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Blobs in a Solar EUV Jet

Jie Chen*, Robertus Erdélyi?, Jiajia Liu®, Yuanyong Deng™*, Fionnlagh Mackenzie Dover?,
Qingmin Zhang®, Mei Zhang™*, Leping Li' and Jiangtao Su™*

"Key Laboratory of Solar Activity, National Astronomical Observatories, Chinese Academy of Science, Bejiing, China, “Solar
Physics and Space Plsma Research Centre (SP2RC), School of Mathematics and Statistics, University of Sheffield, Sheffield,
United Kingdom, Astrophysics Research Centre, School of Mathematics and Physics, Queen’s University Belfast, Belfast,
United Kingdom, “School of Astronomy and Space Sciences, University of Chinese Academy of Sciences, Beijing, China, °Key
Laboratory for Dark Matter and Space Science, Purple Mountain Observatory, CAS, Nanjing, China

An Extreme Ultraviolet (EUV) jet that occurred around 22:30 on July 2, 2012 was observed
by the Atmospheric Imaging Assembly (AlA) on-board the Solar Dynamics Observatory
(SDO). There were two phases of the jet. In Phase 1, two blobs were observed. In Phase 2,
the intensity of the jet was almost coherent initially. One minute later, three blobs were
formed at the same time in the jet, and the width of the jet changed after the formation of
these blobs. The formation and evolution processes of the blobs in these two phases are
analyzed in this paper. The physical parameters of the blobs are determined. The
measured width of the blobs is 0.8 — 2.3 Mm, and the apparent velocities of the blobs
are from 59 kms™ to 185 kms™'. The formation mechanism of the blobs is likely to be
tear-mode instability.

Keywords: instabilities, magnetic reconnection, sun: activity, sun: corona, sun: jet

1 INTRODUCTION

Solar jets are thought to play an important role in solar wind acceleration and coronal heating
(e.g., Tian et al., 2014; Cirtain et al., 2007). In the solar atmosphere, jet-like events are very
common with a wide range of physical parameters observed at a broad range of wavelengths.
Both hot and cool plasma exhibit jet-like ejections, such as chromospheric spicules (e.g., Beckers,
1968; Sterling, 2000; Zaqarashvili and Erdélyi, 2009; Tsiropoula et al., 2012); chromospheric Ha
surges (e.g., Schmieder et al., 1995; Canfield et al., 1996; Uddin et al., 2012); choromospheric
Call K jets (e.g., Morita et al., 2010; Morton 2012); coronal Extreme Ultraviolet (EUV) jets (e.g.,
Li et al,, 2012; Morton et al., 2012; Liu et al., 2016a; Hong et al., 2016; Hong et al., 2017; Zhang
and Zhang. 2017; Liu et al., 2018); macrospicules (e.g., Scullion et al., 2009; Scullion et al., 2011;
Kayshap et al., 2013; Kiss et al., 2017), coronal X-ray jets (e.g., Moore et al., 2010; Huang et al.,
2012; Liu et al,, 2016b). It is generally considered that coronal jets are heated by magnetic
reconnection (e.g., Yokoyama and Shibata, 1995). Jet activities are commonly associated with
flux emergence and cancellation (e.g., Liu & Kurokawa 2004). Besides the ordinary collimated
motions, jets often exhibit helical structure and untwisting motions (Shen et al., 2011; Shen et al.,
2012). In addition to helical and untwisting motions, jet displays the swaying motions
(transverse oscillations) (Sarkar et al., 2016). Jets may also be formed by shock waves (e.g.,
De Pontieu et al.,, 2004). Detailed descriptions of coronal jets can be found in recent reviews
(Innes et al., 2016; Raouafi et al., 2016; Shen, 2021).

Plasmoids (or magnetic islands or blob-like structures) are ubiquitous in the solar atmosphere. In
magnetic reconnection theory, a current sheet in an antiparallel magnetic field is unstable which may
form plasmoids due to the tearing-mode instability (Kliem et al., 2000; Lin et al., 2005; Ni et al., 2015).
The ejection of plasmoid may induce the intermittent enhancement of the reconnection rate.
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Lin et al. (2005) reported direct observations of the magnetic
reconnection site in an energetic partial-halo coronal mass
ejection (CME). Recently, Liu et al. (2016b) presented a
detailed analysis of recurrent homologous jets. Recurrent jets
are a result of recurrent magnetic reconnection (the different
reconnection events). It is only possible when the time interval of
recurrent jets is comparable with that of the outflow jets ejected
out of the unsolved current sheet (e.g., Cheng et al., 2018). A
recent and detailed statistical analysis on the blobs in EUV
formed in the post-CME current sheet is given in Patel et al.
(2020). During magnetic reconnection in solar flares, many
observations exhibit that plasmoids are formed in current
sheet (Asai et al., 2001; Liu et al., 2009; Takasao et al., 2012).
The blobs during a breakout reconnection were also very recently
observed by (Kumar et al., 2019).

Blob-like structures can form not only in current sheet, but
also in solar jets. Singh et al. (2012) observed bright plasma
ejecta in chromospheric anemone jets with the Solar Optical
Telescope (SOT) on board Hinode using Ca II H filtergram. The
typical lifetime of the plasma ejecta is about 20-60 s with a size
about 0.3-1.5 Mm for chromospheric jets, and with a speed of
~35kms™' of downward moving blobs. Yang et al. (2013)
constructed a 2.5-dimensional numerical MHD model to
simulate chromospheric anemone jets. Due to the tearing
mode instability, plasmoids are generated during the
reconnection process that are consistent with the observed
moving bright blobs in anemone jets. Zhang & Ji (2014)
reported the discovery of blobs in recurrent and homologous
EUV jets. In their study, there is evidence for only one blob in
one jet. They found the median temperature of the blobs
~23MK with diameter of ~3Mm and lifetimes 24-60s.
Zhang et al. (2016) observed the blobs of EUV jets with size
of ~1.7 Mm and an apparent velocity of ~238 km s™". They also
found that the blobs have a temperature of 1.8-3.1 MK. The
estimated the number density of the blobs was (1.7-2.8) x
10° cm™. In one particular jet, multiple blobs are observed.
However, the blobs are observed by Extreme Ultraviolet Imager
(EUVI) on-board the Solar Terrestrial Relations Observatory
(STEREO), with spatial resolution of 1.6''/pixel™". Therefore,
the blobs can not be seen clearly. Through performing 2D
resistive MHD simulations of coronal jets, Ni et al. (2017)
showed that the plasmoid instability and Kelvin-Helmholtz
instability along the jet are possible formation mechanisms of
blobs observed in EUV wavelengths.

Chen et al. (2017) observed a complex jet with two intrinsic
phases to the west of NOAA AR 11513 on July 2, 2012 with high
spatial resolution using data obtained by Atmospheric Imaging
Assembly (AIA) (Lemen et al., 2012) on-board the Solar Dynamics
Observatory (SDO) and analyzed the driving mechanism of the jet.
In this paper, we report the observation of multiple blobs and
analyze the evolution of the detected blobs in the complex jet which
were studied by Chen et al. (2017). We also investigate the physical
properties of these jets and present possible mechanisms
responsible for the evolution of the jet. In section 2, we outline
the observations, the method is described in Section 3, and in
Section 4 we detail the results. In the last section, we provide
critical discussions and draw summarizing conclusions.

A EUV Jet
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FIGURE 1 | AIA temperature response curves from SSW routine
(aia_get_response.pro) showing the temperature sensitivity of the different
filters with 94 A (red), 131 A (orange), 171 A (yellow), 193 A (green), 211 A
(blue), 335 A (purple).

2 INSTRUMENTS AND DATA REDUCTION

In this study, we use the observation by the AIA telescope on-
board SDO which has a spatial resolution of 0.6 pixel '. The
AJA cadence is different for the EUV passbands and UV
passbands. It is 24 s for the 1,600 and 1700 passbands, and it
is 12s for the EUV passbands. AIA provides full-disk
observation of the Sun in three ultraviolet (UV)-visible
channels at 1,600 A, 1700 A and 4,500 A, and seven EUV
channels at 1714, 1934, 2114, 94A, 3044, 335A, and
131 A, respectively. Among the ten different wavelength
channels, six wavelengths are at strong iron lines (Fe XI
131A, FeIX 171A, FeXII 193A, FeXIV 211A, FeXVI 3354,
FeXVIII 94A) covering the coronal temperature range from
T = 0.6 MK to > 16 MK.

3 OBSERVATION AND PLASMA
DIAGNOSTICS METHOD

These filters, together, cover a broad temperature range which
facilitates the use for the purpose of differential emission measure
(DEM) analysis.

All of AIA level 1 data were downloaded from the website of
Joint Science Operation Center (JSOC) (http://jsoc.stanford.edu).
Then the aia_prep.pro routine in the Solar Software (SSW)
package was used to align the AIA Level 1 data to sun-center
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and interpolate them to a plate scale of 0.6 per pixel, the
calibrated Level 1.5 data are used in this paper.

For the EUV-UV optically thin lines, the total intensity is
defined as

I(\)= LJ Ab G(T,,n.)n.nydl, (1)
4m),

where [ is the line of sight through the emitting plasma, Ab is the
abundance of the element with respect to hydrogen, G(T,, #,) is
the contribution function that contains all the atomic physics
parameters, n, and T, are the electron number density and
temperature, and ny is the hydrogen number density. The
detailed description can be found in Parenti et al. (2017).

To estimate the distribution of the plasma emission measure
and the temperature, the DEM inversion is more appropriate to
probe the multi-thermal plasma, when a set of lines from optically
thin plasma that formed at different temperatures is available. A
DEM distribution gives information about the plasma
distribution as a function of temperature along a given line of
sight. The DEM is proportional to n.ny in the temperature
intervals dT,, and it is given as

DEM(T,) = dl 2
(T.) = T (2)

The observed intensity I, in wavelength X\ can be

determined by

I = JRA (T) x DEM (T)dT, (3)

where R\(T) is the temperature response function of passband A.
Figure 1 shows the temperature response curves of the six
wavelengths (335, 211, 193, 171, 131, 94 A) with different
colors  which are obtained from the routine
“aia_get_response.pro” in the SSW package. DEM(T) denotes
the plasma DEM in the corona, which is computed using the
routine “xrt_dem_iterative2.pro”. This code was originally
designed for processing Hinode/XRT (X-ray Telescope) data
(Golub et al.,, 2004; Weber et al,, 2004), and it is modified
slightly to work with SDO/AIA data (see also Schmelz et al.,
2010).

Based on this DEM method and modified routine, Cheng et al.
(2012) derived the DEM profiles of a CME using six dominant
iron lines. Later, this method has also been used for temperature
diagnostics of solar flares (Yan et al., 2018), recurring jets (Zhang
and Ji 2014) and current sheets (Li et al., 2016). Here, logT is set in
the range of 5.5-7.5, where the DEM is generally well constrained
(Hannah and Kontar 2012; Aschwandern et al, 2013), and
AlogT = 0.1.

To obtain the emission measure (EM) in the temperature
ranges [ Tyin> Tinax], we evaluate EM using the following equation:

Tmax

EM = j DEM (T)dT = Jngdh, (4)

Tomin

where 7, denotes the electron number density.
The effective temperature, which is the DEM-weighted
average, is calculated by

A EUV Jet

[, DEM (T)TdT
[ DEM(T)dT

Tepr = (5)

4 RESULT

4.1 Introduction of a Jet
A series of jets appeared at the west edge of AR 11513 on 2012
July 2 (Chen et al., 2015). One of these jets occurred at around 22:
30 UT, and the driving mechanism are studied by Chen et al.
(2017). The complex jet went through two phases originating
from different magnetic patches. Before 22:29 UT, the jet was in
Phase 1; after 22:31 UT, the jet was in Phase 2. The evolution
processes of the jet in six different wavelengths are shown in the
online animation (Supplementary Video). In Phase 1, two blobs
appeared in the jet; and in Phase 2, three distinct blobs were
clearly shown in the jet. Figure 2 presents the images obtained by
171 A for Phase 1 and Phase 2 and the related photospheric
magnetogram obtained by HMI. The eruption of the jet
originated from magnetic cancellation. Phase 1 was triggered
by the magnetic cancellation between pl and n0, Phase 2 was
triggered by the magnetic cancellation between p2 and n0. P1, n1,
n0, p2, n2 are marked in Figure 2C. Detailed triggering process
can be found in Chen et al. (2017).

In order to describe the evolution of the blobs more clearly, we
separate the two phases into the following two subsections.

4.2 Two Blobs in Phase 1

In order to identify blobs clearly, we plot the intensity profiles
along the spine of the jet in Figure 2A, the region which is marked
with a white rectangle is selected to calculate the total intensity of
the jet spine. Figure 3 shows the normalized intensity along the
jet spine at different moments, 22:27:23, 22:27:59, 22:28:11, 22:28:
35, separately. Here, the minimum intensity between the two
peaks in Figures 3B,C is considered as the background intensity
of the jet, the solid lines in Figures 3A-D show this intensity.
When the intensity is 1.5 times of the background intensity, the
dashed lines are plotted. In Figures 3B,C, there are two peaks
above the dashed lines with great slopes, through looking at
Figure 2A, the two bright regions with elliptical shapes, which are
called Blob 1 and Blob 2 in phase 1.

The evolution process of two blobs in Phase 1 of the jet is
shown in Figure 4. In column 1, the evolution of the jet and
related blobs appeared in AIA 171 A. The moments of the 171 A
images in Figure 4 are the same as the moments in Figures
3A-D. Originally, at 22:27:23 UT, a jet appeared and there are
some concentrated parts in the jet which can be observed in
Figure 4A. During the evolution, the jet becomes longer. At 22:
27:59 UT, the jet is almost coherent and there are two regions
brighter than other parts of the spire. 12 s later, the two bright
regions show clear elliptical shapes, Blob 1 and Blob 2 which are
marked in Figure 4C. 24 s later, the two blobs disappear and the
jet is almost coherent.

Using the DEM method as we described in Section 2, EM and
DEM-weighted average temperature maps during the evolution
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the jet in Phase 1 and Phase 2. (C) A related photospheric magnetogram. FOV: 60" x 48''.
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of Phase 1 are obtained from the six dominant iron lines (335,
211, 193, 171, 131, 94 A). Before using this routine, the
“aia_bp_estimate_error.pro” function is used to obtain an
estimate uncertainty in the measurement, then each image
divided by exposure time, the same time period images are
obtained. The six images closest in time are selected to derive
the EM and DEM-weighted average temperature. The
logarithmic distribution of EM during the evolution of the two
blobs are plotted in Figures 4E-H. In column 2 of Figure 4, the
EM distribution, as a good proxy, exhibit the variation of the
plasma density. The density of the jet originally is concentrated,
around 36s later, it becomes coherent. 12s later, two blobs
appeared. Figure 4G shows that the blobs have higher density
than the surrounding environment. The logarithmic distribution

of DEM-weighted average temperature during the evolution of
the Phase 1 are presented in Figures 4I-L.

In order to obtain the width of each blob, perpendicular to the
jet, we plot an intensity curve along each blob which is shown in
Figure 5A,B. After subtracting the background intensity, we
make a Gaussian fitting for the intensity curve and take the
full width at half maximum (FWHM) as the width of the blob.
The measured widths of two blobs are shown in Figure 5 A,B, the
characteristic width of Blob 1 is 1.3 Mm and Blob 2 is 1.5 Mm.
DEM method is used to obtain logarithmic DEM curves of the
blobs. In order to determine the DEM distribution of the blobs,
we construct boxes in Figure 4C, and calculate the mean value of
the pixels in the boxes. The logarithmic DEM variation at
different temperatures of the two blobs are plotted in
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A at three consecutive snapshots with time indicated in the upper right corner in

Figure 5C,D. The effective temperatures of Blob 1 and 2 are 2.66
and 4.00 MK, and the EMs are 5.22 x10*” and 6.73 x 10*’cm .
To evaluate the level of uncertainties of the reconstructed DEM
curves, 100 Monte Carlo simulations were conducted for each
inversion. In Figure 5C,D, the red lines stand for the best-fitted
DEM curves from the observed values, the black dashed lines
represent the reconstructed curves from the 100MC
simulations.

The layout of Phase 1 of the jet at different wavelengths (304 A,
1714, 193 A, 211 A, 335 A, 131 A) is shown in the animation,
through which, we see that the morphology of the jet is similar in
the different wavelengths. This means that blobs are multi-
thermal structures, they can occur at chromosphere, transition
region and corona. Let us now make a wide slit along the jet to
determine the properties of the observed EUV blobs (The white
box in Figure 2A is the slit).

Figure 6 shows the corresponding time-distance plots of the jet. In
Figure 6, the trajectories of Blob 1 and Blob 2 are not distinct in 171 A
and 131 A. However, we can see the brightened areas that are moving
away from the jet. The trajectory of two blobs in 304 A is a little
clearer. The velocities of the two blobs can be obtained from 304 A,
but with big errors, they are 59 + 20km/ s, 98 + 14km/s.

We also made two slits perpendicular to the jet, but along slice 1
and slice 2 (Figure 2A). Unfortunately, we can not determine a clear
tendency from these plots, therefore we do not show them in
the paper.

4.3 Three Blobs in Phase 2

In Phase 2, we plot the intensity profiles along the spine of the jet
in Figure 2B in order to identify blobs clearly. The region which is
marked with a white rectangle is selected to calculate the total
intensity of the jet spine. Figure 7 present the normalized
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intensity along the jet spine at different moments, 22:31:11, 22:32:
11, 22:32:23, 22:32:59, separately. Here, the minimum intensity
between the three peaks in Figures 7B,C is considered as the
background intensity of the jet, the solid lines in Figures 7A-D
show this intensity. When the intensity is 1.5 times of the
background intensity, the dashed lines are plotted. In
Figure 7B, there are three peaks above the dashed lines with

great slopes, through looking at Figure 2B, the three bright
regions with elliptical shapes, which are called Blob 1, Blob 2
and Blob 3 in phase 2.

Snapshots capturing stages of the evolution in Phase 2 of the
jet, the associated logarithmic distribution of emission measure
(EM) and temperature in Phase 2 are shown in Figure 8. The EM
and temperature distributions are obtained using the same
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method described in Section 3. In the first column, four stages of
the evolution of the jet are depicted in 171 A. Note the very rapid
formation from 22:31:11 UT to 22:32:59 UT. In the second
column, the corresponding emission measure maps are shown,
while in the third column, the associated temperature maps are
depicted. At 22:31:11 UT, the intensity of the jet is coherent and
bright (Figure 8A). The emission measure of the jet (Figure 8E) is
separated at the bottom and top parts: at the bottom part, the EM
is strong; and at the top part, the EM is somewhat weaker. The
temperature of the jet (Figure 8I) is dominant in the first
snapshot. A minute later, at 22:32:11 UT, the intensity of the
jet became discrete and rather fragmented. There appear three
bright and compact patches (Figure 8B), labelled as Blob 1, Blob 2
and Blob 3. Between the blobs, the intensity became even weaker
than before as if plasma had been evacuated suddenly. The EM
and temperature of the jet (Figures 8F,]J) have also evolved
accordingly. There are three strong patches identifiable in EM
and temperature which correspond spatially well to the locations
to Blobs 1-3 in the intensity distributions (Figure 8B). Between
the highlighted patches, again, the regions became weaker. A
further 12 s later, the blobs including their EM and temperature
became rather diffuse. By 22:32:59 UT, the blobs disappear almost
entirely. Therefore we conclude that the lifetime of these blobs is
about 50's.

In order to obtain an insight into the intensity variation of the
jet during the evolution of the blobs, we choose one part of the jet
and determine the normalized intensity variation of that partition
at six wavelengths (304 A, 171 A, 193 A, 211 A, 3354, 131 A).

The part is almost at the root of the jet which are marked by a
white-color box in the top-right panel of Figure 9. The
normalized intensity variation of the part in the white-color
box in six wavelengths are also plotted in Figure 9. The six
curves depict that the intensity is decreasing during the evolution
of the jet. After 22:33 UT, the intensity is only about a third of the
maximum intensity. The tendency is almost the same in different
wavelengths indicating that the intensity variation occurs from
the chromosphere, through the transition region and also in the
corona.

The measured width, the logarithmic DEM distribution of the
blobs are presented in Figure 10. Perpendicular to the jet and
along the blobs, we plot the intensity distribution. After
subtracting the background intensity, we make a Gaussian
fitting and determine the full width of half maximum
(FWHM) as the characteristic width (or diameter) of the blob.
We found that the width of Blob 1 is 1.4 Mm, Blob 2 is 2.3 Mm.
From Figure 8B, we can also see that there are two branches along
Blob 3, so there are two peaks in the intensity diagram
(Figure 10C). We estimate the width of Blob 3 as 0.8 Mm. In
order to determine the EM and temperature of blobs, we
construct boxes in Figure 8B, and calculate the average values
of the pixels in the boxes. The effective temperatures of Blobs 1, 2
and 3 are 2.34, 2.32 and 2.12 MK, respectively. The mean EMs of
the blobs are 5.04 x 107 cm™, 5.98 x 107 cm™ and 2.26 x
10%7 cm™>, respectively.

Let us now fit a wide slit along the jet to determine some
of the properties of the observed EUV blobs (Figure 2B).
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The corresponding time-distance images are shown in
Figure 11 at three wavelengths. In 171 A, 304 A, 131 A,
each time-distance plot have three trajectories, which
indicates that the three blobs have different velocities.
We now determine the velocities of the three blobs in
171 A. White dashed lines are plotted in Figure 11A
represent the trajectories of the three blobs. The velocities
of the blobs can be obtained, they are 94 + 5kms™', 128 =+
10km s~ and 185 + 8kms .

In order to have some insight into the evolution of each
blob, we make three slice cuts perpendicular to the jet. The
time-distance images of the three slices are presented in
Figure 12. In the first (second, third) row, the evolution of
Blob 1 (2, 3) is demonstrated. In the three columns, the
evolution of the blobs are captured at different wavelengths
171 A, 304 A, 131 A. Along Slice 1, in Figures 12A,D,G, we

note that there is a bright patch at the beginning, then the
bright patch became weaker; around a minute later, another
bright patch appeared, i.e. Blob 1 which is shown in Figures
2B, 8B. Along Slice 2, in Figures 12B,E,H, there is also a bright
patch at the beginning, then it became weaker; more than a
minute later, another bright patch appeared, what is Blob 2.
The evolution processes of Blob 1 and Blob 2 are almost
identical: initially, there is a bright patch, then the intensity
became weaker, followed by about a minute later, it became
bright again, and we can identify clear blob structures at 22:32:
11 UT. Along Slice 3, in Figures 12C,F,I, at the beginning, we
see that there is some brightness, what became weaker. Later,
there are two small bright patches. In columns 1, 2 and 3 of
Figure 12, the entire evolution processes are demonstrated and
found to be similar at the three different wavelengths for the
three slices.
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FIGURE 9 | Normalized intensity variation of a part of the jet in Phase 2 in

six different wavelengths (304 A, 171 A, 193 A, 211 A, 335 A, 131 A). Top-
right: An image of the jet in Phase 2 with three blobs obtained from SDO/AIA
304 A at 22:32:07 UT, the white-color box marks the region that we
calculate the intensity variation.

4.4 Summary for the Two Phases
The evolution of the jet resembles a process that magnetized

plasma has at a reconnection site and filling the jet: the emission
of the plasma causes the jet becoming brighter, the hot plasma
moves away from the jet and the jet become weaker. The main
observational results can be summarized as follows.

In Phase 1, two blobs were observed simultaneously in
different wavelengths (304 A, 171 A, 193 A, 2114, 3354,

A EUV Jet

131 A), i.e. the two blobs appeared at the same time. It is not
one blob appeared, then another blob appeared in succession,
they did not appear intermittently. In Phase 2, three blobs were
also observed simultaneously which is the same as in Phase 1. Our
result is different from Zhang and Ji. (2014). In their observation,
they found blobs in recurring jets, but only one blob in one jet:
firstly, they observes a blob in a jet, then they observed another
blob in the next jet, later they observed the third blob in the
following jet. The jets recurred three times with an interval of
40-45 min.

All of the blobs were observed at the jet spire, not at the base of
the jet. As we know, the jet is formed due to magnetic
reconnection between the closed magnetic field and open
magnetic field. The magnetic reconnection region located at
the base of jet. Singh et al. (2012) observed blobs in the
chromosphere both at the jet spire and at the base of the jet.
But they only found one blob at the jet spire and one blob at the
base of the jet.

The intensity of the other partitions of the jet was increased
when the two blobs appeared (Figure 4A-C) in Phase 1. The EM
and temperature were also increased (Figure 4E-G, I-K) during
the evolution of the jet. The intensity, EM and temperature of the
other partitions of the jet were decreased when the three blobs
appeared (Figure 8) in Phase 2. In order to know how the
intensity varies in the jet, we took one partition of the jet in
Phase 2 and plotted the standard intensity variation of this
partition in six different wavelengths (304 A, 1714, 193 A,
211 A, 3354, 131 A) and found that the intensity decreased to
one third of the original intensity at the end (Figure 9).
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FIGURE 10 | The width (upper panels) and DEM distribution (lower panels) of Blobs 1, 2 and 3 in Phase 2. In (A), (B), and (C): the black solid curves are the intensity
variation of the Blobs 1, 2 and 3 perpendicular to the jet; the red dashed lines are Gaussian fitting with the width values taken at the full width of half maximum (FWHM)
after subtracting the background intensity values. (D), (E), and (F) show the DEM profiles of the core regions in Blobs 1, 2 and 3; the red solid lines stand for the best-fitted
DEM curves from the observed values; the black lines represent the reconstructed curves from the 100 MC simulations.
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FIGURE 12 | Time-distance images of the blobs along the white dashed lines, i.e., perpendicular to the axis of the jet, as shown in Figure 9B at three different
wavelengths: 171 A, 304 A and 131 A.

The widths of the blobs are obtained using Gaussian Fitting. In Velocities of the blobs were calculated through time-distance
Phase 1, the widths of the two blobs are 1.3 and 1.5 Mm; in Phase  plots. Velocities of the two blobs in Phase 1 are 59 + 20 km/ s and
2, the widths of the blobs are 0.8, 1.4, 2.3 Mm. Blobs appearedin 98 + 14 km/s. The blob close to the base of the jet had lower
different wavelengths, they are multi-thermal in nature. Using  velocity than the other. Velocities of the three blobs in Phase 2 are
DEM method, we can get the EM values of blobs, and we can get 94 + 5km/ s, 128 + 10 km/ s and 185 + 8 km/ s. From the base of
effective temperatures of blobs. The EM values of the blobs is  the jet to the top of the jet spire, blobs located at higher projected
2-7 x10*’cm >, the effective temperature of the blobs is 2-4 Mk, altitudes, blobs owned larger velocities. The three blobs in Phase 2

which is comparable to the values of the blobs obtained by Zhang  have different velocities which may be accounted for the
and Ji. (2014). untwisting of the jet, where the evolving magnetic pressure
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causes the different blobs velocities. Here the increased velocities
refer to the different blobs at different time instants.

Chae et al. (2017) and Patel et al. (2020) studied blobs
associated with post-CME current sheets. In Chae et al
(2017)’s study, they found the six blobs have a mean speed
around 303 km/s at the heights from 2.5 to 14 R¢. In Patel
et al. (2020)’s study, they found that downward- and upward-
moving blobs have average speeds of ~272 km/ s and ~191 km/ s
in the EUV observation, the average speed of blobs increased to
~671km/s and ~1,080km/s in the K-Cor and LASCO/C2
observations. There results show that the blobs velocity

became bigger and bigger from the base of the Sun to the
higher layer of the Sun. Patel et al. (2020)’s result presents the
upward-moving blobs have an average speed 191 km/s in the
EUV observation which are comparable to the velocity of Blob 3
in Phase 2 in our case.

Two blobs in Phase 2 appeared periodicity in different
wavelengths (Figure 12). In the three blobs of Phase 2, there
are two blobs, first appeared, then disappeared, later appeared
again, finally disappeared; i.e. each blob appeared twice at the
same location. The period of the two blobs has a little difference,
the period is 51 s for Blob 1, and it is 60 s for Blob 2.
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FIGURE 14 | The results of a numerical simulation studying the morphology of a jet in a stratified solar atmosphere with a vertical uniform magnetic field. (A):
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5 CONCLUSION AND DISCUSSION

A complex jet located at the west edge of AR 11 513 occurring at
around 22:30 UT on 2012 July 2 was analyzed. There are two
phases of the jet, which were originated from photosphric
magnetic cancellation. Two blobs were observed in Phase 1
and three blobs were clearly observed along the EUV jet in
Phase 2. The formation and evolution processes of multi-blobs
in a single jet were studied.

One mechanism that may be responsible for the blob-like
structures is tearing-mode instability (TMI). In magnetic
reconnection theory, a current sheet in an antiparallel
magnetic field is unstable which can create blob-like
structures due to TMI (Furth et al, 1963). For this
complex jet, two phases were originated from photospheric
magnetic cancellation. Considering Phase 1, the magnetic
cancellation between P1 and n0 induces magnetic
reconnection in the upper layer occurring at open magnetic
field lines and closed magnetic field lines. There are opposite
directions for the open magnetic lines originating from n0 and
closed magnetic lines originated from pl. A schematic
diagram of the topology and magnetic reconnection is
shown in Figure 13A, which is taken from Figure 7C in
the paper of Chen et al. (2017).

In both of two phases, multi-blobs were observed in a single
jet spine; at the jet base, there were also brighting structures
with elliptical shapes. The velocities of the blobs in the jet
spine increases from the lower part to the upper part. These
observations provide pivotal evidence for the TMI. Schematic
diagrams of the jet and blobs are shown in Figure 13. Blobs
are observed at jet in unidirectional magnetic fields, the
detailed region is shown in Figure 13A and the
configuration is shown in Figure 13B. If TMI create blobs,
the blobs should be formed in magnetic reconnection region
with antiparallel magnetic fields. The detailed region of the
blobs created by TMI is shown in Figure 13A and the
magnetic configuration is shown in Figure 13C. One
possible explanation for the blobs formation is: several
blobs are created at magnetic reconnection region (the base
of jet) due to TMI, which escape from that location to the jet.

In the solar corona, cylindrical geometry of coronal loops is
a very popular geometry enabling us a first insight into the
local plasma dynamics. In such a plasma, current pinch
instabilities  represent an  important  class  of
magnetohydrodynamics (MHD) instabilities, such as the
kink or sausage mode instability. For cylindrical magnetic
flux tubes, the kink-unstable mode (m = 1 mode, where m is
the azimuthal wavenumber) is observed frequently (e.g.,
Vemareddy and Zhang 2014; Yang et al., 2016). However,
an equally plausible another type of instability, known as
sausage mode (m = 0) instability, was only reported recently
by Srivastava et al. (2013) during a prominence eruption
recorded on September 12, 2011 by AIA onboard SDO. For
the sausage instability, the diameter of the flux tube should
have an obvious difference in different parts. Here, there is not

A EUV Jet

In order to see whether blobs can be formed in jets, we carry
out simple simulations. The jet is driven with a Gaussian
momentum pulse for 300 S with a width of 350 km near the
photosphere. The simulated jet was created using the open source
MPI-AMRVAC software version 2.0 (Zhang and Zhang, 2017).
Figure 14 displays the numerical simulation results studying the
morphology of a jet in a stratified solar atmosphere with a vertical
uniform magnetic field. The detailed description of the method
can be found in Mackenzie Dover et al. (2020, 2021). We set the
domain size to 50 Mm x 30 Mm with a level one resolution of
32 x 24 (giving a physical resolution of 1.56 Mm x 1.25 Mm).
This coarse level one resolution was chosen to allow the
dissipation of shocks as they travel towards the boundaries. To
capture the internal structure of the jet we applied 7 levels of AMR
giving a spatial resolution of 12km x 10km. We use
unidirectional grid stretching in the horizontal direction,
where from the origin grid cells change by a constant factor of
1.1 from cell to cell. Similarly to observed jet, the simulated jet has
formed knots along the central the axis of the jet. The initial
magneto-hydrostatics stratification places the TR at 2 Mm where
the temperature smoothly links 8000 K chromosphere to a
1.8 MK corona.
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