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ABSTRACT

A major coronal heating theory based on magnetic reconnection relies on the existence of braided

magnetic field structures in the corona. In this small-angle reconnection scenario, numerical simula-

tions indicate that the reconnected magnetic field lines are driven sideways by magnetic tension and

can overshoot from their new rest position, thereby leading to low-amplitude transverse MHD waves.

This provides an efficient mechanism for transverse MHD wave generation, and the direct causality

also constitutes substantial evidence of reconnection from braiding. However, this wave-generation

mechanism has never been directly observed. Recently, the telltale signature of small-angle reconnec-

tion in a sheared coronal structure has been identified through nanojets, which are small, short-lived,

and fast jet-like bursts in the nanoflare range transverse to the guide-field. We present for the first

time IRIS and SDO observations of transverse MHD waves in a coronal loop that directly result from

braiding-induced reconnection. The reconnection is identified by the presence of nanojets at the loop

apex which release nanoflare-range energy. We find that the oscillations have an energy flux on the

order of 106 − 108 erg cm−2 s−1, which is within the budget to power active region loops. The esti-

mated kinetic and thermal energy from the nanojets is also sufficient to power the transverse waves and

sustain the observed heating at the loop apex. This discovery provides major support to (a) existing

theories that transverse MHD waves can be a signature of reconnection, (b) the existence of braiding

in coronal structures and (c) the coronal reconnection scenario identified by nanojets.

Keywords: The Sun (1693) — Solar corona (1483) — Solar magnetic fields (1503) — Solar coronal

waves (1995) — Magnetohydrodynamics (1964)

1. INTRODUCTION

Magnetohydrodynamic (MHD) waves and magnetic re-

connection are the two leading theories for the coronal

heating problem, which has been a subject of investiga-

tion for decades. MHD waves can carry large amounts

of energy (Uchida & Kaburaki 1974), making them a

suitable candidate for heating through their dissipation

(Wentzel 1979; Klimchuk 2006; Van Doorsselaere et al.

2020). This was supported by the discovery of transverse

oscillations in loop-like structures (Aschwanden et al.

1999; Nakariakov et al. 1999), and followed up by many

other works reporting similar oscillations (Aschwanden

et al. 2002; Verwichte et al. 2004; Tomczyk et al. 2007;

Tomczyk & McIntosh 2009; Van Doorsselaere et al. 2009;

Okamoto et al. 2015; Anfinogentov et al. 2015; Li & Long

2023). However, direct observational evidence of wave-

based heating remains scarce (Van Doorsselaere et al.

2020).

Among transverse oscillations, the kink oscillations

(Nakariakov et al. 2021) are the most prominently ob-

served and often found to be decayless (Tian et al. 2012;

Wang et al. 2012; Nisticò et al. 2013; Anfinogentov et al.

2013). Many external driving mechanisms have been

proposed for these decayless oscillations, including foot-

point driving (Nisticò et al. 2013), quasi-steady flows

(Nakariakov et al. 2016), or by Alfvénic vortex shedding

(Karampelas & Van Doorsselaere 2021). Proposed in-

ternal mechanisms include the combination of resonant

absorption and the Kelvin-Helmholtz instability (Antolin

et al. 2016; Antolin & Van Doorsselaere 2019) or coronal

rain (Kohutova & Verwichte 2017), but there is still a

lack of observational evidence.

Another major coronal heating candidate is the Parker

nanoflare theory (Parker 1988), which conjectures the ex-

istence of myriad energy bursts at the order of 1024 erg

generated by small-scale magnetic reconnection events

driven by braiding. The braided state of a loop is thought

to be the result of slow footpoint motions at photospheric
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level (Pontin & Priest 2022). Energy releases within the

nanoflare range have been previously reported by e.g.

Testa et al. (2013) and Testa et al. (2014), and Chitta

et al. (2018) have also suggested that chromospheric re-

connection from flux cancellation in loop footpoints may

facilitate nanoflare-sized energy release in loops. How-

ever, a direct link to coronal reconnection could not be

established in these heating events.

The discovery of nanojets by Antolin et al. (2021) pro-

vided direct evidence of nanoflare-based heating driven

by small-scale component reconnection. Nanojets are

small-scale and short-lived bursts, around 500 km in

width and 1000 km in length on average, that last no

longer than 15 s on average. They are a result of very

fast transverse motion of reconnected field lines driven by

magnetic tension, combined with localised heating (the

nanoflare). In Antolin et al. (2021), they were observed in

a loop-like structure and driven by the loss of stability of

a nearby prominence. This was then followed by observa-

tions of nanojets in loop-like structures with coronal rain

Sukarmadji et al. (2022), with the Kelvin-Helmholtz in-

stability (KHI) and Rayleigh-Taylor instability (RTI) as

the likely underlying drivers. The different observations

of nanojets in a variety of environments with different

drivers further suggests that they may be common, and

could contribute significantly to the heating of the solar

corona.

It has been long known that magnetic reconnection

can produce all kinds of MHD waves (e.g. Petschek

1964, Parker 1991, Kigure et al. 2010), however, it is

unclear which waves would be predominantly observed

in the Parker nanoflare theory. The kink instability as a

trigger of reconnection and driver of coronal heating has

been extensively studied through numerical simulations

of twisted magnetic fields (Browning et al. 2008; Hood

et al. 2009; Bareford et al. 2013; Hood et al. 2016; Reid

et al. 2018; Reid et al. 2020). In particular, Hood et al.

(2009), Hood et al. (2016), Reid et al. (2018), and Reid

et al. (2020) proposed the existence of twisted coronal

braids or strands, some of which would become unstable

thereby setting a cascade of nanoflare-sized reconnection

events affecting neighboring stable strands. Although

not investigated in detail, these works show the gener-

ation of transverse MHD waves during the reconnection

process. Observationally, Kohutova et al. (2020) have

detected torsional Alfvén waves produced from a recon-

nection event, although the configuration leading to the

reconnection corresponds to the presence of 2 separate

coronal structures and not a single braided structure. To

date, there are no direct observations of small-angle re-

connection events leading to kink waves. Yet, as men-

tioned previously, kink waves are ubiquitous in the solar

corona and their origin is highly debated.

We present in this paper first observations of transverse

oscillations driven by small-angle reconnection events in

a coronal loop, where the reconnections are identified by

the presence of nanojets. We will look into the prop-

erties of the waves produced, and discuss the heating

contributed from the observed event. In Section 2, we

present the observation and the present structures. Sec-

tion 3 discusses the reconnection nanojets, followed with

a discussion of the transverse waves produced in Section

4. We will discuss the energy budget in Section 5 and

provide conclusions in Section 6.

2. OBSERVATIONS

An observation of AR 12192 was taken by the In-

terface Region Imaging Spectrograph (IRIS; De Pon-

tieu et al. 2014) on the 29th of October 2014 between

08:37:04-13:43:35 UT, observing in the SJI 1330 filter-

gram with spatial resolution, temporal cadence, and ex-

posure time of 0.16′′, 9.6 s, and 8 s respectively. This is a

large coarse 8-step raster observation centered at (x,y) =

(956′′,−262′′) with a field-of-view (FOV) of 119′′ × 119′′.

We use the level 2 data for our analysis, along with

coaligned observations from the Atmospheric Imaging

Assembly (AIA; Lemen et al. 2012). During the observ-

ing period, the area produced a series of C to M-class

flare events with a number of surges and quiescent and

flaring coronal rain.

Our focus will be on a hot loop shown in Figure 1.

We initially observe a diffuse bright loop-like region at

11:49:37 UT only visible in AIA 94 and 131 and faintly

in the SJI 1330 (the Fe XXI emission), which disappears

after 13:18:01 UT. Following this disappearance, the loop

is seen to form at 13:23:37 UT in SJI 1330, AIA 304,

171, 193, 211, and faintly in 131 and 335, suggesting

catastrophic cooling and the appearance of coronal rain.

The time range of interest starts at 13:30:19 UT, when

the cool loop exhibits a secondary heating event and is

seen in all changes but only faintly in AIA 94, 335 and

1600. The structure remains visible until the end of the

observing period of IRIS, and until 14:19:07 UT in AIA.

Unfortunately, the IRIS slit does not cross our loop of

interest, and therefore we can only obtain plane-of-sky

(POS) values for all of our measurements.

The loop appears first at a measured height at the

apex of 29 ± 5 Mm as measured in the POS from the

solar surface, and a length of 120 ± 20 Mm in the POS.

Within the loop, we observe coronal rain flowing with

POS velocities of 20-32 km s−1 at the apex and 100-

120 km s−1 along the legs of the loop. The rain strands

have widths of 600 ± 45 km, and the apparent width of
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the loop at the apex seen in the upper transition region

or coronal AIA passbands is 4059± 489 km.

We used the Basis Pursuit Method, based on the Differ-

ential Emission Measure (DEM) Analysis (Cheung et al.

2015) to estimate the emission distribution with respect

to temperature. The DEM weighted electron number

density of the loop ⟨ne⟩DEM depends on the emission

DEM(T ) in the LOS l for a given temperature bin

DEM(T ) = nenH
dl

dT
, (1)

where ne and nH are the electron and hydrogen number

densities, respectively. ⟨ne⟩DEM follows

⟨ne⟩DEM =

√∫
T
DEM(T )loopdT

1.2l
, (2)

where we assume a fully ionised plasma with 10% He-

lium abundance and l is the length of the emitting

plasma in the loop along the LOS. DEM(T )loop =

DEM(T )LOS − DEM(T )env with DEM(T )LOS is the

DEM at a given temperature bin for a LOS crossing the

loop, andDEM(T )env is the DEM for a LOS neighboring

the loop in the same temperature bin. We thus assume

that the foreground and background along this neighbor-

ing LOS is the same as that crossing the loop so that the

subtraction gives the DEM of the loop. We averaged the

EM values from the DEM calculation that has converged,

for pixels contained in the loop for each temperature bin.

The temperature bins used are log(T ) = 5.5−6.4 as they

show emission from the loop.

We assume that l is similar to the POS width of the

loop to obtain an electron number density of 4.7± 0.5×
109 cm−3, which corresponds to the optically thin hot

plasma surrounding the coronal rain strands. The num-

ber density of the cool rain strands is estimated through
pressure balance and taking the peak temperature re-

sponse for SJI 1330 (104.3 K), to find 3.8±0.8×1011 cm−3.

This matches previous measurements of coronal rain den-

sities in observations (Antolin et al. 2015; Froment et al.

2020) and numerical simulations (Li et al. 2022; Antolin

et al. 2022a) .

3. RECONNECTION NANOJETS

The reconnection is identified by the presence of nano-

jets at the apex of the loop, shown in Figure 1 and the

top left panel of Figure 2. After 13:35:35 UT, we be-

gin to observe around 10 small jet-like structures char-

acteristic of nanojets forming at the loop apex with 7

of them oriented upwards (away from the solar surface)

and the remaining oriented downwards (towards the so-

lar surface). Following Antolin et al. (2021) and Sukar-

madji et al. (2022), we identify these structures as nano-

jets if they have the small, transverse (to the loop) jet-

like features in the image and the running difference im-

age (current image subtracted with image from previous

timestamp) with widths and lengths of around 500 km

and 1000 km, respectively, and are accompanied with a

transverse motion fairly perpendicular to the loop and

with short timescales of less than 25 s. We investigated

3 of the clearest ones (N1, N2, and N3) to have a mea-

sure of their properties. The mean of their POS lengths

and widths are 1500 km and 341 km, with values rang-

ing from 838 − 2781 km and 320 − 405 km respectively.

The lifetimes of all three nanojets are 19± 5 s. We also

measured the DEM weighted electron number densities

and temperatures of the nanojets. The electron number

density is measured through Equation 2, using the emis-

sion from the pixel containing the nanojet and assuming

that l is similar to the POS width of the nanojet. The

nanojet’s temperature is measured through

T = Tt0 +∆T, (3)

averaged over all the nanojet pixels, where Tt0 is the

DEM weighted temperature of the region before the

nanojet forms, following

Tt0 =

∫
DEM(T )t0TdT∫
DEM(T )t0dT

, (4)

and ∆T is the temperature change at the nanojet times-

tamp, measured by the variation of the DEM:

∆T =

∫
∆DEM(T )TdT∫
∆DEM(T )dT

, (5)

where ∆DEM(T ) = DEM(T )nanojet − DEM(T )t0 .

DEM(T )nanojet is the DEM at the nanojet timestamp

and DEM(T )t0 is the DEM at a timestamp before the

nanojet forms. We find a mean number density and tem-

perature of 1.2 × 1010 cm−3 and 2.3 MK, with values

ranging from 0.9 − 1.4 × 1010 cm−3 and 2.2 − 2.4 MK,

respectively. The nanojets have an average POS speed

of 156 km s−1, ranging from 91− 290 km s−1.

To obtain a measure of the kinetic and thermal en-

ergy, the kinetic energy (EK) and thermal energy (ET )

is calculated through EK = 1
21.27V ⟨ne⟩DEMmpv

2 and

ET = 3
22.09V ⟨ne⟩DEMkT , where V is the nanojet vol-

ume, mp is the proton mass, k is the Boltzmann con-

stant, and T is the average nanojet temperature (follow-

ing Equation 3). The factors 1.27 and 2.09 comes from

assuming a 10% Helium abundance and a highly ionized

plasma 1. We assume that the nanojet has a cylindri-

1 Although coronal rain corresponds to partially ionised plasma,
numerical simulations show that its ionisation fraction is rela-
tively high (Antolin et al. 2022b).
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Figure 1. First two rows shows the snapshots of the loop at the time when the nanojets are most visible in SJI 1330, AIA 131,
171, 193, 211, and 304. The bottom row shows snapshots for selected emission bins from Log(T) = 5.8, 6.2 and 6.4. Three of
the clearest nanojets (left to right, N1, N2, and N3) are marked with the white arrows. An animation of this figure is available
online showing the time evolution of the loop.

cal structure with radius and length set by the observed

mean values, and v is set equal to the mean POS veloc-

ity. This gives us energy releases within the nanoflare

range, with a kinetic and thermal energy release average

of 7.8×1024 erg and 1.4×1025 erg per nanojet, with values

of 0.8− 21.7× 1024 erg and 0.9− 2.3× 1025 erg, respec-

tively. The average total energy per nanojet is therefore

2.2 × 1025 erg, and as we observe around 10 nanojets,

the total estimated energy released from all nanojets is

2.2× 1026 erg. From these measured cases, the nanojets

have similar morphologies, dynamics, and energy release

as in Antolin et al. (2021) and Sukarmadji et al. (2022),

although slightly smaller in size. We also observe lo-

cal brightenings in the hot AIA channels in the regions

where we observe nanojets, as shown in in Figure 1, sup-

porting the presence of localised heating in the loop-like

structure. The nanojets are particularly seen in AIA 131,

171, 193, 211, 304, and the DEM bin Log(T) = 5.8 and

6.4.

These signatures are clearer in a light curve plot in-

tegrating over the loop region containing the nanojets,

shown in Figure 2 (see figure caption for methods), where
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Figure 2. The two panels of the left column show the same snapshot of the apex of the loop with nanojets. In the top panel,
the three most visible nanojets are marked, and in the bottom panel, slices along the trajectory of the nanojets A, B, and C are
taken to produce the time-distance diagrams on the first three panels of the right column. The nanojets in the time-distance
diagrams are marked with N1-N6. The white vertical lines in the time-distance diagrams mark the time of the snapshot from
the left column. The region contained by the white contour line in the bottom panel of the left row shows the region used to
produce the light-curve plot shown in the bottom panel of the right column. The light curves are constructed by summing over
the intensity values within the contour at a given timestamp and then normalised. In the bottom we show a schematic for our
interpretation of how a nanojet forms from reconnection due to misalignments between B⃗1 and B⃗2. The resulting configuration
is likely to be affected by the tension from the reconnection, which overshoots the resting configuration and therefore produces
oscillations, as seen at t = t3. An animation of this figure without the schematic is available online, showing the nanojet
formation in the SJI, and the white vertical line in the time distance diagrams and light curves following the timestamp of the
SJI image. The 7 other observed nanojets are also marked in the animation with white arrows (nanojets pointing upwards) and
cyan arrows (nanojets pointing downwards).

the occurrence of nanojets coincides with peaks of the

average loop apex intensity in various passbands (all ex-

cept 335). The light curve intensity for the SJI 1330,

AIA channels 211, 193, 171, 131 ramps up to two inten-

sity peaks as the nanojets form, with a minor first peak

when N5 and N6 form, and a major peak when N1-N4

form (shown in the time-distance diagrams). The inten-

sity in all channels starts to decrease at 13:41:58 UT (or

t = 383 s in the light-curve) after the nanojets have dis-

appeared. This is with the exception for AIA 304, where
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there is continuous increase afterwards likely due to the

hot Si XI emission (1.5 MK) within the 304 passband, as

suggested by the temperature variation.

4. TRANSVERSE OSCILLATIONS

After 13:37:59 UT (around t = 150 s in the time-

distance diagrams), the nanojets that form are followed

by the upward motion of several nearby rain strands, ini-

tiating a transverse motion as seen in the time-distance

diagrams of Figure 2 and Figure 3 between t = 150 −
300 s. The initial upward motion of the strands origi-

nating from the nanojets are identified by the diagonal

bright slopes across the loop, where the slopes indicate

velocities of 40−48 km s−1 (two examples are marked in

Figure 3). The moving strands surpass the upper edges of

the loop at t = 290 s. After t = 290 s, it can be seen that

the strands start an oscillatory motion while continuing

to move upward at gradually slower speeds until the end

of the IRIS observation. A schematic of these dynam-

ics is shown in the bottom panel of Figure 2, where the

nanojets’ transverse motion overshoots the resting con-

figuration resulting in an oscillatory field motion. These

oscillations have a measured period of 97± 4 s.

The signatures of multiple strands oscillating can also

be seen from the presence of multiple waves in Figure

3’s time-distance diagrams, and an example is shown

in panel 5 where two waves are labeled as A and B.

Note that these 2 waves are out-of-phase with each other,

suggesting that each wave in the time-distance diagram

comes from individual strands. Despite not being in

phase with one another, all of the waves have similar

periods with only 2-5 seconds differences, suggesting sim-

ilar conditions across the strands. In total, we observe

around 7± 1 strands that oscillates from the SJI images

and time-distance diagrams. The oscillations are also

most visible in the AIA 304 and 171, and faintly in 131,

193, 211, and 1600.

We show time-distance diagrams of the oscillations in

selected channels in Figures 4 and 5. Note that the sinu-

soidal shape of the oscillations in the AIA is not as clear

as it is in the SJI, due to the small displacement and low

spatial resolution of AIA. This means that it may be a

challenge to identify them as oscillations had there been

no accompanying observations from IRIS.

In Figures 4 and 5, there appears to be a damping of

the oscillation at the extended observing time of AIA

after IRIS’s observing time has ended. From Figure 4,

we can estimate the wave properties by combining the

observed oscillations in IRIS and AIA to obtain the de-

trended oscillations (see text/caption for further details).

From the de-trended oscillations, two periods are seen

with a measured maximum POS displacement (xmax)

321± 30 km. We fitted these values in a sinusoidal func-

tion of x(t) = xmax sin(
2πt
T ) using the period T to obtain

a velocity profile of v(t) = w cos(2πt/T ), with an ampli-

tude w = 2πxmax

T of 21± 2 km s−1. The loop appears to

oscillate for two periods before it damps, but it must be

noted that the oscillations that we managed to recover

well are only from the IRIS data thanks to its higher

spatial resolution.

5. ENERGY BUDGET OF THE RECONNECTION

EVENT AND WAVES

As the oscillations occur at the apex of the loop, the

fundamental mode is the most likely to be excited. The

wave can either be a standing mode or a propagat-

ing wave. Following the nanojets, we initially observe

strands that oscillate out-of-phase with each other, but

eventually appear to oscillate collectively in the upper

part of the loop. For this case, we can then assume that

all strands oscillate with a global kink mode. However,

we can also consider a multiple kink wave scenario, in

which individual strands oscillate with their own kink

mode (e.g. in Figure 3). The SJI time-distance diagrams

in Figures 2 and 3 also show 7 strands that oscillate indi-

vidually. We therefore have four possible cases: A global

kink mode in which the strands oscillate as a whole, mul-

tiple kink modes guided by individual strands, and for

each of these two cases we have either a standing (fun-

damental mode) or a propagating wave.

In the case of a fundamental kink mode, the period P

of the fundamental mode is

P =
2L

ck
, (6)

where L is the length of the loop and the phase speed ck
is

ck =

√
ρiv2Ai

+ ρev2Ae

ρi + ρe
. (7)

ck depends on the number density inside ρi and outside

ρe the waveguide (the loop or the strand in the global

kink mode or individual strands cases, respectively), and

the corresponding Alfvén speeds vA = B√
µρ inside and

outside are written as vAi
and vAe

, where the magnetic

field strength B is expected to vary little under coronal

conditions. The energy flux of kink modes in a bundle

of loop Eflux can be calculated from Equation 8 (Van

Doorsselaere et al. 2014), using the transverse velocity

amplitude w measured from the oscillations and the fill-

ing factor f , following

Eflux =
1

2
f(ρi + ρe)w

2ck. (8)
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Figure 3. The IRIS observation of our data taken in the SJI 1330 filtergram. The two panels in the left column show the
loop-like structure of interest (top), and the zoomed-in portion from the top figure’s box with slices 1-5 across the loop (bottom).
The 5 slices produce the time-distance diagrams shown in the right column, where the solid white vertical lines indicate the time
of the left column’s snapshots. Time distances 1 and 2 show the slopes indicating the transverse velocities of the strands. After
t = 150 s, we can see oscillating structures in the time-distance diagrams. An animation of this figure is available online, showing
the evolution of the loop-like structure where the white vertical line in the time distance diagrams follows the timestamp of the
panels showing the SJI images. The end of the time distance diagram is also the end of the IRIS observing period.

The total energy can also be estimated following Van

Doorsselaere et al. (2014) through

Etotal = πR2L

(
1

2
(ρi + ρe)w

2 − f
1

4
ρe

c2k + v2Ae

c2k
w2

)
.

(9)

R is the radius of the loop (we have used half of the

apparent width of the loop apex from Section 2), and L

is the length of the loop portion that is oscillating.

For the global kink mode and propagating wave case,

the filling factor can be estimated from the area occu-

pied by the observed number of strands in IRIS within

the oscillating loop’s cross-section observed in AIA (Van

Doorsselaere et al. 2014). Observationally, we observe 6

strands inside the loop portion (we observe 7 oscillating

strands, but 1 has dampen by the time the oscillating

portion forms), but it must be noted that this is a lower

bound since there may be other strands that overlap one

another. The oscillating loop width that contains all the

oscillating strands is 3272± 386 km, whereas an individ-

ual strand has a measured width of 600 ± 45 km. As-

suming a circular geometry, if we fill the 6 strands in the

loop we will have a filling factor of 0.20 ± 0.05. We will

also assume that the external number density (outside

the loop, ρe) is 108 cm−3, and use the internal number
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Figure 4. Top row shows the SJI 1330 and AIA 304 image with the slice (white line) for the time distance diagram plots in
the second and third row. The white vertical line in the time distance diagrams marks the time of the SJI and AIA image. The
time-distance diagrams have the white dots marking the position of the oscillations which are selected based on an intensity
threshold that separates the loop from its surrounding. The third row shows the combined oscillation data from the SJI 1330
(first 232 seconds, in green) and AIA 304 (remaining 232 seconds, in blue) and the calculated upward moving trend (red dots).
Each point in the upward moving trend is calculated by averaging a given point’s value with 8 of its neighbouring points. The
IRIS and AIA points are subtracted with the global trend points to recover the detrended oscillations, shown in the bottom
plot. We observe 2 clear periods before it damps.

density of the loop (surrounding the strands observed in

the SJI, ρi) from the DEM analysis of 4.7±0.5×109 cm−3

for this case.

Using the values for ρi and ρe obtained above, the

measured loop length of 120 ± 20 Mm in the POS for

L, the wave period of 97 ± 4 s, we have ck = 2474 ±
425 km s−1 for the global standing kink mode. As-

suming that the magnetic field inside the loop and out-

side the loop are similar, the estimated magnetic field is

B = 66± 11 G to match the observed period for the fun-

damental mode. The Eflux and Etotal for this case are

1.2 ± 0.5 ×106 erg cm−2 s−1 and 2.3 ± 1.0 × 1025 erg,

respectively. Whereas for the global propagating mode

case, we have used the measured minimum phase speed

vph for ck and the length of the loop portion that ap-

pears to oscillate of 16800 ± 720 km for L, to obtain

B = 32 ± 17 G. The Eflux and Etotal for this case is
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0.6 ± 0.4 ×106 erg cm−2 s−1 and 3.3 ± 1.5 × 1024 erg,

respectively.

For the multiple kink mode case, the filling factor is

1 since we are resolving the strands with IRIS, and we

will use the coronal rain number density of 3.4 ± 0.7 ×
1011 cm−3 for ρi and the DEM weighted number density

for ρe. For the standing waves case we find that B =

555± 96 G, and Eflux and Etotal for a single strand are

4.3 ± 1.3 × 108 erg cm−2 s−1 and 4.4 ± 1.3 × 1025 erg,

respectively. We have 7 ± 1 strands oscillating, so the

total energy released is 3.1 ± 1.7 × 1026 erg. For the

multiple propagating kink modes case (using vk = ck),

we obtain B = 274 ± 145 G, and Eflux and Etotal of

2.1 ± 1.2 × 108 erg cm−2 s−1 and 6.1 ± 1.5 × 1024 erg,

respectively. For 7 strands, Etotal is 4.3± 2.2× 1025 erg.

The above are lower bound estimates since all mea-

surements are only in the POS. Assuming that the

Doppler velocity component is of the same order as

the POS component, then v increases by
√
2. Taking

account these considerations, this leads to energy flux

ranges of 1.2 ± 0.4 ×106 erg cm−2 s−1 to 8.6 ± 1.3

×108 erg cm−2 s−1 from all four cases. Whereas the esti-

mated wave energy will range between 6.5±1.5×1024 erg

to 6.1± 2.5× 1026 erg.

We can also calculate the total thermal energy released

from the reconnection events between a given time t0
(right before any nanojet occurrence) and t. This value

∆TE(t) can be calculated using the DEM values, for a

portion of the loop that contains nanojets and is oscil-

lating using

∆TE(t) =
3

2
2.09V ⟨ne⟩DEMkB⟨∆T (t)⟩DEM (10)

with the assumption of 10% Helium abundance and a

highly ionized plasma. ⟨ne⟩DEM is the DEM weighted

electron number density of the loop (from Section 2),

V = πR2Losc is the loop portion’s volume assuming a

cylindrical structure and the length of the oscillating loop

Losc of 16800±720 km. ⟨∆T (t)⟩DEM is the average tem-

perature variation of the loop following Equation 5. This

isolates the temperature change from the reconnection

events associated with the nanojets that contributes to

the thermal energy. We calculate the DEM for the time

period starting from 13:35:11 UT - 13:41:59 UT (mean-

ing that t0 = 13:35:11 UT). Figure 5 plots the ∆TE(t)

for the loop portion, and we find that there is a contin-

uous increase in the thermal energy to a maximum of

4.0× 1025 erg.

6. DISCUSSIONS AND CONCLUSIONS

Our observations suggest that the transverse waves are

produced by small-angle reconnection events within the

structure, where the reconnection signatures can be iden-

tified by the nanojets. Prior to the nanojets, the loop did

not show any oscillations as seen in the time-distance di-

agrams of Figures 3 and 5. It is only when the nanojets

form that we observe the separation of individual strands

and their subsequent oscillation, which is then followed

by multiple strands that eventually appear to oscillate

collectively after all of the nanojets have formed. This in-

dicates that the nanojets and the transverse MHD waves

share the same generation mechanism, i.e. magnetic re-

connection, and that nanojets reflect the energy available

to power the oscillations.

In the small-angle reconnection scenario, the recon-

nected magnetic field lines are driven sideways by mag-

netic tension but overshoot from their new rest position,

thereby leading to transverse waves. This scenario sug-

gests an efficient mechanism for transverse MHD wave

generation. If common (as conjectured by Parker),

it therefore provides an alternative explanation to the

observed ubiquity of small-amplitude transverse MHD

waves in the corona.

The period of our observed oscillation is 97± 4 s with

a maximum displacement and amplitude of 321± 30 km

and 21± 2 km s−s respectively. We have considered four

cases, depending on whether the observed kink mode is

a global kink mode (case in which the strands oscillate in

phase on average) or a multiple kink mode (case in which

each strand oscillates independently). Furthermore, we

consider 2 cases for the modes: standing or propagat-

ing modes. The estimated magnetic field strengths are

32 − 66 G for the global cases, and 274 − 555 G for the

individual strands cases. These values are considerably

high but still expected from an active region producing a

series of C to M-class flares (e.g. Asai et al. 2001; Landi

et al. 2021; Wei et al. 2021).

The produced oscillations also have similar periods sug-

gesting similar conditions across the strands, and we ob-

serve that they occur for 2 periods before they damp.

The fact that the kink waves strongly damp in a loop that

is visible in the hot AIA channels throughout the event

strongly suggest wave dissipation and heating. Based

on the measured density, filling factor and wave prop-

erties, we estimate that the energy flux from the waves

is on the order of 106 − 108 erg cm−2 s−1 for all cases,

which is sufficient to balance the energy losses for ac-

tive regions (Withbroe & Noyes 1977). These values are

lower bound estimates since we only measure projected

velocities, but they indicate that braiding-induced recon-

nection has enough energy to power active region coronal

loops.

If the dynamics at the origin of the nanojets are what

triggers the kink mode, then we may expect that the
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Figure 5. Top row shows snapshots of the loop apex in IRIS SJI 1330, AIA 304, and AIA 171. The white line in each panel is
the slice taken for the respective time-distance diagrams shown in the next three rows, where t = 0 s corresponds to 13:35:11 UT.
The time-distance diagrams have the white dots marking the position of the oscillations which are selected based on an intensity
threshold that separates the loop from its surrounding. The vertical white line in the time-distance diagram shows the time of
the snapshots in the respective panels above. In the time-distance diagrams, the green vertical lines marks the period where
we observe clear oscillations in IRIS. The plot in the bottom row shows the thermal energy release change from t = t0, for the
region of the loop that appears to be oscillating, estimated from the DEM for the region bounded by the white contour in the
AIA images.

kinetic energy from the waves should match the kinetic

energy of the total number of nanojets. We divide the

wave’s total energy released (Etotal) with the average ki-

netic energy released by a nanojet of 7.8 × 1024 erg to

obtain an estimate of how many nanojets are required

to match the wave energy for each case: For the global

standing kink mode, we only require 2-3 nanojets, which

is less than the 10 clearest nanojets observed by eye. For

the global propagating wave case, we need less than 1

nanojet’s worth of kinetic energy.

For the multiple standing kink mode, we require

around 39-40 nanojets, which is substantially more than

the observed number of nanojets. We did observe around

10-12 other nanojet-like features that were too small or

faint, suggesting that such numbers are indeed possible.

Whereas for the multiple propagating waves, we only re-

quire around 5-6 nanojets.

An expected feature from nanojets is the strand separa-

tion that accompanies the small-angle reconnection (An-

tolin et al. 2021; Sukarmadji et al. 2022), which would

overshoot the resting field configuration. However, this

strand separation may not always lead to transverse os-

cillations. For example, if two internal misalignments

trigger nanojets that have opposite directions, the re-

sulting oscillation may be a sausage mode rather than a

kink mode. Also, if the separation is accompanied by a

displacement of the footpoints then minimal or no over-

shoot is produced. This suggests that the reconnection

events may need to have very specific conditions to pro-

duce sufficient overshoot to trigger transverse waves.
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The thermal energy increase from the DEM values at

the apex also shows an increase on the order of 1025 erg,

with a maximum value of 4.0 × 1025 erg just after the

nanojets have stopped forming. Part of the kinetic en-

ergy of the nanojets is also likely converted into heat,

and the thermal energy increase is on the same order of

magnitude than the nanojet’s average total energy re-

lease of 2.2 × 1025 erg. If we assume that the thermal

energy increase comes from the nanojet’s total (kinetic

and thermal) energy, this would mean that we only need

around 2 nanojets in total. This means that only a few

nanojets is required to sustain the heating seen at the

apex of the loop.

We observe strands appearingly misaligned to one an-

other, similar to the loops observed in Sukarmadji et al.

(2022). Furthermore, the rain flows along the legs of the

loop also appear to be misaligned, suggesting a braided

structure. The entire event starts with a few nanojets,

which produce transverse motion and likely create more

misalignments triggering the following nanojet clusters

that occur over the next five minutes. This is similar

to an MHD avalanche, which is expected from previ-

ous MHD simulations of braided structures, that produce

bursty nanoflare-sized heating (Hood et al. 2009; Hood

et al. 2016; Reid et al. 2018; Reid et al. 2020).

The event from this work is evidence that kink waves

can be a signature of braiding-induced magnetic recon-

nection, and that the generated kink waves can be used

as a diagnostic of the energy released through reconnec-

tion. It is likely that a large proportion of heating is still

undetected through AIA: The fact that the oscillations

are barely resolved in the AIA channels may wrongly sug-

gest that there is very little wave energy in the corona.

The oscillations and nanojets are only clear in IRIS, and

were also only clearly detected thanks to the presence of

coronal rain in the strands.

A major open question is how often the small-angle

reconnection leads to kink waves, and whether a con-

stant generation of nanojets could support the decayless

kink oscillations commonly observed. If this is indeed

the case, then braided field lines should be expected in

oscillating loops as we require numerous misalignments

to consistently produce nanojets that would sustain a de-

cayless oscillation. However, the kink waves observed in

this event damp very quickly, leading to a question of

whether unresolved reconnection processes power decay-

less oscillations.
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are marked with N1-N6. The white vertical lines in the time-distance diagrams mark the time of the snapshots from the left
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nanojet, which is then followed by an oscillation. An example of this trajectory is marked by the white dots in the time-distance
diagram B, where it starts with nanojet N6, and is followed by a transverse upward motion that surpasses the upper part of
the loop which then initiates the oscillatory motion at t = 300 s of the diagram. An animation of this figure is available online,
showing the nanojet formation in the SJI, and the white vertical line in the time distance diagrams following the timestamp of
the SJI images.
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