT can be expressed as the “column
differential emission measure DEMpT q”

DEMpT q “ Ne NH
dh

dT
pcm´5 K´1q(2)

ż

T

DEMpT q dT “

ż

h

NeNH dh (3)

The total column emission measure (EMcol) can be calculated by integrating the
DEM over the temperature range which was used in the DEM analysis.

EMcol “

ż

h

NeNH dh “

ż

T

DEMpT q dT pcm´5q(4)

The loci of Iob{GpNe, T, λjiq curves provide an upper limit to the emission
measure distribution as a function of temperature:

EM “
Iob

GpNe, T, λjiq
pcm´5q(5)

Where GpNe, T, λjiq “ Abpzq CpNe, T, λjiq.
If the plasma along the line-of-sight is isothermal, then the EM loci curves for a

number of spectral lines should intersect at a single temperature Tiso and a single
EMiso value. The method of analysis assumes that the electron number density
(Ne) and the elemental abundances (Abpzq) do not vary along the line-of-sight.
The EM loci curves depend on the instrumental calibration, the accuracy of
atomic calculations and the elemental abundances.

Assuming an isothermal plasma (T = Tiso) along the line-of-sight, we obtained
EM loci curves for Fe xxiii 263.76 Å and Fe xxiv 255.11 Å lines. The contribution
function of the lines (gofnt.pro), calibrated intensities and photospheric abun-
dances (Asplund et al., 2009) and the CHIANTI v.8.0.2 atomic database (Dere
et al., 1997; Del Zanna et al., 2015) were used in this calculation. The electron
number densities at the footpoint region of jets obtained from the Fe xiv line ratio
(see section 2.2.1) were used in this analysis. The EM Loci method using
the contribution functions G(T) for Fe XXIII and Fe XXIV lines does
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not depend on the electron number densities. Therefore, EM values

for both lines will remain the same even though we used electron

densities from Fe XIV line ratio at a temperature of 1.5-2 MK. In

pressure equilibrium, we might expect the Ne values at 10 MK to

be about an order of magnitude lower than at 1.5-2 MK. We should

also note the multithermal nature of solar flares would suggest that

we may be looking at different plasma region. The plasma pressure

was calculated at the temperature maximum Tmax of Fe XXIII and

Fe XXIV lines using the equation P = Ne ˆ Tmax cm´3 K.

Figure 10 shows the EM loci curves for four slit positions which observed

the footpoint region of jet 1. The loci curves crossed at very high temperatures

between 13.6 and 17.7 MK at different times during the decay phase of the

X-ray C 3.0 class flare which was associated with jet 1. The results show that

the temperature of the plasma in the footpoint region of jet 1 decreased with

time during the decay from 17.7 to 13.6 MK. We estimate the error in the

measured temperature to be around 1 MK.

A similar analysis was performed for jet 2 for two rasters observed during the

impulsive rise and decay phase of the C 1.8 X-ray flare. In the first raster of jet 2,

the plasma temperature was found to be increasing from 13.7 to 14.9 MK during

the rise phase of the X-ray C 1.8 class flare. For the second raster, the plasma

temperature was found to be decreasing during the decay phase of the flare from

14.3 to 13.2 MK. These changes in temperature within the error limits,

so should be treated with caution.

The plasma temperature and EM values were obtained for four slit positions

for both rasters. Table 5 provides details for the Fe xxiii and Fe xxiv lines for

both jets. The densities noted in the column 4 are the electron number densities

obtained from the Fe xiv line ratio (see section 2.2.1). The Fe xxiii and Fe xxiv

line intensities are given in the columns 5 and 6 respectively. The EM values and

isothermal temperatures (T iso) are given in the columns 7 and 8 respectively.

Assuming a uniform distribution of plasma along the line-of-sight and “spec-

troscopic filling factor (f)”equal to unity, a lower limit to the electron number

densities can be estimated using the following equation

f “
EMcol

0.83 N2
e h

(6)

where Ne is the electron number density in the region and h is the column depth

of the emitting plasma along the line-of-sight. Here, we assumed NH “ 0.83ˆNe

considering a fully ionized gas with the relative helium abundance A(He) = 0.1.

Considering a cylindrical geometry for the footpoint region of both jets, from the

AIA images we estimated a width of 22 of the structure and obtained these lower

limit to electron number densities (see Table 5, column 9). The values obtained

for the 10 MK plasma are lower than those calculated from the Fe xiv line

ratio.
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Figure 10. EM loci curves for four slit positions which observed emission from the footpoint
region of jet 1. The loci curves for Fe xxiii 263.76 Å and Fe xxiv 255.11 Å lines are shown by
blue and pink curves respectively. The dashed red lines represent the isothermal temperatures
(crossing) and corresponding values of the emission measure.

2.2.4. Nonthermal Velocity Calculation using Fe xxiii and Fe xxiv

Lines

Figure 9 shows broad spectral profiles for Fe xxiii and Fe xxiv lines during the
evolution of both jets. The observed widths were measured from the fitted line
profiles. The nonthermal velocities were calculated for the footpoint region of the
jets using the isothermal temperature (see Table 5, column 8) obtained from the
EM loci plots. The thermal velocity for each line was calculated at the isothermal
temperature. The instrumental full-width-half-maximum (FWHM) of 0.058 was
used for the long wavelength channel. Table 5 shows nonthermal velocities for
Fe xxiv (columns 10) and Fe xxiii (columns 11) lines. The nonthermal velocities
ranged from 34 - 100 km/s for Fe xxiv and 51 - 89 km/s for Fe xxiii.

2.3. Temperature Estimate using GOES X-ray Fluxes

The isothermal temperatures obtained from the EM loci plots (see section 2.2.3)
during the evolution of both jets were compared with the electron temperatures
obtained from the GOES. We used the method developed by Thomas, Crannell,

SOLA: flare_jet_rev1.tex; 18 September 2018; 16:39; p. 19



Mulay et al.

Figure 11. The electron temperature profiles obtained using GOES fluxes observed in two
channels during the C 3.0 (during jet 1) (top panel) and C 1.8 (during jet 2) (bottom panel)
X-ray flares respectively. The blue and pink dashed lines represent the EIS raster timings, same
as shown in the top panel of fig. 4 and fig. 5 respectively.

and Starr (1985) and Garcia (1994) to estimate electron temperatures using the
X-ray flux ratio of the GOES 0.5 - 4.0 Å and 1.0 - 8.0 Å channels. The method
(Garcia 1994; White, Thomas, and Schwartz 2005) calculates the temperature of
an isothermal plasma which would produce the observed ratio of responses in
the two GOES channels.

The electron temperature profiles were obtained using the GOES package
available in the SSW libraries. The X-ray fluxes during the non-flaring/quiet
activity on 8 March 2015 from 22:24:00 UT to 22:48:00 UT was selected as
a background in the analysis and the electron temperatures were computed.
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Figure 11 shows the electron temperature profiles obtained for both flare events.
The blue and pink dashed lines represent the EIS raster timings (as shown in
the top panels of figs. 4 and 5). The electron temperature from GOES data was
found to be decreasing from 15 to 14 MK during the decay phase of the C 3.0
flare which was observed during jet 1 (the timings are shown by the pink dashed
lines in the top panel). We found that the temperature was rising from 11 to
12 MK during the impulsive phase and decreasing from 10.5 to 9.8 MK during
the decay phase of the C 1.8 flare (the timings are shown by the pink dashed
lines in the bottom panel) which was observed during jet 2.

However, we estimate an error of around 0.4 MK for these mea-
surements (Garcia, 1994). This means that the increase and decrease
measures should be treated with caution. The isothermal temperatures at
the footpoint region of both jets obtained from the EM loci using Fe xxiii and
Fe xxiv were found to be in good agreement (within 20% uncertainty) with the
electron temperatures obtained by the GOES flux ratio.

Feldman et al. (1996) studied flares seen by GOES in the 1 - 8 Å channel
and found that there is a linear relationship between X-ray class flares and the
electron temperature obtained at the peak of the flares using the Bragg Crystal
Spectrometer (BCS) on board Yohkoh (Ogawara et al., 1991). We recorded peak
temperatures ranging from 12.5 to 18.5 MK for both C 3.0 and C 1.8 flares. The
isothermal temperatures (see section 2.2.3) and electron temperatures obtained
here show good agreement with and are within the range of temperatures reported
by Feldman et al. (1996).

2.4. X-ray Imaging Results using RHESSI

On 8 and 9 March 2015, the RHESSI instrument was in the night time during
23:50 - 00:25 UT and so it could not observe X-ray emission during the evolution
of jet 1. The RHESSI observed soft and hard X-ray emission during the evolution
of jet 2.

Figure 12 shows spin-averaged corrected count rates with 4 sec resolution
obtained in the 3-6 (pink curve), 6-12 (blue curve) and 12-25 keV (green curve)
energy channels by taking an average over all nine detectors. The GOES X-ray
flux in the 0.5 - 4.0 Å (black curve) and 1.0 - 8.0 Å (red curve) channels are
also overplotted for comparison. The RHESSI soft (3-6, 6-12 keV) and hard
(12-25 keV) X-ray curves follow the same activity as the X-ray C 1.8 class flare
observed by the GOES instrument. The results confirm that there is a temporal
correlation between the flare activity and hard X-ray emission.
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Figure 12. RHESSI light curves in the 3-6 (pink), 6-12 (blue) and 12-25 keV (green) channels
observed during the evolution of jet 2. The left Y-axis represents RHESSI corrected count rates.
The GOES X-ray fluxes in the 0.5 - 4.0 Å (red) and 1.0 - 8.0 Å (black) channels for C 1.8 flare
are also plotted in this plot for comparison. The right Y-axis represents GOES X-ray fluxes for
C 1.8 flare.

In order to find the spatial correlation between the hard X-ray emission
observed by RHESSI and the evolution of the footpoint region of jet 2, we
have created X-ray images using RHESSI detectors 4-8. We used an image
reconstruction method based on the CLEAN algorithm (Hurford et al., 2002).

Figure 13 shows AIA 171 Å images during the evolution of the AR jet 2. The
images of the RHESSI X-ray sources were created by taking an average over the
fluxes observed during 01:07:00 - 01:09:04 UT (row 1), 01:09:00 - 01:11:04 UT
(row 2) and 01:11:00 - 01:14:04 UT (row 3). The sources were observed at the
footpoint region of jet 2 and they are plotted as contours on the AIA 171 Å
images. The cyan (left panel) and yellow colour (middle panel) contours represent
soft X-ray emission in the 3-6 and 6-10 keV energy channels respectively. The
green contours (right panel) represent hard X-ray emission in the 12-25 keV
energy channel. From RHESSI light curves as well as from the imaging, it is
clear that the hard X-ray emission at the footpoint of a jet 2 started a bit later
(„2 min) at 01:10:11 UT. The soft and hard X-ray sources were confined to the
footpoint region of jet 2.

2.4.1. Spectroscopic Results from FERMI

By taking advantage of the Gamma-ray Burst Monitor (GBM) on the Fermi
Gamma-ray Space Telescope5 (Atwood et al., 2009), we performed further analysis

5https://hesperia.gsfc.nasa.gov/fermi solar/
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Figure 13. AIA 171 Å images during the evolution of the AR jet 2. The timings mentioned in
the images are the AIA 171 Å image timings. The X-ray sources were observed at the footpoint
region of jet 2. The cyan (left panel) and yellow colour (middle panel) contours represent soft
X-ray emission observed by the RHESSI in the 3-6 and 6-10 keV energy channels respectively.
The green contours (right panel) represent hard X-ray emission in the 12-25 keV energy channel.
The images of the RHESSI X-ray sources were created by taking an average over the fluxes
observed during 01:07:00 - 01:09:04 UT (row 1), 01:09:00 - 01:11:04 UT (row 2) and 01:11:00 -
01:14:04 UT (row 3). All contours are plotted as 30, 50, 70 and 90% of peak flux in each energy
channel.

of soft and hard X-ray emission and also studied the temperature distribution
during both jet events using FERMI spectra.

The most sunward directed detectors NaI05 and NaI00 were used to capture
emission during jet 1 and jet 2 respectively. Figure 14 shows emission observed
by the FERMI GBM in its various energy bands during both flares6 (start
time : 00:13:32 UT (01:12:37), peak time : 00:14:28 UT (01:13:18), end time :
00:15:25 UT (01:15:12)). The SSW package OSPEX7 was used to generate light
curves and also to fit the spectra. Fermi captured emission during the impulsive
rise and peak phase C 3.0 flare (i.e. during jet 1) and entire C 1.8 flare (i.e. during
jet 2).

The hard X-ray emission was also observed by FERMI during jet 1 activity
(see fig. 14, top panel). Since all AIA channels showed very similar signatures
for both jet events, we assumed that this hard X-ray emission also originated at

6https://hesperia.gsfc.nasa.gov/fermi/gbm/qlook/fermi gbm flare list.txt
7http://sprg.ssl.berkeley.edu/„tohban/wiki/index.php/OSPEX Users Guide
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Figure 14. FERMI GBM light curves during jet 1 (top panel) and jet 2 (bottom panel) events.

the footpoint region of jet 1, similar to the hard X-ray sources seen during jet 2
(see fig. 13). We assumed that the photon spectrum measured by FERMI can be
taken to represent emission from a compact X-ray source in the case of both jets,
and for consistency we performed a spectroscopic analysis for both jets using the
FERMI data. For both events background subtraction was performed and the
spectra were fitted with a combination of a thermal plus thick target function.

For jet 1, the spectra in two time intervals could be fitted: 00:13:17 - 00:13:58 UT
and 00:13:58 - 00:14:37 UT. The measured spectra with fits overlaid are shown
in Figure 15. Note that the Iodine K-edge at 33.17 keV can, at high count rates,
be seen as a discontinuity in the FERMI GBM spectra, and can produce large
residuals around this energy when the spectra are fitted. However, while this
contributes to producing a larger than desirable χ2 value for the fits, it does
not cause a bias in the fit parameters (Bissaldi et al., 2009). This effect was
apparent in some of the spectra observed during jet 2. For jet 1, the nonthermal
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energy calculated using the derived fit parameters was 2.38ˆ1026 erg s´1 for
the first time interval (00:13:17 - 00:13:58 UT) and 2.87ˆ1027 erg s´1 for the
second time interval (00:13:58 - 00:14:37 UT). The plasma temperature derived
from the fitting for jet 1 is 27 MK for the first time interval and 25 MK second
time interval. These measurements were made slightly before the EIS raster
scan started at 00:15:23 UT, but are consistent with the decreasing temperature
measure with EIS.

For jet 2, it was possible to fit the spectrum at 40 sec accumulation times
from 01:09:14 to 01:23 UT. Again the spectra were fitted with a combination
of a thermal and thick target function, and from the spectral fits, we derived
the nonthermal energy deposition with time, as shown in Figure 16 (left panel).
From this and Figure 14, it can be seen that the emission is predominantly
thermal between 01:09 and 01:14 UT, while a nonthermal component dominates
coincident with the main X-ray peaks. Figure 16 (right panel) shows the plasma
temperature derived from the spectral fitting for jet 2, and it can be seen that
the highest jet temperatures are seen earliest in the event, gradually decreasing
as the nonthermal component of the X-ray emission increases. The peak jet
temperature at 01:09 UT is 29 MK, of similar order to those found by Bain and
Fletcher (2009); Christe, Krucker, and Lin (2008) in their studies, and indicating
an association of the jet with the presence of superhot plasma. The temperature
can then be seen to drop, but there is a second lower peak around 01:13 UT, as
can also be seen in Table 4 for the temperatures derived from EIS observations.

2.5. The Evolution of the Photospheric Magnetic Field during Jets

Jets are thought to be driven by magnetic reconnection between a closed magnetic
loop and open background magnetic fields. Due to this reconnection, new closed
loops are generated. Flux cancellation associated with jets is usually caused by
submergence of this new closed loop (Chifor et al., 2008).

Figure 17 shows reverse colour images in the AIA 1600 Å channel at the
time of jet 1 and jet 2, respectively. Red and blue contours stand for positive
and negative line-of-sight (LOS) magnetic field (˘200 G) obtained with the
Helioseismic Magnetic Imager (HMI; Schou et al. 2012, Scherrer et al. 2012). The
HMI obtained LOS magnetic field data with high-resolution (0.52 per pixel) and
high-cadence (45 seconds) from 8th March 22:30 UT to 9th 02:30 UT. The
Solarsoft routine aia prep.pro was applied for data obtained by the AIA and
HMI for the purpose of calibration and co-alignmnet. These images show ribbon-
like structure and reflect that recurrent jets rose from the highly mixed-polarity
region. Figure 18 shows reverse color images in the AIA 94 Å channel at the time
of jet 1 and jet 2 which indicate post-flare closed loops. The green lines show
intensity contours of the AIA 1600 Å images, representing flare ribbons. It can
be seen that flare ribbons appear at footpoints of post-flare loop seen in the AIA
94 Å image.

Figure 19 shows the HMI LOS magnetograms at the time of jet 1 and jet 2.
Note that, since the active region was located away from disk center at the time,
the accuracy of LOS magnetogram is not very good. In fig. 19, we label the positive
polarity regions associated with flare ribbons with P1 and P2 and the negative
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Figure 15. The combined thermal and thick target spectral fit to FERMI GBM data for the
intervals 00:13:17 - 00:13:58 UT (top panel) and 00:13:58 - 00:14:37 UT (bottom panel) during
jet 1.

Figure 16. Non-thermal energy flux calculated from a thick target model (left panel) and
plasma temperature derived from the FERMI spectral fits for jet 2.
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polarity region associated with flare ribbons with N1. These boxes move in
accordance with the Sun’s rotation. Comparing the LOS magnetograms,
fig. 17, and 18, we speculate that the loop connecting the positive region in P1
and the negative region in N1 is a pre-existing closed loop and positive open
fields from a main sunspot and the positive fields in P2 collimate the ejecta of
jets.

Figure 20 shows the temporal evolution of the magnetic field in
the period studied. Although the boxes are set in the complex region,
magnetic elements in the boxes do not move significantly. For example,
negative polarity elements are located within the N1 box. Thus, any
major changes in the temporal evolution of the magnetic flux are
not caused by the proper motions of magnetic elements through the
boundary of the boxes.

We calculate the temporal evolution of LOS positive magnetic flux in P1 and
P2 and negative magnetic flux in N1 in about 4 hours covering the time
of the jets to investigate the relationship between the occurrence of jets and
magnetic field. Figure 21 shows the time profile of LOS magnetic flux in N1, P1
and P2. When these magnetic flux were calculated, negative flux in P1 and P2,
and positive flux in N1, were neglected. Additionally, to eliminate effects of
noises, we also neglect weak flux whose flux is less than the noise level
of the HMI 45-second magnetogram, namely, 10 G (Liu et al., 2012).
Two green lines represent the time when jet 1 and jet 2 occurred.

Regarding the long-term evolution, Magnetic flux in P2 shows an in-
creasing tendency before jet 1 and jet 2. After jet 2, however, the flux shows
a significant decrease. This decreasing tendency can be seen in the behavior
of magnetic flux in N1, nonetheless this is gentle. On the other hand, in P1,
magnetic flux does not decrease drastically soon after the jets.

Regarding the short-term evolution, absolute magnetic flux in N1
shows a sharp decrease during jet 1 and jet 2. The timescale of the
decrease is about 5-10 minutes. In P2, similarly, absolute magnetic
flux decreases during jet 1 and after jet 2. In P1, on the other hand,
the absolute flux decreases about 20 or 15 minutes before jet 1 and
2, respectively. Moreover, after the decreases, the flux significantly
increases during jet 1, and before jet 2. These sharp increases could
be the onset of the jets. Note that short-term increases and decreases
can be found at different times from these of jet 1 and 2. This could
be related to other jets which occur frequently in the region but are
not included in this study.

In P2, the magnitude of the increase or decrease is about 0.2ˆ1019 Mx.
This value is small, however, considering the noise level of 10 G,
we can estimate the magnitude of fluctuation due to noise at about
0.3ˆ1018 Mx. Therefore, we consider that the increase and decrease
are associated with the jet activity, not the noise.

Figure 22 shows a schematic model representing our speculation on the jets,
based on the model by Chifor et al. (2008). From the EUV images, it can be
assumed that P1 and N1 are connected with closed fields. The fields interact with
the open fields of P2 and magnetic reconnection occurs. The reconnection flow
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heats the chromosphere and the jets are ejected, being collimated by the open
fields of P2 and the vertical fields of the sunspot. The new closed field connecting
P2 and N1 may submerge and cancel. We believe that the decreasing behavior of
the magnetic flux in P2 and N1 reflects this cancellation.
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Figure 17. AIA 1600 Å images at the time of jet 1 (left panel) and jet 2 (right panel),
indicating flare ribbons. Red (blue) lines are contours of LOS positive (negative) magnetic field
of ˘200 G.
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Figure 18. AIA 94 Å images at the time of jet 1 (left panel) and jet 2 (right panel), indicating
closed post-flare loops. Green contours are indicating flare ribbons from AIA 1600 Å. Red
(blue) contours represent LOS positive (negative) magnetic field of ˘200 G.

3. Discussion and Summary

Simultaneous observations from the EIS, AIA, FERMI and RHESSI instruments
presented in this paper provided clear evidence for the existence of flare like
temperatures (ą10 MK) and soft/hard X-ray emission at the footpoint region
of a recurrent AR jet. The GOES instrument observed two C-class flares (see
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Figure 19. HMI LOS magnetic field at the time of jet 1 (left panel) and jet 2 (right panel),
showing the magentic field of ˘500 G. P1 (small red box) and P2 (big red box) are
determined to calculate flare-related positive magnetic flux. N1 (yellow box) is determined
to calculate flare-related negative magnetic flux. The green contours are indicating flare
ribbons from AIA 1600 Å.

top panels of figs. 4 and 5) during the recurrent jet activity. The temporal and
spatial correlation between flares and footpoint activity of the recurrent AR jet
has been confirmed using EIS observations (emission in Fe xxiii and Fe xxiv
lines) and AIA light curves (see bottom panels of figs. 4 and 5). As far as we
are aware, this is the first clear case of hot flare emission in an active region jet
observed with EIS.

Multithermal plasma was observed in all AIA channels (see figs. 2 and 3) as
well as in EIS observations. The AIA 94 Å channel was found to be dominated
by Fe xviii emission whereas the AIA 131 Å was most likely to be dominated
by Fe xxi emission. The plane-of-sky velocities for „0.7 MK plasma were found
to be 462˘21 and 228˘23 km/s for jet 1 and 2 (see fig. 6) respectively. The
RHESSI light curves obtained for jet 2 show a good temporal correlation with
the X-ray flare. The RHESSI images confirmed that the soft and hard X-ray
sources were located at the footpoint region of jet 2.

The EM loci curves for Fe xxiii and Fe xxiv lines showed that the plasma
at the footpoint region was cooling from 17.7 to 13.6 MK (for jet 1) during
the decay phase of the C3.0 flare. We estimate the error in the measured
temperature to be around 1 MK. The plasma temperature was increasing
(then decreasing) from 13.7 to 14.9 MK (then from 14.3 to 13.2 MK) (for jet 2)
during the rise (decay) phase of the C1.8 flare. These changes in tempera-
ture within the error limits, so should be treated with caution. These
temperatures show very good agreement with electron temperatures obtained
using GOES flux ratio of 0.5 - 4.0 Å and 1.0 - 8.0 Å channels and they are within
the range of temperatures reported by Feldman et al. (1996) for flares in general.

The Fe xxiii and Fe xxiv (both lines) line profiles were broader than their
thermal widths and the nonthermal velocities ranged from 34-100 km/s for
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Figure 20. The evolution of magnetic field of ˘500 G from 8th March 22:30 UT
to 9th 02:30 UT. Red and yellow boxes are the same as those in figure 19.

Fe xxiv and 51-89 km/s for Fe xxiii. The nonthermal velocities obtained from
the Fe xxiv show good agreement with those obtained by Doschek et al. (2015)
in their individual study of M-class flare which showed surge like plasma ejection.
The electron number density values obtained in the footpoint region of jet 1
and 2 were found to be lower than the values obtained for the jet studied in
Mulay, Del Zanna, and Mason (2017b) and Doschek et al. (2015), but show good
agreement with the values obtained for the jet studied in Mulay et al. (2016).
The superhot plasma of 27 (25) MK was confirmed by FERMI during the rise
(peak) phase of jet 1 whereas; peak temperature of 29 MK was measured at jet 2.
These results showed a good agreement with those obtained by Bain and Fletcher
(2009), Christe, Krucker, and Lin (2008) and Doschek et al. (2015).

The comparison of AIA 1600 Å images and the HMI LOS magnetograms
showed that ribbon-like brightening structures appeared in the highly mixed-
polarity region at the times of jet 1 and 2. Regarding magnetic field, the LOS
magnetic flux in P1 showed a sudden increase at both of the jets. We
consider this could be the onset of these jets. The LOS magnetic flux in
P2 (see fig. 19) drastically decreased after jet 2 in the short timescale. A
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Figure 21. The unsigned LOS magnetic field evolution in (top panel) P1, (middle
panel) P2, and (bottom panel) N1 from 8th March 22:30 UT to 9th 02:30 UT. Two
green lines represent the time when jet 1 and jet 2 occurred.
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P1 P2N1Sunspot

Jet
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Figure 22. Schematic model of jets based on Chifor et al. (2008). We speculate magnetic
reconnection between open fields of P2 and closed loops connecting P1 and N1 drive the jets.
The jet seen in the EUV band is ejected along the red dashed line. New closed loops connecting
P2 and N1 submerge and cancel, as seen in fig. 21 in the form of the decrease of the absolute
magnetic flux.

long-term decreasing tendency can also be seen. In N1, a short-time
sharp decrease occur both during jet 1 and 2, and long-term gentle
decrease of LOS magnetic flux occurred during jet 2. We consider this decreasing
tendency reflects jet-related flux cancellation. Based on the results and EUV/UV
images obtained by AIA, we suggested a picture (see fig. 22) explaining the jets
in the same way as Chifor et al. (2008). We consider that plasma was heated by
reconnection downflow, ejected, and collimated by the background and sunspot’s
positive open fields.

In this study, EIS observations provided a unique opportunity to study very
hot plasma (up to „18 MK observed during decay phase of flare) at the footpoint
of two jets but it is still unclear as to whether the hot emission is only confined
to the footpoint region or the hot plasma also travels along the spire structure.
Other questions remain. Do AR jets get hotter than 29 MK? Why are such high
temperatures present only in a few jets? Does the magnetic complexity of the
active region have any role in producing X-ray flares in the footpoint region of a
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jet? Do higher class X-ray flares (above C-class) associated with AR jets show
similar and/or higher temperatures? In order to investigate these questions, we
need a number of spectroscopic observations which cover emission from the spire
as well as footpoint region of AR jets. Further co-ordinated AR jet observations
with Hinode, RHESSI/FERMI spectroscopic observations and observations from
the upcoming solar mission Solar Orbiter (Müller et al., 2013) (on board the
Spectrometer Telescope for Imaging X-rays (STIX) (Benz et al., 2012))
may provide important insights into our understanding of the high temperature
component of AR jets.
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