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ABSTRACT

The recent discovery of nanojets by Antolin et al. (2021) represents component magnetic reconnection
in a braided field, thus clearly identifying the reconnection-driven nanoflares. Due to their small scale
(500 km in widths, 1500 km in lengths) and short timescales (< 25 s), it is unclear how pervasive
nanojets are in the solar corona. In this paper, we present IRIS and SDO observations of nanojets
found in multiple coronal structures, namely in a coronal loop powered by a blowout jet, and in

two other coronal loops with coronal rain. In agreement with previous findings. we observe that

nanojets are accompanied by small nanoflare-like intensity bursts in the (E)UV, have velocities of

150-250 km s~! and occur transversely to the field line of origin, which is sometimes observed to split.
These nanojets are found to have number densities of 10'° em™3, and kinetic and thermal energies
within the nanoflare range. We also observe that they often occur in clusters, less than 1000 km apart
and at similar times. In the blowout jet case study, the Kelvin-Helmholtz instability (KHI) is directly
identified as the reconnection driver. For the other two loops, we find that both, the KHI and the
Rayleigh-Taylor instability (RTI) are likely to be the drivers. However, we find that the KHI and
RTTI are each more likely in one of the other two cases. These observations of nanojets in a variety of
structures and environments support nanojets being a general result of component reconnection, that
are driven here by dynamic instabilities.

Keywords: The Sun (1693) — Solar corona (1483) — Solar magnetic fields (1503) — Solar prominences
(1519) — Magnetohydrodynamics (1964)

1. INTRODUCTION

The coronal heating problem is an open question in solar physics that has been investigated for many decades,
through wave-based and reconnection-based heating mechanisms. A number of wave heating processes have been
suggested to be the cause of the heating, mainly through magnetohydrodynamic (MHD) wave dissipation (Wentzel
1979; Klimchuk 2006; Van Doorsselaere et al. 2020). In particular, transverse MHD waves are good candidates for
coronal heating, due to the large amount of energy that they can carry (Uchida & Kaburaki 1974). On the other
hand, Parker (1988) suggested that the heating in the corona was caused by small-scale reconnection events that he
termed nanoflares, releasing energy bursts of 1024 ergs. Small bursts with this energy range have been reported in very
different structures, such as in active region moss (Testa et al. 2013) and particularly at the footpoints of hot loops
(Testa et al. 2014). The existence of very hot plasma with temperatures of around 10 MK have also been reported
by Ishikawa et al. (2017) in a non-flaring region, which is usually attributed to magnetic reconnection. However, no
observations of nanoflare-size energy bursts had indicated a direct link towards heating by magnetic reconnections
until recently.

The recent discovery of nanojets by Antolin et al. (2021) presents major support for reconnection-driven nanoflare
heating that occurs in the solar corona. Nanojets are small-scale bursts ejected perpendicularly from its field line of
origin, and they are interpreted as a product of small-scale reconnections from small-angle field line misalignments.
They were observed in a loop-like structure by the Interface Region Imaging Spectrograph (IRIS) (De Pontieu et al.
2014), where the loss of stability in a hybrid prominence/coronal rain structure nearby was suspected to be the
reconnection driver. This discovery allows us to identify the nanoflares produced by small-angle reconnection in the
corona, and thus to distinguish reconnection-driven heating from wave heating. It was also hypothesised that nanojets
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should be largely independent of the reconnection driver. Additionally, Chen et al. (2020) have also reported similar
small bursts with the same characteristics that may be linked to nanojets in a solar tornado; however, we still do
not have many observations of these nanojets to date. This is partly due to their recent discovery and therefore
categorisation, but also because of how short lived (with a timescale of less than 15 s for a single nanojet, as reported
by (Antolin et al. 2021)) and small-scale they are (average widths of 500 km, lengths of 1500 km). This places a
strict spatial and temporal resolution constraint for their detection, and as a result, poses a challenge to estimate how
common they are to understand their role in coronal heating; which is the next natural major question that needs
answering.

Because of their ability to produce small-scale structure and deform the magnetic field, dynamic instabilities such as
the Kelvin-Helmholtz Instability (KHI) and the Rayleigh-Taylor Instability (RTT) are known to lead to reconnection.
Reconnection from the KHI has been simulated by Nykyri & Otto (2001) with magnetospheric plasma properties,
where the reconnection is driven by the vortex motions of the KHI. This is supported by observations of reconnection
due to the KHI on the Earth’s magnetopause (Hasegawa et al. 2009), and in the magnetospheric flank (Nykyri et al.
2006). It was also found that cross-scale energy transport can occur in the regions where there are the KHI vortices
(Moore et al. 2016), further suggesting that the KHI may play an important role in plasma heating.

In the solar atmosphere, transverse MHD waves found in coronal loops have also been shown to generate the
Kelvin-Helmholtz Instability (KHI) through TWIKH rolls (for Transverse Wave-Induced KH rolls), with compelling
observational evidence reported by Okamoto et al. (2015) and confirmed with simulations by Antolin et al. (2015);
who observed oscillatory threads in a prominence with signatures of combined resonant absorption and KHI using
IRIS. Numerical works discussing the likelihood of KHI occuring has been done for different structures such as in
spicules (Ajabshirizadeh et al. 2015) and rotating magnetized jets (Zaqarashvili et al. 2015), which was then followed
up with observations of KHI in various structures including flares (Zhelyazkov et al. 2015), spicules (Kuridze et al.
2016; Antolin et al. 2018), and a Solar Blowout Jet (Li et al. 2018). The KHI reported by Li et al. (2018) was observed
in the outer edges of the jet, indicated by a sawtooth pattern on the regions where it occurs due to a strong velocity
shear of 204 km s~!. Yuan et al. (2019) also observed multi-layered KHI in the corona, and suggested that plasma
heating can be induced by the KHI. Although the presence of magnetic shear can inhibit the growth of the KHI (Hillier
et al. 2019; Barbulescu et al. 2019), it also provides non-potential magnetic energy available for heating, which may
lead to more explosive reconnection.

Another instability we believe to be the driver of the observed structures in the solar corona is the Rayleigh Taylor
Instability (RTI). Upflow plumes were observed in quiescent prominences by Berger et al. (2008) and Berger et al.
(2010), where the RTT is hypothesised as the underlying cause. This was supported by the simulations in Hillier et al.
(2011) and Hillier et al. (2012), where similar upflow plumes were found to be generated by the RTI. The RTT is also
found in simulations of coronal condensations in weak bipolar magnetic fields by Moschou et al. (2015) and Xia et al.
(2017), which indicates that they may be found in coronal rain.

The results from the observations and simulations have suggested that the KHI and RTI vortices can twist and
deform the magnetic field as well as changing the local magnetic pressure, and a myriad of current sheets and vortices
are produced through a turbulent cascade. It is also likely that magnetic reconnection is enhanced in the solar corona
due to such wave processes (Howson et al. 2021). However, it is unclear whether this sort of reconnection is only
gradual and confined to the smallest turbulent scales, hence, not affecting the overall topology of the loop. The
turbulence established by these instabilities also automatically leads to heating, where in the case of TWIKH rolls, has
been found to be enough to cover for radiative losses in the Quiet Sun (Shi et al. 2021). For these reasons, it has been
speculated that the TWIKH rolls may contribute to the heating in the solar corona, or perhaps limited to the Quiet
Sun (Soler et al. 2019; Diaz-Sudrez & Soler 2021). With the increasing number of coronal observations of transverse
waves and TWIKH rolls, the presence of reconnection processes in these regions also becomes an important question.

In this paper, we present new [RIS and SDO observations of nanojets. They are found in multiple solar structures,
namely in a solar blowout jet within a coronal loop, and in coronal loops with coronal rain, where they occur in
different circumstances from the previous reference. The variety of the structures and environment highlights the fact
that nanojets can have different drivers, where they may all lead to the same or similar signatures. In section 2, the
different structures where we have identified nanojets will be explained. Section 3 is on the analysis of the nanojets,
covering the observed characteristics of the nanojets. Section 4 will then discuss about the temperature, number
density, and energies of the nanojets. Finally, the results from the previous sections will be discussed in section 5 and
followed up with a conclusion in section 6.
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Figure 1. The IRIS SJI 1400, ATA 304, and ATA 171 observations of the (a) solar blowout jet, (b) loop structures at W-limb,
(c) loop structure at E-limb.

2. OBSERVATIONS

We will be reporting observations of nanojets in 3 different active regions. All three observations are taken by the
IRIS and the Atmospheric Imaging Assembly (AIA) from the Solar Dynamics Observatory (SDO) (Lemen et al. 2012).

2.1. Observation 1: Solar Blowout Jet

The first observation was taken on the 12th of June 2015, of the active region AR 12365 on disk shown in Figure
la. This observation has a temporal cadence of 3.4 s, a spatial sampling of 0.33”, showing a sunspot with a blowout
jet captured by the SJI 1400 and AIA. BBSO was observing simultaneously but the structure was not visible in the
H-alpha channel, indicating that this is a coronal structure.
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The jet is seen to form at 19:50:02 UT, with bright material expanding from the footpoint with both upflows and
downflows seen from the cavity. A type of small dome is formed at the footpoint, with the same morphology as null
point topologies (Wyper et al. 2018) where reconnection appears to take place setting off the jet. The jet itself is seen
in the SJI 1400 but not in the H-a in BBSO image, meaning that the reconnection is likely taking place near the
transition region and that the jet has transition region to coronal temperatures. Li et al. (2018) conducted an initial
investigation on this same event, focusing on the development of the KHI in the outer edges of the coronal structure
following the jet, and reported that the jet is 90 Mm and 19.7 Mm in width. We will be focusing on the outer edges
of the coronal structure once it has been disturbed by the jet, where we have found most of the nanojets.

2.2. Observation 2: Coronal Rain Loops

For the second dataset we have an observation of an active region on the east limb taken on the 1st of July 2014, with
a spatial and temporal cadence of 16.3 s and 0.33”. The active region produced a C class flare with multiple cool flare
loops with coronal rain strands visible in the SJI 1330 and 1400, indicating temperature ranges of log(T) = 4.3 — 4.9
(De Pontieu et al. 2014), as well as ATA 304, which has characteristic temperature component of log(T) = 4.7 (Lemen
et al. 2012). The loop-like structure of our focus is formed between 11:20:51 UT and 12:12:54 UT, which is shown
in the observations from IRIS and AIA in Figure 1b. As the loop cools and a shower forms, it reaches a maximum
height of 52000 km from the surface, with plasma flows of around 20-25 km s~! at the apex and 50-60 km s~! in the
plane-of-sky (POS) near the footpoints.

2.3. Observation 3: A Loop-Like Structure

Our last observation was taken on the 3rd of May 2014 at the west limb, of an active region containing multiple
loops with quiescent coronal rain with a spatial and temporal cadence of 9.2 s and 0.33”. The main structure for our
observations is the loop formed between 02:46:42 — 03:45:36 UT as shown in Figure 1c. During this time period, the
loop forms at a height between 26,000 km to 34,000 km with rain flowing along the field lines with flow velocities of
17-23 km s~ ! at the apex and 50-70 km s~! in the POS near the footpoints. The rain is seen flowing to and from the
apex of the loop towards the surface with these velocities.

This structure is observed in the SJI 2796 and more clearly in the SJI 1400 which suggests a temperature range of
log(T) = 4.0 — 4.9. The AIA observations also shows the structure, although they are only seen clearly in the 304
channel and faintly in the 131 channel, which has characteristic temperature components of log(T) = 4.7 and log(T)
= 5.6.

3. NANOJET ANALYSIS

Figures 2-4 shows 1-2 samples of the nanojets found in each of the observations. For the blowout jet observation, the
high temporal cadence has allowed us to identify 15 nanojets and observe their evolution as they form and disappear.
The nanojets, which are characterised by small bursts of plasma, form after the blowout jet has pervaded the coronal
loop, 12 minutes after it starts, when flows along the structure have settled to 100 - 200 km s~!. Prior to a nanojet
occurrence, we typically observe a brightening in the location where it forms, and this is then followed by a small
ejection (the nanojet) that is closely perpendicular to the field line. An example of a nanojet is shown in Figure 2,
where a nanojet is formed at the edges of the coronal loop subject to the blowout jet which is ejected perpendicularly
to the field line of origin. We observe that the perpendicular direction of the ejection is a characteristic behaviour of
the nanojet and is seen in many of the instances. Moreover, the nanojets are seen in the IRIS SJI 1400, in most of
the ATA wavelength channels, only very faintly in 94, but no signatures in 1700. An example for this is shown in the
image plots in Figure 5, as well as the time distance plots in Figure 6.

Most of the nanojets are seen to be formed at the edges of the blowout jet structure. Some of the nanojets are seen
as single events individually, and some of them are found in clusters. For the individual nanojet instances, this means
that they occur alone without any other nanojets forming within its surroundings. Whereas the nanojets occurring
in clusters form neighbouring each other within 1500 km and 10 s apart from one another. An example of cluster
nanojets is shown in Figure 7. Here, we observe clusters N4 and N8 containing 3 and 2 nanojets respectively (N4(a),
N4(b), N4(c), and N8(a) and N8(b)). We also observe instances of successive nanojets forming in the same location,
within less than 15 s after a previous nanojet, in the same location within less than 15 s after the first nanojet.

In the second dataset (loop structure on the west limb) we only observed one occurrence of a nanojet which is formed
at the apex of the loop, shown in Figure 3. The nanojet here is most visible in the SJI 1400 and ATA 304, and only
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Figure 2. A nanojet observed in the solar blowout jet through IRIS SJI 1400, ATA 304, AIA 171, and AIA 193. Plot (a) shows
the location of the nanojet (top plot) and its time evolution (the three following plots), (b) is a snapshot sequence showing its
time evolution and its corresponding running difference for the snapshot, and (c) is the time-distance diagram of the slice along
the nanojet in column (b). An animation for column (a) is available online, showing the time evolution of the region where the
nanojet is found and its location in the blowout jet.

faintly visible in the time distance diagrams of ATA 171, 193, and 131 (also shown in Figure 6). We were also able to
clearly observe an ejected plasmoid-like structure from the nanojet stopping at a neighboring field line position after
its perperndicular travel (as if captured by a different field line), followed again by a change in its motion to follow
the field the line (motion parallel to the initial coronal rain flow) and changing its motion to follow the field line. For
this observation, we also observe field line splitting in the loop-like structure shown in Figure 10. The loop initially
appears to be uniform in intensity, but splits into two strands just before the nanojet is ejected.
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Figure 3. A nanojet observed in coronal loops on the E-limb through IRIS SJI 1400, AIA 304, AIA 171, and AIA 193. Plot
(a) shows the location of the nanojet (top plot) and its time evolution (the three following plots), (b) is a snapshot sequence
showing its time evolution and its corresponding running difference for the snapshot, and (c) is the time-distance diagram of
the slice along the nanojet in column (b). An animation for column (a) is available online, showing the time evolution of the
region where the nanojet is found and its location in the loop-like structure.

As for the third observation, we observed 4 nanojets with the first 2 nanojets seen to be forming around the apex
of the loop shown in Figure 4. This first set of nanojets forms 23 minutes after the loop appears, and the second set
of nanojets, which formed in clusters in the apex of the loop, followed after and are ejected towards the solar surface.
The first two nanojets are ejected simultaneously in opposite directions. One is ejected upwards closely perpendicular
from the field line in the plane-of-the-sky, while the other is ejected in the opposite direction back towards the initial
footpoint, shown in Figure 4b. In the observation, the nanojet is only most visible in SJI 1400 and faintly in ATA 304.
The time distance plot of Figure 4c and the right side of Figure 6 shows a slice through the two nanojets, and we
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Figure 4. A nanojet observed in the W-limb loop structure through SJI 1400, ATA 304, AIA 171, and AIA 193. Plot (a) shows
the location of the nanojet (top plot) and its time evolution (the three following plots), (b) is a snapshot sequence showing its
time evolution and its corresponding running difference for the snapshot, and (c) is the time-distance diagram of the slice along
the nanojet in column (b). An animation for column (a) is available online, showing the time evolution of the region where the
nanojet is found and its location in the loop-like structure.

observe a herring-bone pattern in the plot which is characteristic of bi-directional jets showing two different directions
of plasma ejection. The nanojet ejected downwards is aligned in the plane-of-the-sky with the loop at the footpoint.
However, it must be noted that the LOS of the observation makes an oblique angle with the loop plane, so we suspect
that this downward nanojet is also closely perpendicular to the local field.

We measured the sizes of the nanojets by selecting the pixels that shows an intensity contrast from its surrounding,
and measured them 6 times to provide a measure of the error involved. The length and width is measured at the
snapshot where the nanojet is at its largest, where the length is defined as the longest line parallel to the direction
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Figure 5. A snapshot of a nanojet linked to the blowout jet (N2, same from Figure 2) in different channels, taken at similar
times.

of travel that we can draw on the nanojet, and the width is the longest line perpendicular to the length that we can
draw on the nanojet. For the smaller or fainter nanojets, we select the pixels only if it is also visible in the running
difference image of the frame where we see the nanojet and the previous frame. From all the observations combined,
the average length and widths of the nanojets are 1815 km and 621 km respectively. A histogram of the lengths and
widths are shown in Figure 8, and we observe that the length of the nanojets are mostly between 750-2250 km, with
three nanojets having lengths over 3000 km. Most of the widths are also found in the range between 300-1100 km,
with one instance found having a width of around 1800 km. The largest nanojet is the nanojet found on the west limb
loops (dataset 2) with a length of 5000 km and 1800 km, which is an outlier in comparison to the other nanojets.
Whereas the nanojets on the east limb loop have average to larger sizes (1500-3800 km in length and 420-720 km in
width), and the nanojets in the blowout jet observations are typically shorter but with average widths (800-2200 km in
length and 360-990 km in width). Full details of all the nanojet’s properties are found in Table 1. It is also important
to note that from all of the nanojet observations, we only see them in areas near the apex, where curvature is clearly
seen.

An additional observation that is also worth noting is that we observe appearingly misaligned flows in the loop
structures. An example of this is shown in Figure 9, where in dataset 2, there are two flows (red and blue lines) that
have projected misalingments angles between 5°-10°. The nanojet in this observation is also followed by field splitting
which is indicated by an initially uniform distribution of coronal rain in the loop followed by rain only flowing in
separate, parallel field lines, shown in Figure 10. In the first row of column (a) of Figure 10, the rain initially cover
the whole loop apex at t = ¢y, but at t = ¢t; when the nanojet has formed, the loop appears to have split into two
strands (strand A and B). The rain flow only continues in these two strands until the loop completely vanishes, and
therefore two lines of intensity for each strands are seen in the three time-distance slices of Figure 10¢, where there is
a dark gap between the two bright lines indicating the strands.

4. TEMPERATURE AND ENERGIES

We have used the Basis Pursuit Method from the Differential Emission Measure (DEM) analysis (Cheung et al. 2015)
to estimate the temperature and densities of the nanojets and the structures where they are found. The nanojets in
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Figure 6. Time distance plots at different channels of the image slices taken from Figure 2 of nanojet N2 (A, left), Figure 3 of
nanojet N11 (B, middle), and Figure 4 of nanojet N12 and N13 (C, right).

the blowout jet structure is visible across different ATA channels (see Figure 5), which results in a DEM analysis that
can distinguish the structure and nanojets from its surroundings. The visibility of the nanojets in a wide range of
wavelength channels also allows us to see the nanojet structure in different temperature bins, as shown in Figure 11.
Here, we observe emission from the nanojets in the temperature bins 5.5, 5.6, 6.2, and 6.6, where the head of the
nanojet is mostly seen in the 6.2 bin, and the tail is on the lower temperature bins 5.5 and 5.6. The visibility of
the nanojets across different IRIS and ATA channels (along with the emission from the different DEM bins) indicates
that the nanojets are multithermal. Specifically for the blowout jet where the signatures are clearer, the weighted
DEM temperature shows the nanojets as cold spots in comparison to its hotter surroundings, which is a result of this
multithermal nature. This is shown in the Weighted DEM plot of Figure 11, as we can see a cold spot in the location
that corresponds to the nanojet seen in the ATA 171 channel. Note, however, that the location where the nanojets
originate from (as well as the nanojet tail) shows very hot temperatures of log T = 6.6-6.7. Overall, the average
temperature for all the nanojets found in the blowout jet is 3.5 MK.

In the other two datasets which contained loops on the limb, we observed dark regions which indicate absorption,
and therefore we can also use EUV absorption (Landi & Reale 2013) along with the DEM analysis to measure the
number densities of the rain. The EUV absorption method uses Hydrogen and Helium’s absorption properties for an
absorbing plasma along the line of sight, allowing us to calculate the total number density of the plasma which is
a different quantity to what we measured through the DEM analysis (the DEM analysis only provides the electron
number density). We have also used the assumption that the thickness of the loop structure along the line of sight is
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Figure 7. An example of nanojets forming in 2 clusters N4 and N8. Cluster N4 contains 3 nanojets (N4(a), N4(b), and N4(c)),
and cluster N8 contains 2 nanojets (N8(a), N8(b)), where the nanojets in each cluster are seen forming neighbouring each other.
The video showing the time evolution of this plot is also available online, which spans before the nanojet forms and until it has
disappeared.
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Figure 8. Histograms for the lengths, widths, electron number densities, temperatures, kinetic energies, and thermal energies
of the nanojets from all three observations.

roughly similar to the width of the tube-like structure making the loop. For the loop in the west limb (after a C class
flare), the EUV absorption and DEM analysis suggest a total number density and electron number density values of
around 0.9 x 10'° cm ™3 and 0.4 x 10'° cm ™3 respectively for the coronal rain. The temperature of the rain measured
by the DEM is also around 2.2-2.5 MK. As for the loop-like structure in the east limb, the EUV absorption and DEM
analysis indicate a density of around 5.4 x 10'° em ™2 and 1.4 x 10'°© cm~3 each for the coronal rain. DEM analysis
also shows an average temperature of around 2.5 MK for the rain. However, these values may not be representative
due to how the rain in both observations is not clearly visible in the ATA channels except for AIA 304, resulting in
an emission value that more closely resembles the surrounding corona. Therefore, the DEM results from the EUV
absorption and DEM analysis may not be reliable for this observation.

As the loop structures are not clearly visible in AIA, some of the nanojets are also only faintly visible in the 304
channel. The average temperature of the nanojets is 2.5 MK for all the nanojets found in the two loops, but due to the
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Table 1. Nanojet properties from the datasets (Data) showing its length (1), width (w), electron number density (n.),
temperature (T), velocity (v), kinetic energy (KE), thermal energy (TE), and duration (t). The last 4 nanojets do not
have errors for the number density, temperature, kinetic and termal energies as the errors produced from the DEM are
larger than the values themselves, producing values that are not physical.

Data ID 1 w Ne T v KE TE t

(£10° km) (210® km) (210'° cm™3) (MK) (kms™) (210** erg) (210%° erg) (s)

1 1 22+£02 64+13 1.7 + 0.01 3.4 4+£0.2 101 £+ 22 1.5+ 0.9 2.0+ 1.0 135 £ 1.7
2 1.5+£01 99+£12 1.4 + 0.02 34+05 102+14 2107 2.7+1.0 203 £ 1.7
3 1.8+01 3.6=*12 2.7+ 0.01 3.5+£01 170 + 34 1.7£14 0.9 + 0.6 6.8 +£ 1.7
4a 14+£02 51+£17 2.0 £ 0.01 33+£02 232+£78 36+34 0.9 £ 0.7 23.7 £ 1.7
4b 15+£01 64+1.0 1.9 £ 0.01 3.8+ 01 268 + 31 7.7+ 3.3 1.7 £ 0.7 135 £ 1.7
4c 10+£01 71+£10 1.6 + 0.01 414+0.2 116 + 18 1.0+ 04 1.2+ 0.5 10.1 £ 1.7
52 16+01 36+12 2.8 £0.01 3.6 £0.1 155 + 36 1.3+1.0 0.8 £ 0.6 13.5 £ 1.7
5b 1.0£02 64+0.7 2.1 £0.01 3.7+01 28 +£50 6.8+ 3.0 1.2+ 0.5 10.1 £ 1.7
5¢ 09£02 75+£07 1.8+ 0.0056 38=£01 196+18 3.1+1.3 1.2+ 0.5 10.1 £ 1.7
08+01 36=+1.2 2.6 £ 0.12 3.8+ 14 241 £ 73 1.5+ 14 04 +04 10.1 £ 1.7
7 1.6 £02 51=£17 2.0 £0.01 3.3 £02 79 +£8 0.5 +04 1.1 £ 0.8 23.7 £ 1.7
8a 22+£02 86=£17 1.7 £ 0.01 3.0£02 117+44 35%25 3.1£15 33.8 £ 1.7
8 14+£02 51+£1.7 2.3 £0.01 3.5£01 126 £ 37 1.2+1.1 1.1+0.9 203 £ 1.7
9 08+01 3612 2.4 £0.01 3.6 £0.2 268 £ 89 1.8 £ 1.7 0.4 £0.3 6.8 £ 1.7
10 11+£01 36=x12 2.7 £0.01 34£01 259£59 24+20 0.5 £04 16.9 £ 1.7
2 11 50=£01 185+£1.0 0.7 £ 0.02 2808 106£34 123 =£59 129442 325+ 16.3

3 12 36+£01 42+06 1.4 2.5 54 £ 3 0.2 0.8 36.8 £ 9.2
13 38£01 45+04 1.4 2.5 188 + 11 3.5 1.0 36.8 £ 9.2
14a 16 +£01 7204 1.0 2.3 102 + 3 0.8 0.7 18.4 £ 9.2
14b 15£01 39+£03 1.4 2.6 95+ 3 0.3 0.3 18.4 £ 9.2

faint signatures, the DEM analysis only shows faint signals in the individual DEM bins. Snapshots of the DEM images
such as in Figure 11 did not show any nanojet signatures from these two datasets, and the weighted temperatures
from the DEM analysis were not able to clearly distinguish the structure of the rain with its surrounding, unlike in
the blowout jet case. However, the signatures are still faintly visible in the DEM images of the time-distance plots
from Figure 6, shown in Figures 12 and 13.

To calculate the properties of the nanojets, we have made the assumption that the nanojets are cylindrical where
the height of the nanojet is the length of the cylinder and the width is its diameter. The average electron number
density (n.) from the emission calculated from the DEM analysis is 2.0 x 10'° em ™3, where we also assume that the
image pixels that correspond to a nanojet is dominated by the emission from the nanojet itself. Using the measured
width and lengths, we then estimate the average kinetic and thermal energies (KE and TE) of the nanojets through
the kinetic density (Ex) and thermal energy density (Er), with Ex = %1.4nemp112 and Er = %2.3nekT, where m,,
is the proton mass, k is the Boltzmann constant, and T is the temperature. The factor of 2.3 in Ep comes from the
assumption that the plasma is mostly composed of Hydrogen and Helium, and almost fully ionised. This gives us
the average kinetic and thermal energy values of 2.84 x 10%* erg and 1.75 x 10%° erg respectively; which is within the
nanoflare range. It is worth noting that the value for the kinetic energy is likely to be underestimated, as we have only
used the velocity obtained through the plane of sky. The structures that we have observed appear to be at an angle
from the plane of sky, meaning that the actual velocity of the nanojets would also have a Doppler velocity component.
We can expect the Doppler velocity on the same order of magnitude as the POS component. This means roughly a
factor of 4 larger kinetic energies on average.

We also compared the Kinetic and Thermal energy densities distribution to the Sweet-Parker and Petschek model
in Figure 14, and found that the distribution differs from the two models except for some nanojets that is within the
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Figure 9. A snapshot of the loop with lines indicating the flow misalignments seen in data 2 (left), and a schematic showing
the possible misalignments in the structure.

sweet-parker model. This could be attributed to how the calculated kinetic energy is expected to be less than the
actual value, as if we had larger kinetic energies from including the Doppler velocities, the points in the scatter plot
of Figure 14 for the observed values (left plot) would shift to the right. If we multiply our values with the estimated
factor of 4 larger for the true kinetic energies, this would mean that the nanojets that are off from the two models
would shift closer the two lines representing the Sweet-Parker and Petschek model. This is seen in the right plot of
Figure 14, where including the factor of 4 shifts the nanojets to follow either one of the models.

5. DISCUSSION

The observations of the nanojets reported in this paper broadly agrees with the nanojets found by Antolin et al.
(2021) and supports the theory and interpretation that nanojets are a product of episodic small-scale reconnections
from field misalignments. We observe equal amounts of nanojets that occur as a single event as in clusters, with
10 for each. From all of the counts, nearly all of the nanojets occur in regions close to the apex and on the edges
of the structures, with a few exceptions where the nanojet appears not to be in the structure’s edges. However, in
these cases we cannot determine whether they indeed occur within the structure or not, due to the line of sight that
causes the overlap of the nanojets with the structures themselves. It must also be noted that the numbers found
here is non-exhaustive, but just a representative list based on the most visible ones in our observations. There are
other instances in the datasets where we have identified nanojet-like structures, but they are too small to provide clear
signatures that can be used for analysis.

From the right scatter plot of Figure 14, a noteworthy factor is the distribution of the nanojets that follows either
the Sweet-Parker or Petscheck model. The nanojets with the larger kinetic and thermal energies tend to follow the
Petschek model, while the nanojets with the smaller kinetic and thermal energies follows the Sweet-Parker model
(and a few that lie in-between the two). This could be attributed to a self-regulating mechanism of energy release
(Uzdensky 2007), where under-dense and collisionless plasma correspond to the Petschek model and the dense plasma
correspond to the Sweet-Parker model. Uzdensky (2007) suggested that the plasma may follow a periodic cycle where
it switches between the two models: A low density coronal loop with accumulated free energy will experience fast
reconnection following the Petschek model, leading to large amounts of energy release and therefore chromospheric
evaporation. This, in turn leads to a density increase, which makes the reconnection collisional and slow, following the
Sweet-Parker model. This allows the free energy to build again, and over time the loop depletes, going back to the first
step (Imada & Zweibel 2012). In our context, the blowout jet may be occuring in a loop with initially large magnetic
free energy, which is supported by the evidence of shear flows. A fast Petscheck-type reconnection is therefore expected
initially, but due to the large increase of density produced by the blowout jet we would expect a rapid transition to
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Figure 10. An example of field splitting observed in the structure from data 2. (a) shows snapshots from IRIS of the structure
at 3 different times (top to bottom, at ¢t = t1, 2, ¢3), with slices A, B, and C that cuts through the structure. (b) is a schematic
showing how the structure appears in IRIS during its respective snapshots on the left, which shows how the initially uniform
loop eventually splits into strand A and B. The slices A, B, and C from the snapshots in column (a) are plotted as time-distance
diagrams in column (c) (top to bottom), with the vertical dotted lines indicating the time of the snapshots from (a). The loop
initially appears uniform as indicated by a uniformly bright area at the start of diagrams, but then starts to split around ¢ = ¢;
into strands A and B, as indicated by the two bright lines that comes from the initially uniform structure.

the slow collisional Sweet-Parker-type reconnection. On the other hand, the coronal rain cases seem to correspond to
Sweet-Parker reconnection, which is explained by the dense coronal rain.

When compared with the nanojets in Antolin et al. (2021), our average length for the nanojets are also longer,
but the average widths are similar. The driver for the nanojets in this paper would also differ as we do not have a
prominence nearby that destabilises and acts as a catalyst for the reconnections. Another interesting peculiarity of the
nanojets is their unidirectional nature, in apparent contradiction with the reconnection picture. Indeed, bi-directional
jets are expected from reconnection, and it has been conjectured that the loop’s curvature or braiding may be the cause
for this unique trait (Pagano et al. 2021). This is seen in the third dataset where we have observed two bi-directional
jets, N12 and N13, which demonstrates the opposite direction of travel. While we have yet to see nanojets within a
cluster where the nanojets are bi-directional, we still suspect that this is a possibility.

5.1. The role of KHI in nanojet generation

Here, we also hypothesise that the cluster occurrence of nanojets may indicate the existence of multiple misalignments
in the local field, and possibly the existence of twist in the structure. In this scenario, instabilities can help drive the
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Figure 11. The AIA 171 image (top left) for the nanojet in Fig 2 from the loop-like structure above the blowout jet, the
weighted DEM temperature of the region plotted in the AIA image (bottom left), and the temperature bins for the emission
from the DEM analysis.

Nanojet 11

AIA 304 A log T =5.5-5.6

log T = 5.9-6.0 log T = 6.1-6.2

100

35
80

(DN)

3.0
60
2.5

Distance along cut (")

40

Log Emission Measure

2.0

log T = 6.3-6.4

log T = 6.5-6.6
RO

3.0

19 30

TR

1.25
1.00
0.75
0.50

18
25
2.8

17 |

16 20

Temperature (MK)

2.6

15 15

Distance along cut (")
Loa Emission Measure

0.25
0.00

300 600 900 1200 300 600 900 1200

300 600 900 1200
time (s) time (s) time (s) time (s) time (s)

300 600 900 1200 300 600 900 1200

Figure 12. The time distance plot from the AIA 304 images for the nanojet in Figure 3 from the loop on the west limb, the
weighted DEM temperature of the time distance plot (bottom left), and the temperature bins for the emission from the DEM
analysis.

reconnection between misaligned field lines (or produce misalignments themselves). We investigate this possibility by
first considering the KHI. The critical velocity for the KHI to develop can also be derived from Hasegawa (1975)

Lo + I I
(Rovi—Fom?s PP gy (7L By 1)
Hop1p3

where 07 is the velocity inside the structure, v3 is the surrounding velocity outside the structure, k is the wave vector,
By is the magnetic field inside the structure, By is the magnetic field outside the structure, p; and ps are the number



OBSERVATIONS OF INSTABILITY-DRIVEN NANOJETS 15

densities inside and outside the structure, and g is the magnetic permeability. Assuming that the flow introduces the
perturbations, we take k||v7 and that k and v3 are at an angle 6, the equation can be reduced to obtain

vy — vy cos(f) > \/M(B% + B2 cos?(0)) (2)
Hop1p2

Additionally, we can also assume that By =~ By and v; >> vy, and that the density inside the loops satisfy p; >> po,

which gives us the critical velocity inside the loop v1 ¢t to be

Vi erit = Va2 1+ cos?(6) (3)

where v4 2 = \/%, which is the Alfvén speed of the surrounding medium.

Li et al. (2018) reported the occurrence of the KHI in the coronal loop due to the blowout jet, where there are
upflow velocities that reach up to 224-476 km s~! and a shear velocity of 204 km s~! between two flows inside the
loop-like structure produced by the jet. This also prompts the question of whether there is shear velocity within the
structure for the other two datasets, or between the structure and the surrounding material which we assume to be
plasma at rest. The slit of TRIS crosses through the two footpoints of the loop for datasets 2 and 3, allowing us to
measure the observed rest wavelength of Mg IT k. We find 2796 A as the rest wavelength for the 2 datasets, with the
assumption that the angle between the LOS and the loop plane is the same at both leg crossings. For dataset 2, we
observe a maximum Doppler speed of 52 km s~! from one of the rain clumps travelling downwards at 68 km s~! in
the POS, which would give a a true velocity of 86 km s~!. We also observed a different rain clump nearby travelling
at -31 km s~! (ie. along the opposite direction) in the POS, which gives us a true velocity value of -61 km s~!, and
therefore, an internal shear of 147 km s~!. The time-distance diagrams showing the flows observed used for these
measurements are shown in Figure 15. Whereas for dataset 3, the largest Doppler speed observed is only 9 km s~! from
a flow that travels downwards with a speed of 137 km s~! in the POS, meaning that its true velocity is 138 km s~!.
A nearby flow also travels in the same direction with a velocity of 70 km s~!, meaning that the internal shear velocity
is 68 km s~ 1.

While these are the values that we observe from the material that crosses the slit, we suspect that there could still
be larger Doppler speeds at other parts of the structure which may result in a larger shear. This could indicate that
the presence of shear velocity could promote the growth of KHI and therefore be a catalyst to producing nanojets.
We therefore calculate the v.,;; for the KHI to form from the shear between the flows in or surrounding the structure
using different parameters, which are given in Table 2. From the table we find that v..; decreases as 6 and ns
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Figure 13. The time distance plot from the IRIS images for the nanojet in Figure 4 from the loop on the east limb, the
weighted DEM temperature of the time distance plot (bottom left), and the temperature bins for the emission from the DEM
analysis. The rectangle plotted in the bins shows the location where nanojet N12 forms in the time distance diagrams.
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Figure 14. A scatter plot of the observed (left) and estimated (right) kinetic energy density vs thermal energy density of the
nanojets, along with the Sweet-Parker and Petschek model.

increases, but v..;; increases as By becomes larger. For the lower number densities representing the surrounding
plasma (ng = 108 — 10 cm™3), vepn is always larger than 356 km s~!, which is larger than the velocity of the flows
observed in the datasets 2 and 3. This suggests that the KHI cannot occur between the shear flow from the structure
and the surrounding environment in our observations, but as vei; is lower than 130 km s~ for ny = 10'° cm™3, this
means that the KHI may still form from the observed internal shear between two flows. Indeed, for dataset 2, the
fastest shear flow observed is 147 km s~!. This value is larger than the v, values for ny = 10'° em™2 and B =5 G
in Table 2, and for ny = 10" cm™3 when B < 20 G, meaning that the KHI may form in weak magnetic fields.
Coronal rain densities are usually on the order of 10'® — 10! ¢cm™3 (Antolin & Froment 2022), which is supported
by our DEM analysis. On the other hand, for dataset 3, the internal shear of 68 km s~' that we observe is smaller
than the calculated v, in Table 2 for ny < 10'° cm ™3, meaning that the KHI is less likely to form. It is only when
ny = 10" cm ™3 when the observed shear is larger than three of the calculated v,,.i;, which is when By = 5 G.

If there is an angle between the wave vector and the magnetic field, then the KHI is more likely form along the
flow due to the shear velocity with its surroundings, since this reduces the magnetic tension opposing the instability
growth. This is seen in Table 2 which shows that larger angles have a smaller v.,;; to trigger the instability. For the
blowout jet, Li et al. (2018) noted that there may be magnetic untwisting in the structure with a pitch angle of 30-60°,
whereas for the loops in the west limb and loop like structure in the east limb, we observe angles of 5-10°.

5.2. Rayleigh-Taylor Instability

A common feature between all observed flows are the large densities. Since these occur near the apex of the loops,
another possible instability is the Rayleigh-Taylor Instability (RTI). We investigate here the possibility of the RTI
being the trigger of the nanojets. We can calculate the growth rate of the RTI using the following equation from
Chandrasekhar (1961):

k-B)>
o? = gAk — _(k-B)” (4)
27(p1 — p2)
where
e (5)
p1+ p2
is the Atwood number, p; is the density within the loop, ps is the surrounding density, g is the gravity, k = 27” is the

wavenumber, and B is the magnetic field strength. Taking 6 as the angle between the wave vector and the magnetic
field, the minimum angle 6,,;, required for the RTI to form can also be derived from the above equations to obtain

V gAk27 (p1 — p2)

kB

cos(Opmin) =

(6)

The minimum angle above also determines the region where the RTI is likely to form based on Figure 16, and we can
calculate the distance [ over which the rain plasma is subject to similar favourable geometric conditions for the RTI
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Figure 15. Counter-streaming flows identified in dataset 2. Top row (left to right) shows a snapshot of the structure showing
the location of one of the loop’s legs, where we have taken 2 rain clump paths A and B for time-distance diagrams shown in the
right figure. The time-distance diagrams are plotted on the bottom row, with the cyan boxes indicating the flows that we have
used for the velocity measurement and the corresponding POS velocities. The white dotted line at the center of the time-distance
plots indicates the time of the snapshots from the top row. Note the opposite slopes indicating the counter-streaming flows.

to occur. -
¢ = 5 -0 (7)
| =R¢ (8)
21
dt = = 9)

where R is the height of the loop, v is the observed velocity of the rain at the apex and dt corresponds to the time
the rain is within the region of length [.

Using coronal values, R = 34,000 km, and the assumption that A = 600 km (which is close to the average width of a
nanojet), and a velocity similar to the projected velocity at the apex of the structures of 25 km s~!, we calculated the
minimum growth time 1/0,,., (ie. when 6 = 90°) it takes for the RTT to form. We then find a region within 2/ where
the growth time is less than dt, and therefore calculate the average of the growth time in that region 1/ocs, or the
‘effective growth time’, and the effective growth rate ocsy. 1 /0 7s is only calculated if 1 /O min is smaller than dt, as it
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Table 2. The calculated critical velocity (verit) required for the KHI to occur using Equation 3, using the
angle between k and v3, surrounding number density ns, surrounding magnetic field Bz, and Alfven speed
va,2. The values that differ for the external and internal shear scenario are the nz, where the internal shear
flow has larger number densities.

External Shear Scenario Internal Shear Scenario

0 na B VA2 Verit 0 N2 By VA2 Verit
) (em™®)  (G)  (kms')  (kmsH) (°)  (em™®)  (G) (kms') (kms')
5 108 5 921 1300 5 101 5 921 130
5 10° 5 291 411 5 10t 5 291 41
5 108 11 2027 2860 5 1010 11 2027 286
5 10° 11 641 904 5 10t 11 641 90
5 108 20 3685 5201 5 10%° 20 3685 520
5 10° 20 1165 1644 5 10t 20 1165 164
5 108 25 4606 6501 5 10%° 25 4606 650
5 10° 25 1457 2055 5 10t 25 1457 205
25 108 5 921 1243 25 1010 5 921 124
25 10° 5 291 393 25 10t 5 291 39
25 108 11 2027 2735 25 10'° 11 2027 273
25 10° 11 641 864 25 10t 11 641 86
25 108 20 3685 4973 25 10%° 20 3685 497
25 10° 20 1165 1572 25 10t 20 1165 157
25 108 25 4606 6216 25 10%° 25 4606 621
25 10° 25 1457 1965 25 10*! 25 1457 196
45 108 5 921 1128 45 10%° 5 921 112
45 10° 5 291 356 45 10! 5 291 35
45 108 11 2027 2482 45 10%° 11 2027 248
45 10° 11 641 784 45 10! 11 641 78
45 108 20 3685 4513 45 10'° 20 3685 451
45 10° 20 1165 1427 45 10! 20 1165 142
45 108 25 4606 5641 45 10%° 25 4606 564
45 10° 25 1457 1783 45 10t 25 1457 178

means that the plasma clump that travels through the arclength [ will have enough time to allow the onset of the RTI.
As this new region is smaller and have a shorter travel time, we then calculated the ratio 7 between this new travel time
dtess and the 1/0.¢f as a measure of how likely the RTI can form in the structure. A value above/below 1 indicates
that the RTT is likely /unlikely to occur, respectively. Table 3 calculates these properties of the RTI, including the
effective growth time 1/0. sy, its corresponding effective growth rate o.ss, and the ratio 7, using different parameters
(further breakdown of values for the different observations are shown in Table 3)

From Table 3, we see that 3 sets of parameters have dt less than 1/0,,;,, meaning that the RTI is unlikely to
occur for these cases. For the other instances, the ratio 7 ranges between 0.363 to 1.955. The ratio increases as
the difference between n; and no becomes larger, or if the magnetic field decreases. For the typical coronal rain
values (n; = 1019 — 10! cm~3), we see that 7 is always over 1 for B = 10 G, but only over 1 for B = 20 G when
ny > 101 cm™3. 7 is always exceptionally large for n; > 10*' cm™3. This means that the RTT is likely to form under
usual coronal rain conditions, but only for weak magnetic fields that may not be expected in active regions (Nakariakov
& Ofman 2001; Kriginsky et al. 2021). This aligns with the work by Moschou et al. (2015) and Xia et al. (2017), who
have simulated coronal condensation which shows the formation of RTI using weak magnetic fields of less than 10 G
at the apex of the loop. However, it is unlikely that RTI is producing the nanojets in Dataset 2 because these are



Table 3. Growth rate of the Rayleigh Taylor Instability o calculated through equation (4). The other
properties used for the calculations and the variables calculated are the total number densities inside and
outside of the loop (n1 and ng), magnetic field (B), Atwood number (A), the minimum angle between k
and B required for the instability to occur (0min ), the distance of the path along which the instability
can theoretically occur (1), the time interval in which the rain clump with velocity v = 25 km s~
within the path 1 (dt), minimum growth time of the instability (1/0min), effective growth time (1/ocsy),
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effective growth rate (oeyy), effective travel time (dtcyss), and ratio (1) between dters and 1/ocfs.

ni na B A Ormin 1 dt (1/0’)7,”'” (1/U)eff Oeff dteff T
(em™®) (em™®) (G) (°)  (km) (s) (s) (s) (s7h) s

1010 10° 10 0.8182 89.07 551 44 21 32 0.023 39 1.204
10'° 108 10 0.9802 88.93 633 51 19 35 0.02 47  1.352
10! 108 10  0.998 86.58 2029 162 19 91 0.006 161 1.782
102 108 10 0.9998 79.11 6461 517 19 268 0.002 517 1.929
1013 108 10 1.0 53.32 21769 1742 19 880 0.001 1741 1.979
1010 10° 20 0.8182 89.54 276 22 21 21 0.045 8 0.363
1010 108 20 0.9802 89.47 316 25 19 22 0.04 17 0.765
10t 108 20 0.998 88.29 1014 81 19 50 0.012 79 1.582
102 108 20 0.9998 84.58 3216 257 19 138 0.004 257 1.86
1013 108 20 1.0  72.62 10313 825 19 422 0.001 825 1.955
101 10° 100 0.8182 89.91 55 4 21 * * * *
1010 108 100 0.9802 89.89 63 5 19 * * * *
10t 108 100 0.998 89.66 203 16 19 * * * *
10*2 108 100 0.9998 88.92 642 51 19 35 0.019 48  1.367
0% 108 100 1.0 86.58 2032 163 19 91 0.006 162 1.782

19

oriented sideways, and not downwards as expected from RTI. On the other hand, two of the nanojets in dataset 3 do
seem to be vertically oriented. This, combined with the theoretical estimations suggest that RTT is the reconnection

driver for Dataset 3.

Figure 16. A schematic showing the angles in a loop from equation (4) and (5) indicating a region 1 where the Rayleigh Taylor

Instability is likely to occur.
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6. CONCLUSION

We have reported the existence of nanojets in 3 different coronal structures observed by IRIS and SDO, where they
share the similar properties and characteristics to the nanojets reported by Antolin et al. (2021). Despite the very
different conditions in the loops presented by these observations (blowout jet powered to thermally unstable loops)
they all have in common high speed and dense flows. We have therefore investigated the possibility of occurrence of
dynamic instabilities (namely, the KHI and RTT) that would drive the reconnection leading to nanojets. For the KHI,
we calculated the theoretical critical velocity values in the structure required to trigger the onset of the KHI, and found
that the KHI is more likely to happen either within the structure itself, or on the outer edges of the structure but with
a large number density. For the blowout jet study we find that the observed shear velocities satisfy the criterion for
the KHI to be triggered at the edge of the structure, in agreement with Li et al. (2018). As reported in that paper,
the onset of the KHI is directly confirmed in this case by the observation of vortex-like structures at the edge of the
loop.

The other nanojets found in the loop-like structures still have an unclear origin as we have not directly observed
the KHI or the RTI. From our calculations and given that the observed large densities are common to coronal rain,
it is very likely that the KHI forms in the structure with large internal counter-streaming flows (as in dataset 2), in
the case of weak magnetic fields (< 20 G). On the other hand, we find that the RTI is also a possibility, assuming
that gravity is the source of the perturbation that triggers the instability. This is particularly the case of dataset 3,
however, this is also limited to the condition of low magnetic fields and large number densities, with the magnetic
field as the parameter being the larger contributor to the likelihood of the RTI. However, the KHI also becomes likely
for densities over 10" cm™3, which is higher than what we measure but still possible for quiescent coronal rain. Such
number densities (and even larger) are however, common for flare-driven rain (Scullion et al. 2016). Weak magnetic
fields are not expected in active regions (Nakariakov & Ofman 2001; Heinzel & Shibata 2018; Kriginsky et al. 2021),
however, they may still be expected at the apex of expanding long loops. Additionally, coronal rain may play an
important role in the nanojet formation, as suggested by Antolin et al. (2021), because the partially ionized plasma
can act as a catalyst for reconnection.

Different to Antolin et al. (2021), dynamic instabilities are identified here as the reconnection driver for the nanojets,
supporting the hypothesis that nanojets are largely independent of the way component reconnection is enforced.
The variety of environments where we have discovered nanojets also suggests that nanojets are a general result of
reconnection that may have been driven by not only field braiding, but also different instabilities. Additionally, It
is likely that these structures may also contain numerous misalignments through braiding prior to the onset of an
instability that may contribute to the number of nanojets.

A main challenge presented when observing nanojets comes from their short lifespan. Many of the nanojets that
we observed last for no longer than 20 s, with the shortest lasting for no more than 7.2 s. This becomes a challenge
to identify nanojets in observations with cadences longer than 10 s, as we may only be able to capture them in 1-2
frames. Combined with their small sizes, this makes nanojet detection even more challenging. Here, we have used cool
material from the blowout jet and coronal rain as a high resolution tracer of the nanojets because of the initially cool
temperature. The nanojets we detect have also a cool component in addition to their hot component, making them
multi-thermal. This aspect may therefore be a bias of the detection process that we used.

There are still many open questions to answer regarding the nanojet’s driver, and this will serve as an avenue for
further investigation through both observations and numerical simulations in coronal heating research. These nanojets
carry energies within the nanoflare range, further supporting the nanoflare heating theory. With the current spatial
and temporal resolution of coronal observations, the identification of nanojets in evolving structures is still a difficult
task, however, the characteristic behaviour such as the perpendicular ejection, fast velocities of around 100-200 km s~ !,
or the field line splitting after the nanojets can be used as useful guide to identify them. This provides a direction for
analysis from incoming future observations, which could provide insight into the heating mechanisms that are found
in the solar corona.
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