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ABSTRACT

Coronal plumes are long, ray-like, open structures, which have been considered as possible sources for the
solar wind. Their origin in the largely unipolar coronal holes has long been a mystery. Earlier spectroscopic
and imaging observations revealed blue-shifted plasma and propagating disturbances (PDs) in plumes that are
widely interpreted in terms of flows and/or propagating slow-mode waves, but these interpretations (flows vs
waves) remain under debate. Recently we discovered an important clue about plume internal structure: dynamic
filamentary features called “plumelets”, which account for most of the plume emission. Here we present high-
resolution observations from the Solar Dynamics Observatory’s Atmospheric Imaging Assembly (SDO/AIA)
and the Interface Region Imaging Spectrograph (IRIS) that revealed numerous, quasiperiodic, tiny jets (so-
called “jetlets”) associated with transient brightening, flows, and plasma heating at the chromospheric footpoints
of the plumelets. By analogy to larger coronal jets, these jetlets are most likely produced within the plume
base by magnetic reconnection between closed and open flux at stressed 3D null points. The jetlet-associated
brightenings are in phase with plumelet-associated PDs, and vary with a period of ∼3 to 5 minutes, which is
remarkably consistent with the photospheric/chromospheric p-mode oscillation. This reconnection at the open-
closed boundary in the chromosphere/transition region is likely modulated or driven by local manifestations of
the global p-mode waves. The jetlets extend upward to become plumelets, contribute mass to the solar wind,
and may be sources of the switchbacks recently detected by the Parker Solar Probe.

Keywords: Sun: jets—Sun: corona—Sun: UV radiation—Sun: magnetic fields—Sun: coronal holes

1. INTRODUCTION

Plumes are persistent, columnar structures embedded
in coronal holes (CHs), detectable in visible light as
“coronal rays” (Saito 1958) and in ultraviolet/extreme-
ultraviolet (UV/EUV) emissions. They have been ob-
served for as long as the corona has been marveled at
during solar eclipses, and measured extensively for over
100 years (Bigelow 1891). Plumes expand super-radially
from photospheric flux concentrations (plages) into the outer
corona (Fisher & Guhathakurta 1995; DeForest et al. 2001b;
Raouafi et al. 2007), and have been detected out to ∼40 R⊙
(Woo & Habbal 1997; DeForest et al. 2001a). While each
plume brightens and stands out in EUV movies for only a
few hours to a day, they recur at the same location many
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times during a lifetime of several weeks (DeForest et al.
2001a). Although plumes appear in unprocessed images
as diffuse, columnar features that taper to smaller foot-
prints at the base, we have found that all plume emis-
sion comes from bright filamentary substructures denoted
“plumelets” (Uritsky et al. 2021). Individual plumelets fluc-
tuate in intensity on time scales of a few minutes, far faster
than the hours-long variations of the bulk plume brightness
(DeForest et al. 1997; DeForest 2007; Raouafi & Stenborg
2014; Uritsky et al. 2021). Analysis of STEREO/EUVI im-
ages revealed the presence of quasiperiodic fluctuations in
plume brightness, denoted propagating disturbances (PDs),
with ∼5-30 min periods (McIntosh et al. 2010; Tian et al.
2011); these perturbations were attributed to jets adding mass
to the plumes. In contrast, other studies of SOHO/EIT and
SDO/AIA plume observations have interpreted such PDs as
evidence of slow magnetosonic waves (DeForest & Gurman
1998; Ofman et al. 1999; Banerjee & Krishna Prasad 2016;
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Banerjee et al. 2021). Gupta et al. (2012) reported the unique
detection of PDs with a period of 14.5 min in a polar plume,
based on SOHO/SUMER spectroscopic observations. Al-
though such spectroscopic observations of PDs are impor-
tant for identifying their true physical nature, they are rare
and have not addressed variability at the plume base. The
controversy on flows vs waves in plumes is still under debate
(Poletto 2015; Wang 2016). Our research on reconnection-
driven coronal jets, extended here to smaller scales, suggests
that both waves and flows could coexist in plumes.

Additional evidence for small-scale energy release low
in the solar atmosphere comes from SOHO/EIT and Hi-C
(≈3 minute observation) observations of faint EUV bright-
ening (or bright dots) at the footpoint of active region fan-
loops (Berghmans & Clette 1999; Régnier et al. 2014). Re-
cent SolO observations have revealed similar small EUV
“campfires” rooted in the chromospheric network in a quiet-
Sun region, with unprecedented resolution and stereoscopic
height estimates made with simultaneous SDO/AIA views
(Berghmans et al. 2021). None of these events were reported
to be associated with outflows or waves, however, and their
sources were not located at the base of plumes.

The advent of high-resolution, high-cadence coronal ob-
servations from the Solar Dynamics Observatory’s Atmo-
spheric Imaging Assembly (SDO/AIA), coupled with photo-
spheric magnetograms from SDO’s Helioseismic and Mag-
netic Imager (SDO/HMI), has enabled detailed studies of
plumes from their footpoints outward. Prior investigations
of plume bases revealed the existence of tiny jets (denoted
“jetlets”) above minority-polarity intrusions, accompanied
by EUV brightenings in the low corona (Raouafi et al. 2008;
Raouafi & Stenborg 2014; Pant et al. 2015; Panesar et al.
2018). The detection of these jetlets at the base of plumes
led to the hypothesis that they are the long-sought source
of mass and energy that sustains plumes for hours to weeks
(Raouafi & Stenborg 2014).

Magnetic reconnection in an embedded-bipole topology
is broadly accepted as the driver of coronal jets and other
eruptive solar phenomena (Sterling et al. 2015; Wyper et al.
2017; Kumar et al. 2018, 2019b,a). Therefore the underly-
ing magnetic-field inhomogeneity is fundamental to the exis-
tence of jets, and by extension to that of plumes. The bursty,
localized nature of reconnection appears at first glance to be
incompatible with the observed long lifetime of plumes and
with quasisteady wind acceleration (Tu et al. 2005). How-
ever, studies of impulsive coronal-heating mechanisms (e.g.,
nanoflares) have demonstrated that myriad small reconnec-
tion events in complex field geometries collectively can pro-
duce quasisteady heating and flows (Klimchuk 2006, 2015).
Observations of numerous small energetic events such as
“jetlets” and “plume transient bright points” occurring across
the bases of several plumes suggest an analogous scenario for

the creation and maintenance of plumes (Raouafi & Stenborg
2014). Numerical studies of individual reconnection-driven
jets generally support this contention (Karpen et al. 2017;
Uritsky et al. 2017; Roberts et al. 2018), but the effects of
collective jet activity have not yet been modeled.

The magnetic topology, frequency, and energy of the
jetlets, as well as their connections with plumelets and their
PDs, were not fully explored by previous investigations.
Therefore, the present study is focused on answering the fol-
lowing questions. (i) How frequently are jetlets observed at
the base of plumes? (ii) What are their magnetic topology
and triggering mechanism? (iii) How are jetlet flows asso-
ciated with other signatures of energy release at the plume
base? (iv) What is the total energy of jetlets, and how much
mass flux do they contribute to the solar wind?

We have analyzed high-cadence multiwavelength
SDO/AIA and HMI observations for well-observed plumes,
focusing on the activity at the base and connections to the
fine structure within the overlying plume (“plumelets” al-
ready described by Uritsky et al. (2021)). In contrast to
earlier studies, we used a noise-gating method (DeForest
2017) to clean the AIA and HMI data, which revealed in
exquisite detail the jetlets and other small-scale structures
emanating from the plume bases. For the first time, we ob-
served repeated EUV brightenings and associated jetlets at
the bases of plumes (best observed in AIA 193/171 Å) with
a period of ∼3-5 min. Our investigation identified multiple
quasiperiodic jetlets within the mixed-polarity plume base,
throughout the observation intervals (up to 40 hours), which
evolve into the plumelets that comprise the overlying bright
plume. We discuss the measured and derived jetlet prop-
erties, the structural and dynamic connections between the
jetlets and the plumes, and implications for the underlying
physical processes. These observations are a critical step
towards resolving the long-standing mystery of the origin of
plumes as well as the long-lasting flows vs wave controversy.
Although our study finds that jetlets are bulk flows, not slow-
mode waves, episodic, spatially distributed reconnection
events at the base of a plume are likely to generate outward-
directed MHD waves as well as outflows. In addition to
generating jetlets and plumelets, these small-scale reconnec-
tion events are expected to contribute to plume heating and
the mass of the nascent solar wind.

2. OBSERVATIONS

We analyzed four plumes located inside near-equatorial
and polar CHs. The coronal-hole environments for plumes
P2, P3, and P4 are shown in Figure 1. All of the selected
plumes are very bright and rooted in strong plages. Our
analysis relied primarily on data from two Solar Dynam-

ics Observatory (SDO) instruments. The Atmospheric Im-
age Assembly (AIA; Lemen et al. 2012) full-disk images of
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Figure 1. Plumes P2, P3, and P4 in equatorial and polar CHs. Arrows indicate tiny brightenings associated with jetlets. Plume P3 (c,d) and
neighboring plumes were rooted in a curved plage/network region. CR=circular (quasi) ribbon.
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a b

c d

Figure 2. Location of plume P1 in an equatorial CH at 15:00:10 UT on 3 July 2016. (a,b) AIA 171 and 193 Å images showing plume structure
(within red box) in the coronal hole. (c) Zoomed view of the plume in the AIA 171 Å channel overlaid by HMI magnetogram contours of +400
Gauss. (d) HMI line-of-sight magnetogram (scale=±30 G). The contour levels at the footpoint of the plume are +400 G (red), +200 G (green),
and +50 G (cyan). The blue contours (-10 G) are weak opposite (minority) polarities at the boundary of the plume base.
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Figure 3. Brightenings near the base of plume P1 associated with jetlets. (a,c) AIA 193/171 Å image of the plume within an equatorial CH.
The white arrow indicates one intense brightening associated with a tiny jet along the plume. (b,d) Temporal evolution of the peak counts
(arbitrary units) in two AIA channels, extracted from the red/blue boxes. A vertical red/blue line indicates the timing of the 193/171 Å image.
(An animation of this figure is available.)

the Sun (field-of-view ∼1.3 R⊙) have a spatial resolution of
1.5′′ (0.6′′ pixel−1) and a cadence of 12 s, in the following
channels: 304 Å (He II, at temperature T ≈ 0.05 MK),
171 Å (Fe IX, T ≈ 0.7 MK), 193 Å (Fe XII, Fe XXIV,
T ≈ 1.2 MK and ≈ 20 MK), 211 Å (Fe XIV, T ≈ 2 MK),
AIA 94 Å (Fe X, Fe XVIII, T ≈1 MK, T ≈6.3 MK), and
131 Å (Fe VIII, Fe XXI, Fe XXIII, i.e., 0.4, 10, 16 MK)
images. We analyzed cotemporal SDO/Helioseismic and
Magnetic Imager (HMI; Schou et al. 2012) magnetograms at
a 45-s cadence (noise level≈5-10 G) to measure any pho-
tospheric magnetic-field changes during the jetlets. A 3D
noise-gating technique (DeForest 2017) was used to clean
the SDO/AIA and HMI images. To determine the under-
lying magnetic structure of the investigated regions, based
on the HMI magnetograms, we utilized a potential-field ex-
trapolation code (Nakagawa & Raadu 1972) available in the
GX simulator package of SSWIDL (Nita et al. 2015). We
also examined available Interface Region Imaging Spectro-
graph (IRIS; De Pontieu et al. 2014) slit-jaw images (125-
s cadence, 0.33′′ pixel−1) of the jet source regions in the

1330 Å (C II, log T(K) = 3.7-7.0) and 1400 Å (Si IV, log
T (K) = 3.7-5.2) channels. IRIS observations in raster scan
mode were available only for plume P3. IRIS slit-jaw im-
ages covered the entire plume (field of view=167′′ × 175′′,
cadence=125 s) rooted in the curved plage/network region
(Figure 8c,d). The IRIS field of view shifts from east to west
during the observation.

We used the surfing-transform technique (Uritsky et al.
2013, 2021) to determine the average phase speed and pe-
riod of the jetlets. The average characteristic value of the
phase speed was obtained by calculating the transform for a
range of propagation speeds and determining which yields
the strongest surfing signal. The jetlet period was estimated
by averaging the time intervals separating subsequent fronts
in the image sequence, as well as from the position of the
main peak in the slit-averaged Fourier spectrum. To re-
duce spectral noise, we averaged over three FFT-based power
spectra obtained for three consecutive non-overlapping inter-
vals covering the time of analysis. The intervals were prepro-
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Figure 4. Periodicity of jetlet-associated brightenings at the base of plume P1: (a) Intensity variations in a selected region of the AIA 193
Å image (same as Fig. 3b). (b) The smoothed and detrended light curve after subtracting the red trend shown in (a) from the original intensity.
(c) Wavelet power spectrum of the detrended signal. Red contours outline the 99% significance level. (d) Global wavelet power spectrum. The
dashed line is 99% global confidence level.

cessed using the Hanning window function for eliminating
edge effects and limiting spectral leakage.

The peak-count increase in most of the EUV footpoint
brightenings (AIA 193/171 Å) is about 1.5-2 times the back-
ground level; in some of the stronger events, the peak count is
≈3-4 times the background. We performed a Morlet wavelet
analysis (Torrence & Compo 1998) of the 193 Å light curve
to determine the period of oscillation (Figure 4). To obtain a
detrended light curve (middle), the intensity profile (top) was
first smoothed with a boxcar average of width 36 s, using
the IDL SMOOTH routine, then a smoothed profile boxcar-
averaged at 35 min (red) was subtracted. The wavelet power
spectra (Fig. 4(c, d)) show that the periods of ∼3, 5-6, and 10
min are above the 99% significance level.

3. RESULTS

Plume P1 was located in the northern hemisphere (X,Y=-
400′′, 280′′) inside an equatorial CH (Figure 2(a,b)), which
extends to nearly one solar radius from east to west. The
plume was rooted in a strong positive-polarity plage region
(+400 G contours over AIA 171 Å plume shown in Fig-
ure 2(c)) that matches the majority polarity. The HMI line-
of-sight magnetogram reveals very weak minority polarity
regions (-10 G) surrounding the dominant positive polarity
(field strength contours +400, +200, +50 in Figure 2(d)).

Note that we analyzed the higher portions of P1 in our re-
cent study that discovered plumelets (Uritsky et al. 2021).

An AIA 193 Å animation (Figure 3) reveals multiple
EUV brightenings rapidly appearing at random locations
throughout the base of the plume, associated with outflows
(jetlets) that transition smoothly into plumelets comprising
the plume. We interpret these brightenings and jetlets as
signatures of small-scale energy release. Similar brighten-
ings with jetlets along the plume were also detected in AIA
171 Å images, but they are best observed in the 193 Å im-
ages (Figure 3(a,c)). An example of a tiny jet associated with
brightening at a jetlet footpoint is marked by an arrow in Fig-
ure 3(a,c). To understand the temporal evolution of energy
release at the plume base, we extracted peak counts within
the red rectangular box in Figure 3a. The brightening as-
sociated with each energy-release episode forms a peak in
the light curve (Figure 3(b,d)). Interestingly, the light curve
shows quasiperiodic energy release during the entire period
of observation (14:31:36 UT-17:27:24 UT). A wavelet analy-
sis of the smoothed and detrended 193 Å light curve (Figure
4) identified peaks above the 99% significance level at ∼3,
5-6, and 10 min.

Figure 5, and the accompanying 45-s cadence AIA movie
overlaid by cotemporal HMI magnetogram contours, show
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Figure 5. Left to right: AIA 304, 171, and 193 Å images of jetlets and associated brightenings (marked by arrows), plus a nearly cotemporal
HMI magnetogram with photospheric magnetic field strength of ±10 G (top) and ±100 G (bottom) at the base of plume P1 on July 3 2016. The
top (bottom) panels are overlaid by HMI magnetogram contours of ±10 (±100) G. Green (blue) is positive (negative). (An animation of this
figure is available.)

the evolution of the photospheric magnetic field along with
footpoint brightenings and jetlets. The minority polarities at
the boundary of the dominant polarity are very weak (-10 G)
(Figure 5 top panels), so they are not seen within the ±100
G contours (Figure 5 bottom panels). The minority polari-
ties at or outside this boundary move toward the dominant
polarity and disappear after some interval (3-5 hours or less)
depending on their sizes (see HMI magnetogram animation).
Some brightenings at the plume base (marked by arrows) also
originate roughly near the boundary, but most appear inside
the +100 G field contours (Figure 5, bottom panels). There-
fore we do not see consistent temporal correlations between
the brightenings and disappearing minority polarities. Note,
however, that the HMI resolution and sensitivity are not suf-
ficient to resolve the minority polarities within the majority-
polarity base of the plume.

A time-distance (TD) plot of the 193 Å intensity along a
plumelet (red curved rectangular slit in Figure 6(a) was con-
structed to investigate the relationship between the footpoint
brightenings and associated jetlets (Figure 6(b) and accompa-
nying movie). We detected many tiny brightenings randomly
distributed at the base of the plume, which precede the jetlets
(see accompanying movie). The running-difference TD plot

along the same rectangular slit reveals the jetlets more clearly
(Figure 6(c,d)). The light curve (green curve in (d), from
summed intensity between the green dashed lines in (b))
overplotted on the TD plot shows a clear correlation between
individual footpoint energy-release episodes and jetlets. Our
surfing-transform analysis (Uritsky et al. 2009; Keiling et al.
2012; Uritsky et al. 2013) of the upward propagating jetlets
yields a phase speed v ∼106 km s−1and the frequency of the
spectral peak (i.e., 3.26 mHz/5 min), which is very close
to the typical frequency/period of the global p-mode oscil-
lations (Figure 7).

Figure 8 depicts clear examples of P1 jetlets detected in
the AIA 304, 171, and 193 Å channels. The top panels
(Figure 8(a1-a3)) reveal one of the strongest jetlets at 14:36
UT. The corresponding footpoint brightening is also seen
in the AIA hot channels (131/94 Å). The 193 Å TD plot
shows a zoomed view of this footpoint brightening and asso-
ciated jetlet; the dashed line represents a projected speed of
v ≈268±30 km s−1(Figure 8(a4)). Jetlets occur at several dif-
ferent footpoints within the plume base (16:52:36 UT, Figure
8(b1-b3)).

Similar quasiperiodic jetlets were observed in plume P2
(X=-100′′,Y=350′′), located in an equatorial CH on Octo-
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Figure 6. AIA 193 Å (a) intensity and (c) running-difference images of jetlets and associated brightenings at the base of plume P1 on July
3 2016. Time-distance plots of (b) 193 Å total intensity and (d) 193 Å running-difference intensity along the rectangular slits (red and blue
dashed outlines) shown in (a) and (c). The green curve in panel (d) shows peak 193 Å counts extracted from the plume’s footpoint region
marked between two horizontal green dashed lines in panel (b). (An animation of this figure is available.)

ber 20 2015. A group of footpoint brightenings (marked
by an arrow) associated with jetlets is clearly seen in AIA
171 and 193 Å (Figure 9(a1-a3) and accompanying movie).
HMI magnetograms show weak minority polarities (-10 G)
at the boundary of the majority-polarity plage (Figure 9(a4)).
With the above caveat about insufficient HMI sensitivity
and spatial resolution, neither flux emergence nor submer-
gence/cancellation was observed in correlation with jetlets
(see accompanying movie). Other aspects are consistent
with plume P1: jetlets appear near the boundary and within
the -100 G contour; the TD plot along the red rectangu-
lar box (Figure 9(b1,b2)) reveals quasiperiodic jetlets rising
from footpoint brightenings that repeat every 3-5 min (Fig-
ure 9(c2)); the peak emission intensity correlates well with
the associated jetlets (Figure 9(c2)). Our surfing-transform
analysis (not shown) provides an average projected speed for
the P2 jetlets of v ≈65 km s−1, with a period of ≈5 min.

Plume P3, located near the disk center in an equatorial
CH on March 19 2016 (X=5′′, Y=370′′) contains similar
multiple jetlets associated with quasiperiodic brightenings
at the base of the plume for ∼7 hours. The zoomed views
of the footpoint regions exhibit multiple brightenings/jetlets
(width≈2-3′′) at 15:42:24 UT and 16:43 UT (Figure 10(a1-
a4) and accompanying movie). The peak counts extracted
from the footpoint region show significant fluctuations asso-

ciated with episodic energy-release in the jetlets with a ≈3-5
min period (Figure 10(b)).

In general, it is difficult to see the chromospheric counter-
parts of jetlets in on-disk plumes due to projection effects, the
small jetlet size, and the limited AIA spatial resolution. Fig-
ure 11 and accompanying movie show chromospheric coun-
terparts of selected brightenings and associated narrow jets
propagating along plume P4 in the northern CH (near the
limb). The jetlet seen in the 304 Å channel only extends
a short distance into the corona, whereas the hotter compo-
nents, best seen in the AIA 193 Å channel, clearly propagate
much higher to form a plumelet. The characteristics of the
footpoint brightenings and jetlets in plume P4 match those of
their counterparts in plumes P1-P3, as reported above (Table
1). Table 1 summarizes the results for all plumes (P1-P4)
using the same wavelet analysis for footpoint energy release
(EUV brightenings) and surfing transform analysis technique
for the jetlets extending upward from the EUV brightenings
along the plume.

4. DISCUSSION

4.1. Magnetic topology and generation mechanism of jetlets

The average width of brightenings within the plume base
is around 2-3′′, which is at the limit of the SDO/AIA spatial
resolution. Therefore these EUV observations could not re-
solve the plasma structure that traces the magnetic topology
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Figure 7. Surfing transform analysis of the jetlet signals on July 3
2016. (a) Root mean square of the surfing signal as(t) at different
assumed propagation speeds; the peak is at vpeak=106 km s−1. The
nominal measurement error of the vpeak, as defined by the velocity
step, is ±2.2 km s−1; a more realistic fitting error reflecting the flat-
ness of the peak is likely around ±10 km s−1. (b) Waveform of the
surfing signal as at v = vpeak. (c) PSD of the waveform in panel (b)
showing fpeak ≈3.3 mHz.

beneath most of the jetlets. In addition, most HMI observa-
tions are unable to detect or resolve the minority polarities
at the base of the analyzed plumes. However, some of the
larger brightenings (dome width≈4-6′′) in these plumes are
resolved in AIA and high-resolution IRIS observations. We
analyzed the magnetic topology of a big jetlet that is about
two times larger than a typical jetlet but smaller than typi-
cal jets (e.g., Kumar et al. 2019b). For plume P3 on March
19 2016, weak minority polarity located near the edge of
the majority-polarity region is visible in HMI magnetograms
(Figure 12(a1,a2)). The potential-field extrapolation reveals
a fan-spine topology with a 3D null (Figure 12(a2)). The

zoomed view of this region in the AIA 193 Å channel at
13:09:48 UT shows a dark mini-filament seen in absorption
(≈1-2′′ wide), associated brightening below the null, and col-
limated outflow from the null (Figure 12(a3)). Interestingly,
the AIA 171/193 Å animation (Figure 12) shows quasiperi-
odic brightenings (period≈6-10 min) and jetlets for about 6
hours until the disappearance of the minority polarity and
shrinking EUV bright structure (Figure 12(d)). These re-
sults are consistent with the lifecycle of the source regions
(coronal bright points) in our statistical study of jets in an
equatorial coronal hole (Kumar et al. 2019b).

IRIS slit-jaw images of the transition region (TR) in 1400
Å/Si IV at 18:41:59 UT show another jet from the same fan-
spine configuration, with a quasicircular brightening at the
footpoint (Figure 12(a4)). Panesar et al. (2018) also reported
IRIS observations of a jet (19:15-19:20 UT) from a similar
source region and found some decrease in minority-polarity
flux in HMI. AIA 171 and 193 Å images reveal dome bright-
ening and associated blob-like structure (i.e., a plasmoid) in
the jetlet (Figure 12(c1,c2)). An extended jet along the outer
spine appears 1-2 min later in both IRIS 1330 Å and AIA
images (Figure 12(c3,b4)).

IRIS and AIA images clearly show brightenings at the
base of the dome during the jetlet initiation phase, analogous
to the circular ribbons seen in bigger jets in active regions
and CHs (Masson et al. 2009; Wang & Liu 2012; Lee et al.
2020; Kumar et al. 2018, 2019b). This is a clear signature
of interchange reconnection at the stressed null between the
closed flux beneath the dome and the adjacent open flux, a
key element of the breakout jet model discussed above and
a common feature of jets (Kumar et al. 2018, 2019b,a). The
broader brightenings beneath the dome, only resolvable for
the largest jetlets, are similarly analogous to the flare arcades
seen in observations and models of jets and CMEs. Therefore
we speculate that tiny null-point topologies (dome width≈2-
3′′) scattered throughout the plume base undergo repeated
episodes of reconnection, releasing jetlets along the spine and
heating the plasma inside the dome (see Figure 12). From the
base/dome width, we roughly estimate the height of the null
to be around ≈2-3′′ (Kumar et al. 2019a, 2021). Therefore
we suggest that most of these jetlet-driving reconnections
occur in the upper chromosphere/TR (≈1500-2200 km), as
confirmed by the high-resolution IRIS observations reported
here for P3 (Figure 12).

The quasiperiodic nature of these episodes merits fur-
ther consideration. The peak of the intensity power spec-
trum (Figure 4) is remarkably close to the dominant p-
mode period, and comparable periodicities have been de-
tected in other explosive/eruptive phenomena (Ning et al.
2004; Doyle et al. 2006; Sych et al. 2009; Gupta & Tripathi
2015; Kumar et al. 2015, 2016). Photospheric p-modes
can penetrate to the starting height of the jetlets,
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Figure 8. Zoomed view of selected jetlets and associated brightenings at the base of P1 on July 3 2016. (a1-a3, b1-b3, c1-c3) AIA 304, 171,
and 193 Å images showing multiple jetlets in the plume (marked by arrow). (a4) Zoomed view of a single-event time-distance intensity plot
along the rectangular slits (red, marked in Figure 6(a)) using 193 Å intensity images. The start time is 14:33:36 UT. The red dashed line is a
linear fit to the jetlet outflow (v≈268±30 km s−1).

i.e. chromosphere/TR and higher, along oblique field
lines (De Pontieu et al. 2004, 2005; Heggland et al. 2011;
Khomenko & Cally 2019). Transverse motions with compa-
rable periods also have been detected in the northern polar
coronal hole and large coronal loops (Tomczyk & McIntosh
2009; Morton et al. 2015). It is unclear, however, whether the
jetlet reconnection itself is driven periodically by the p-mode
waves rising from the solar interior, or whether the observed
oscillations simply modulate the jetlet flows.

In the first scenario, the jetlets reported here result from pe-
riodic reconnection, which generates periodic plasma flows

along the plume. In general, null-point oscillations can trig-
ger oscillatory reconnection (Thurgood et al. 2019). Specif-
ically, the global p-mode waves in the chromosphere/TR
could distort or stress the null into a current sheet and cause
repetitive reconnection episodes (e.g., Chen & Priest 2006).
In the second scenario, the jetlets are generated by inter-
mittent localized episodes of reconnection, but the surface
motions caused by the p-modes drive the jet sources up and
down, generating waves that propagate into the corona as the
jetlets transform into plumelets. We have already reported
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Figure 9. Jetlets and associated brightenings at the base of plume P2 on Oct. 20 2015. (a1-a3) AIA 304 (with -100 G magnetogram contours),
171, and 193 Å images showing multiple jetlets in plume (one marked by an arrow). (a4) Cotemporal HMI magnetogram (±10 G). Blue and
red contours indicate -100 G and -500 G photospheric fields. (b1,b2,c1,c2) Same as Figure 6. (An animation of this figure is available.)

that plumelets oscillate with the same range of periods as the
jetlets (Uritsky et al. 2021).

4.2. The controversy of outflows vs waves in plumes

PDs in plumes are widely interpreted as either plasma
outflows or slow-mode waves (Wang 2016). The observa-
tions reported here resolve this controversy in a concilia-
tory way: both strong flows and waves coexist in the jetlets
and the overlying plumelets. Reconnection at the plumelet
footpoints drives flows that are observable as jetlets, as well
as heating the plasma in the tiny embedded-bipole sources.
Reconnection alone frequently generates Alfvénic fronts, as
demonstrated by our simulations of larger-scale coronal jets
(Karpen et al. 2017). The dense material in the jets, how-
ever, travels much more slowly, closer to the coronal sound

speed. Between the jet and the Alfvénic front lies an in-
homogeneous wake of shear and compressible turbulence
(Uritsky et al. 2017). Therefore we conclude that the jets
are outflows, not slow-mode waves, but the underlying re-
connection and flows can generate various waves along the
newly reconnected field lines. MHD simulations have shown
that quasiperiodic upflows at the base of coronal loops can
generate slow-mode waves (Ofman et al. 2012; Wang et al.
2013) and shocks (Petralia et al. 2014). These calculations
do not include magnetic reconnection, however, which intro-
duces other types of waves onto the reconfigured field lines.
Our observations and the abovementioned simulations con-
firm that slow-mode and Alfvénic waves could coexist with
reconnection-generated outflows, but do not definitively es-
tablish whether the p-mode waves directly drive periodic re-
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Figure 10. Jetlets and associated brightenings at the base of plume P3 on March 19 2016. (a1-a4) 171 and 193 Å images with the zoomed
view of the footpoint region (rectangular box) showing multiple jetlets (marked by arrows). (b) Peak 193 Åcounts extracted from the red box
in (a2), showing quasiperiodic brightenings (≈3-5 min) at the plume footpoint. (An animation of this figure is available.)

connection by perturbing the overlying null point or mod-
ulate jetlet outflows from impulsive reconnection by vertical
oscillations of the underlying magnetic structure. Further ob-
servational and computational work is needed to resolve this
question.

4.3. Jetlet periodicity

We have confirmed the 5-min period in a single plumelet
with two different methods: wavelet (energy release at the
base) and Uritsky’s surfing-analysis technique (upward prop-
agating jetlets along the plume, see Figure 7). Furthermore,
in the AIA time-distance plot, we can see clearly the intensity
variations every ≈5 min associated with jetlets, even without
performing any detrending or wavelet analysis. Uritsky et al.
(2021) already analyzed multiple intervals during the P1 ob-
serving sequence and found a similar 5 min (3.3 mHz) period
in several plumelets, after the early stage mentioned above.
Our investigation does not rule out the coexistence of longer
periods at higher heights in plumes, however. In fact, plume
P1 exhibited longer periods at 12 min and 24 min during the

early stage of plume formation, when the plume was faint
(Uritsky et al. 2021).

The plumes that we studied were rooted in very strong
plages, and were young when their jetlet activity reached its
peak. Longer periods (≈10-30 min) have been observed with
AIA in polar CH plumes that were very faint and possibly
rooted in weaker magnetic flux (Krishna Prasad et al. 2011,
2014; Jiao et al. 2015; Yuan et al. 2016; Cho et al. 2021). In
addition, transient events at the base of the plumes were not
reported in those earlier studies. Based on these results, we
speculate that strong, bright plumes manifest more jetlet ac-
tivity than fainter plumes rooted in weaker magnetic field,
but a more thorough investigation is needed to test this con-
jecture.

4.4. Jetlet thermal and kinetic energy

We utilized an open-source differential emission measure
(DEM) code (Cheung et al. 2015) to determine the densities
and temperatures for one of the strongest jetlets observed in
P1. The code uses six AIA-channel images (94, 131, 171,
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Figure 11. Selected examples of jetlets and associated brightenings at the base of plume P4 on December 23 2019. (a-l) AIA 304, 171, and
193 Å images showing multiple jetlets (marked by arrows) near the limb in the northern polar coronal hole. Panel (d) shows an inverse ‘Y’
shaped structure. (An animation of this figure is available.)

193, 211, 335 Å) as input to calculate the DEM. The EM
maps (in units of 1026cm−5) at different temperatures are
shown for this strong jetlet at 14:36:00 UT (Figure 13(a-c)).

To determine the density of the jetlet and associated bright-
ening near the base of plume P1, we first estimated the to-
tal EM by integrating the DEM distribution over the en-
tire Gaussian temperature range within the jetlet (≈7.6×1026

cm−5) and brightening (≈1.2×1027 cm−5) (Figure 13c). The
DEM analysis of the brightening shows double peaks at

temperatures T ≈0.63 and 2.5 MK (Figure 13d) . As-
suming that the depth of the structure along the line of
sight is approximately equal to its width w, then the den-

sities of the jetlet and associated brightening are n =
√

EM
w

= 2.3×109cm−3 and 2.8×109cm−3, respectively (assuming
filling factor≈1). w ≈2′′, so the estimated thermal energy
(E=3NkBT) 9.6×1024 ergs for 2.5 MK, where the total num-
ber of electrons (N) in volume V (≈w3) is nV.
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Figure 12. AIA and IRIS observations of quasiperiodic jets from a small bright point (fan-spine topology) near the base of plume P3 in
an equatorial CH on March 19 2016. (a1) Selected AIA 171 image (overlaid by HMI magnetogram ±10 G), (a2) Potential-field extrapolation
(red/green indicate open/closed field lines.) (a3-c4) AIA 193 Å and IRIS 1400 Å slit-jaw images (zoomed view) showing the dynamic evolution
of the jets. (d) Peak 193 Å counts extracted from the green box shown in panel (a3), showing quasiperiodic brightenings (period ≈6-10 min)
from the bright point. IRIS observed this plume (P3) during 18:19 UT to 21:48 UT. N=null-point, F=filament. (An animation of this figure is
available.)
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Figure 13. (a-c) Emission measure (in cm−5) maps obtained from the DEM analysis using images in six AIA channels at 14:36 UT (partly
shown in Figure 8(a1-a3)). (d) DEM curve of the footpoint brightening (marked by a black diamond in panel (b)). The vertical dashed lines
indicate DEM peaks at T=0.63 and 2.5 MK.
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Figure 14. Proposed scenario for the jetlet-plume relationship: Tiny null-point (embedded-bipole) topologies at the base of a plume. Minority
polarities in and around the majority polarities form fan-spine topologies, which release free magnetic energy through episodic reconnection
at the nulls and possibly through and/or within the domes. Quasiperiodic reconnection produces footpoint brightenings and outflowing jetlets
(analogous to larger coronal-hole jets) that become plumelets, collectively comprising the plume, until the majority-polarity base disperses and
the plume disappears.

Assuming a cylindrical jetlet of radius ≈1′′ and a length
of ≈5′′ (lower limit) from our observation, the jetlet mass
would be m ≈2.5×1010 g. Therefore, the estimated kinetic
energy KE= 1

2 mv2 ≈ 1.3 ×1024 ergs for an average speed of
100 km s−1. The estimated jetlet thermal energy is an order of
magnitude higher than its kinetic energy; the latter is equiva-
lent to the estimated energy of a nanoflare (Parker 1988). Be-
cause this estimate is for one of the strongest jetlets observed,
however, it should be considered an upper limit; most jetlets
should have smaller thermal and kinetic energies.

4.5. Mass loss rate from jetlets

We estimate the mass flux from the jetlets as
m=4πr2ρvfCHfPfJ , where r=1.0 R⊙, ρ is the mass density
(1.1×nemp, ne=electron number density, mp=proton mass),
the jetlet speed v≈100 km s−1, fCH=0.1 (coronal-hole area
relative to the solar surface≈10%), fP≈0.1 (plumes covering
roughly 10% of the CH area), and fJ is the filling factor for
jetlets/plumelets within plumes.

We use the results of our plumelet analysis (Uritsky et al.
2021) to estimate fJ. Suppose a plume averages NJ

jetlets/plumelets at any time, the average plumelet width is
w, and the plume width is W. Then the volume filling factor
is fJ = NJ (w/W)2. For plume P1, NJ = 10 and w = 10′′, and
the plume width W is 150′′ (Figure 2), yielding fJ = .05.

The estimated mass flux is ≈1.2×1012 g s−1, which is
lower than the mass flux from network jets derived from
IRIS observations (Tian et al. 2014), but higher than the
rough estimates of mass flux from a polar plume and open
structures at the periphery of an active region (Sakao et al.
2007; Cho et al. 2020). Therefore the jetlet mass flux is

roughly comparable to the mass-loss rate in the wind at so-
lar minimum, but a smaller fraction (≈ 60%) of the solar-
maximum wind (Wang 1998, 2020). Note that this is an up-
per limit, however, because the amount of mass that falls
back to the surface during a jetlet is unknown. Judging
from observations of jets (Kumar et al. 2019b) and Type II
spicules/network jets (Tian et al. 2014; Samanta et al. 2015),
most of the cooler, denser plasma is likely to return. But
we expect the warm plasma (≈1 MK) in jetlets to escape.
More multi-wavelength imaging of jetlets with high resolu-
tion and cadence, and spectroscopic observations of jetlets
on the disk, are needed to determine the fraction of escaping
plasma. On the basis of these crude estimates, jetlets might
contribute substantially to the solar wind.

4.6. A possible connection to magnetic switchbacks

The quasiperiodic variations of radial magnetic field and
velocity components in magnetic switchbacks (Kasper et al.
2019; Bale et al. 2019; Horbury et al. 2020) recently detected
by Parker Solar Probe (PSP; Fox et al. (2016)) have sparked
great interest in the heliophysics community, and multiple
explanations have been offered. Interchange reconnection
has already been proposed as a likely candidate for the mag-
netic switchbacks (Zank et al. 2020; Fisk & Kasper 2020;
Sterling & Moore 2020; Sterling et al. 2020). The estimated
scale-size of PSP magnetic switchback clusters is equivalent
to the size of a supergranule (Bale et al. 2021; Fargette et al.
2021), leading to the suggestion that switchbacks originate
from magnetic funnels associated with the network magnetic
field via interchange reconnection events (Bale et al. 2021).

songyongliang
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The present study leads us to an alternative hypothesis.
Coronal holes are filled with numerous bright points of dif-
ferent sizes, which are well-known sources of repeated coro-
nal jets produced by flare and interchange (breakout) recon-
nection (Kumar et al. 2019b). A bright point forms when an
embedded bipole emerges in a background majority-polarity
region, yielding a fan-spine topology with a 3D null at a
height comparable to the dome width (Wyper et al. 2017,
2018; Kumar et al. 2019b). In fact, the tiny bright points as-
sociated with brightenings at the bases of plumes are simi-
lar in size to the widths of supergranule boundaries, where
mixed-polarity magnetic fields collect and interact.

If PSP is well-connected magnetically to these small bright
points at plume bases, which undergo repetitive reconnection
episodes, then jetlets are likely candidates for the solar ori-
gins of the magnetic switchbacks detected in the solar wind.

Microstreams (Neugebauer et al. 1995) are fluctuations in
the solar wind speed/density associated with folds in the
magnetic field (the original phenomenon denoted switch-
backs), emanating from polar coronal holes (Thieme et al.
1990) where the proton velocity was >20 km s−1above or
below the running-average speed for an average duration
of 0.4 days (Neugebauer & Sterling 2021). These struc-
tures were detected by Helios at 0.3 AU and Ulysses (be-
tween ≈1 and 3 AU) in the fast solar wind from polar coro-
nal holes (Thieme et al. 1990; Neugebauer et al. 1995). The
lifetime of microstreams can be roughly equivalent to the
lifetime of repetitive jets in coronal bright points in and
around plumes. It has been suggested that they are likely
generated by jets (Neugebauer 2012; Neugebauer & Sterling
2021), so quasiperiodic interchange reconnection associated
with jetlets from coronal bright points also could explain mi-
crostreams.

In future, to establish whether a direct connection exists
between switchbacks and interchange reconnection in the
chromosphere/TR beneath plumes, we need more observa-
tions that connect the PSP in-situ observations of switch-
backs to their source regions at the Sun. In addition, MHD
simulations following breakout jetlets from the Sun to PSP
locations would test this conjecture by determining whether
an interchange/breakout reconnection-generated kink in the
open field lines can propagate to PSP distances.

5. CONCLUSIONS

We discovered numerous repetitive brightenings with pe-
riods of 3-5 minutes, randomly distributed in space at the
bases of several plumes in equatorial and polar coronal
holes. These small-scale energy release produce plasma out-
flows denoted “jetlets”, which transition smoothly into bright
“plumelets” that comprise the overlying plumes. The coro-
nal manifestations of this process are best seen in the AIA
193 Å channel (T∼1.2 MK), while 304 Å channel im-

ages show the chromospheric/transition-region counterparts
of the footpoint brightenings and jetlets. Both theory and ob-
servations show that reconnection at a 3D null in the upper
chromosphere or transition region can precipitate energetic
electrons to the chromosphere and eject hot plasma outward.
For example, a 3D radiative-MHD numerical simulation has
shown episodes of plasma jets and heating over 1 MK via
null-point reconnection in the TR induced by upward propa-
gating waves (Heggland et al. 2009). Heating beyond 1 MK
is also observed in numerous larger jets and flares during ex-
plosive breakout and flare reconnection as well as the associ-
ated evaporation. We have demonstrated that plumelets orig-
inate in jetlets, by tracing localized flows from the base into
the plume above. According to our observations and simula-
tions, slow bulk upflows can coexist with Alfvénic fronts in
plumes, although they separate rapidly with time. Therefore
we conclude that the slower, denser jetlets are indeed out-
flows, while PDs and other wave phenomena could be driven
ahead of the jetlets.

HMI magnetograms reveal that small, weak (10-20 G),
minority-polarity magnetic features converge on the bound-
ary of the stronger (100-200 G), majority-polarity region in
which the plumes are rooted. These parasitic polarities then
disappear, presumably via submergence/cancellation with
the strong majority-polarity flux. However, few if any of the
observed jetlets and associated brightenings are temporally
and spatially linked to these interactions. Inside the majority-
polarity patch, HMI does not show any evidence of minority-
polarity intrusions. However, high-resolution NIRIS magne-
tograms from Goode Solar telescope (GST) (Samanta et al.
2019; Abramenko & Yurchyshyn 2020) demonstrate that
suintrusions generally exist, but are below the threshold for
HMI detection. In fact, most of the jetlets and associated
brightenings occur within the strong plage region, rather than
at the boundaries. There is no evidence in the HMI data for
repetitive emergence of opposite/minority polarities within
the strong majority-polarity plume base.

Our prior studies of jets provide important insights into
the physical conditions responsible for jetlets. Transient
bipoles frequently emerge within coronal holes, yielding
weak minority-polarity regions embedded within the major-
ity polarity flux; these regions are typically observed as coro-
nal bright points (BPs). Jets often are detected all over the
CH, wherever a BP exists, and not limited to the vicinity
of plumes (Kumar et al. 2018, 2019b,a). Tiny filaments are
also observed in most, if not all, BPs that become jet sources
(Sterling et al. 2015; Kumar et al. 2019b). Episodic energy
releases occur throughout the existence of a typical coronal
BP, marked by collimated outflows from and brightenings
within the BP. The jet activity stops once the minority polar-
ity decays completely and the BP disappears. The key point
is that minority polarity surrounded by the background field
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forms a fan-spine/null-point topology, which is a prime loca-
tion for current-sheet formation and magnetic reconnection
leading to a wide range of solar eruptions (Antiochos 1998;
Wyper et al. 2017). In particular, we determined that coronal
jets can be generated by a double reconnection process — the
breakout mechanism — that creates both collimated outflows
from and brightenings within the closed flux system.

Based on the observations reported here, we propose a
model for plumes associated with jetlets (Figure 14). Mi-
nuscule bipoles that emerge near and within the majority-
polarity plume base form fan-spine topologies, with a dome
width of ≈2-3′′ containing a circular/elliptical polarity inver-
sion line. These bipoles can emerge with preexisting free
magnetic energy, or build up free energy at the polarity in-
version line through local photospheric motions. Random
emergence and/or twisting of these bipoles in and around
the dominant polarity thus produces jetlet sources through-
out the plage. The jetlets stop once the majority polarity
decays sufficiently, associated with the disappearance of the
plume. The concurrence between the jetlet periodicity and
the dominant p-mode period suggests a close connection be-
tween the photospheric motions and the repetitive nature of
the jetlets, although the actual mechanism is unclear. We
propose two possibilities: periodically driven reconnection
or periodic modulation of the reconnection outflows.

The cusp-shaped structures underlying the jetlets suggest
that they are miniature versions of larger jets from bright
points (which are similar null-point topologies). By analogy
to our simulations of jets, then, the jetlets also are driven by
reconnection, specifically by either the resistive-kink mech-
anism (Pariat et al. 2009, 2010, 2015, 2016; Karpen et al.
2017) or the breakout mechanism (Wyper et al. 2016, 2017,
2018, 2019). The key difference between these models is
that the breakout process involves the formation and eruption
of a sheared filament channel within the source, whereas the
broader footpoint displacements in the resistive-kink model
do not form a filament channel. In both cases we expect a
narrow bright ribbon at the base of the fan while fast inter-
change reconnection is occurring. Only the breakout model
predicts bright loops concentrated across the polarity inver-
sion line inside the dome, however, analogous to the flare
arcades seen in jets (Kumar et al. 2018, 2019b). Current ob-
servations of jetlets are too coarsely resolved to distinguish
between such internal arcades and broader illumination of
the separatix dome itself and the closed flux inside it, which
could result from a resistive-kink eruption. As in our jet sim-
ulations, we interpret the propagating bright features as jet
material.

This study extends the universality of the breakout model
for solar eruptions (Wyper et al. 2017) to the smallest spa-
tial scales observed by AIA and IRIS. A new feature in the
jetlets is the 3-5 minute periodicity, however, which could be

explained in two ways: (1) reconnection at the null could be
triggered by 3-5 minute p-mode oscillations, or (2) p-mode
surface motions could push the jetlet sources up and down,
generating MHD waves that travel along the reconnection
outflow. Spectroscopic observations with high sensitivity and
cadence would aid in resolving this issue.

The detection of quasiperiodic jetlets and energy release
at the base of plumes is extremely important for understand-
ing coronal heating and the birth of the nascent solar wind.
The plasma temperature in jetlets is ≈1-2 MK, while their
speeds are of order 100 km s−1. The thermal and kinetic
energies of most jetlets are ≈1024 ergs, equal to the energy
of a nanoflare (Parker 1988). The resulting upper limit on
the mass-loss rate (≈1.2×1012 g s−1) is roughly comparable
to the mass-loss rate in the wind at solar minimum. There-
fore, the jetlets observed in our study had sufficient mass flux
to contribute substantially to the solar wind. Every increase
in spatial and temporal resolution has revealed smaller and
smaller jetlet-like transient, bright features throughout the
solar atmosphere (Berghmans et al. 2021). We expect to ob-
serve similar quasiperiodic reconnection at the base of active-
region fan loops rooted in plage regions, which requires fur-
ther investigation. Therefore our insights into jetlets likely
extend to quiet-Sun and active-region heating and dynamics.

It is hard to see tiny jets in IRIS disk observations except
as multiple brightenings at the base with faint outflow, so
they are more easily detected in IRIS and other limb obser-
vations. On the other hand, high-resolution Hα disk obser-
vations are required to resolve cool jetlet structures. Coordi-
nated observations of plume bases with existing instruments
(IRIS, GST, Hinode/SOT Ca II) will definitely help to re-
solve these jetlets. These instruments all have limited fields
of view, however, so coordinated campaigns are crucial to
obtain optimal temperature coverage of the same events.

The observational signatures of these frequent, quasiperi-
odic energy releases may be detected by Parker Solar Probe
during its closest approach to the Sun (≈10 R⊙). Several
mechanisms (spicules, jetlets, jets) have been proposed as
the sources of recently detected PSP switchbacks in the solar
wind (Sterling et al. 2020). Another observational signature
could be a series of type-III radio bursts excited by acceler-
ated electron beams along the plume, released via repetitive
interchange reconnection, which also could produce bright-
enings detected by the SPICE and EUI instruments on Solar
Orbiter (SolO; Müller et al. 2013). The weak minority polar-
ities within the unipolar plage region in high-resolution mag-
netograms could be measured by the SolO/PHI instrument.
In addition, high-resolution DKIST (Tritschler et al. 2015)
observations (Hα and magnetograms) are poised to build a
comprehensive picture of jetlets from the photosphere to the
corona in the near future. At present, MHD simulations have
been focused on single jets, so no MHD model has taken into
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account quasiperiodic energy release at multiple locations at
the base of a plume. New 3D MHD models of coronal heat-
ing and generation of the solar wind in coronal plumes should
be guided by these exciting observations.

We are grateful to the referee for insightful comments that
have improved this paper. PK thanks Mark Cheung for dis-
cussions of DEM analysis. SDO is a mission for NASA’s
Living With a Star (LWS) program. IRIS is a NASA Small
Explorer mission developed and operated by LMSAL with
mission operations executed at NASA Ames Research Center
and major contributions to downlink communications funded
by ESA and the Norwegian Space Centre. This research
was supported by NASA’s Heliophysics Supporting Research
(now part of an Internal Scientist Funding Model work pack-
age) and Guest Investigator (#80NSSC20K0265) programs.
The work of VMU was partly supported through cooperative
agreements NNG11PL10A and 80NSSC21M0180 between
NASA Goddard Space Flight Center and the Catholic Uni-
versity of America. Magnetic-field extrapolations were visu-
alized with VAPOR (www.vapor.ucar.edu), a product of the
Computational Information Systems Laboratory at the Na-
tional Center for Atmospheric Research. Wavelet software
was provided by C. Torrence and G. Compo, and is available
at http://paos.colorado.edu/research/wavelets/.
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Table 1. Plumes analyzed in this paper

Plume Date Time Location Periodicity of footpoint Periodicity of Speed⋆ of

(UT) (X,Y in arcsec) brightenings in AIA jetlets jetlets

171/193 Å 171/193 Å (193 Å)

(min) (min) km s−1

P1 July 3, 14:31:36- (-400,290) 3, 5-6,10 ≈5 106

2016 17:27:24

P2 Oct. 20, 11:01:36- (-100,350) 3-5,10 ≈5 65

2015 13:57:24

P3 March 19, 12:56:36- (5,370) 3-5, 10 ≈5 110

2016 20:02:48

P4 Dec. 23, 14:01:35- (-60,950) 3-5, 10 ≈5 130

2019 17:57:23

⋆ The observed speed is measured from the TD plots showing jetlets along with footpoint brightenings.


	1 INTRODUCTION
	2 OBSERVATIONS
	3 Results
	4 DISCUSSION
	4.1 Magnetic topology and generation mechanism of jetlets
	4.2 The controversy of outflows vs waves in plumes
	4.3 Jetlet periodicity
	4.4 Jetlet thermal and kinetic energy
	4.5 Mass loss rate from jetlets
	4.6 A possible connection to magnetic switchbacks

	5 CONCLUSIONS

