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Abstract

We present the first joint high-resolution observations of small-scale EUV jets using Solar Orbiter (SolO)’s
Extreme Ultraviolet Imager and High Resolution Imager (EUI/HRIgyy) and Ha imaging from the Visible
Imaging Spectrometer installed on the 1.6 m Goode Solar Telescope at the Big Bear Solar Observatory. These jets
occurred on 2022 October 29 around 19:10UT in a quiet Sun region, and their main axis aligns with the
overarching magnetic structure traced by a cluster of spicules. However, they develop a helical morphology, while
the Ha spicules maintain straight, linear trajectories elsewhere. Alongside the spicules, thin, elongated red- and
blueshifted Ha features appear to envelope the EUV jets, which we tentatively call sheath flows. The EUI
jet moving upward at a speed of ~110km s~! is joined by a strong Ha redshift at ~20kms™' to form
bidirectional outflows lasting ~2 minutes. Using Al-assisted differential emission measure analysis of SolO’s Full
Sun Imager, we derived total energy of the EUV jet as ~1.9 X 10%¢ erg with 87% in thermal energy and 13% in
kinetic energy. The parameters and morphology of this small-scale EUV jet are interpreted based on a thin flux
tube model that predicts Alfvénic waves driven by impulsive interchange reconnection localized as narrowly as
~1.6 Mm with a magnetic flux of ~5.4 x 10'” Mx, belonging to the smallest magnetic features in the quiet Sun.
This detection of intricate corona—chromospheric coupling highlights the power of high-resolution imaging in
unraveling the mechanisms behind small-scale solar ejections across atmospheric layers.
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1. Introduction

Small-scale ejections/eruptions (SSEs) in the low solar
atmosphere are believed to play an important role in the energy
balance, mass loading, and fine structuring of the solar corona
as well as mass transport into the solar wind (J. Lee et al. 2022;
A. C. Sterling et al. 2024; N. Bizien et al. 2025). Many of these
small-scale events are observed in a variety of forms of jets,
which may provide the upward flux of mass, momentum, and
energy necessary for the observed heating and flows
(N. K. Panesar et al. 2023; F. Shi et al. 2024). However, the
connections among the different types of SSEs, especially
those in different layers of the atmosphere, remain obscure
(F. Shi et al. 2024). Improved physical understanding of the
formation of and the mechanisms behind the jetting phenom-
enon is fundamentally important within the broad field
of heliophysics (Y. Shen 2021). Such works could help
synthesize the disparate observations and theories of SSEs into
a more cohesive, coherent framework.

SSEs are characterized by well-collimated ejecta apparently
flowing along preexisting magnetic field lines. First discovered
in Skylab Hell 304 A images as cool (~8 x 10*K) plasma
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ejections in coronal holes (J. D. Bohlin et al. 1975),
macrospicules appear to be giant spicules or small surges
(J. M. Beckers 1977; E. Tandberg-Hanssen 1977). They extend
7000-40,000 km above the limb, with a rising velocity of
10-150km s~ ' and a lifetime of 3-45 minutes (K. P. Dere
et al. 1989b; M. Karovska & S. R. Habbal 1994). Using data
from Big Bear Solar Observatory (BBSO), Ha macrospicules
were found to be associated with EUV macrospicules and
X-ray-bright point flares (R. L. Moore et al. 1977). Later work
(Y. Yamauchi et al. 2004, 2005) showed that macrospicules
exhibit two different forms: an erupting loop containing a
minifilament (see below) and a single-column spiked jet. The
relationship between macrospicules and other SSEs is unclear,
particularly since previous studies were focused on limb events
for which no magnetic field measurements were available.
Higher in the atmosphere, observations in UV spectral lines
reveal the presence of similar kinds of ejections in the
transition region (TR). Impulsive bidirectional and unidirec-
tional high-speed flows denoted “explosive events” and
“coronal bullets” were first detected in UV spectra by the
High Resolution Telescope and Spectrograph (J. W. Cook
et al. 1983) rocket-borne instrument (G. E. Brueckner 1982)
and attributed to magnetic reconnection in the network
(K. P. Dere et al. 1989a). Analyzing Silv 1402.77 A line data
from the Interface Region Imaging Spectrograph (IRIS; B. De
Pontieu et al. 2014), a prevalence of intermittent small-scale
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TR jets with speeds of 80-250km s~ ' originating from the
narrow bright network lanes was found (H. Tian et al. 2014).
These jets have lifetimes of 20—80 s and widths of <300 km
and are rooted in small-scale bright regions, often preceded by
footpoint brightenings and accompanied by transverse waves
with 20 kms ! amplitudes. Many TR jets reach temperatures
of at least 10° K and constitute an important element of the TR
structure. As with type II spicules and macrospicules, we
propose to explore the relationship between TR jets and
other SSEs.

Coronal jets are commonly found in coronal holes, quiet
Sun regions, and the peripheries of active regions. First
detected in soft X-ray images by Yohkoh (e.g., K. Shibata
et al. 1992), coronal jets have since been observed in the EUV,
hard X-rays, white light (via coronagraphs), and microwaves,
with speeds of ~100-400kms~" and sizes of ~5-500Mm
(N. E. Raouafi et al. 2016). Small-scale jetting activity, also
called jetlets (N.-E. Raouafi & G. Stenborg 2014; N. K. Panesar
et al. 2018), has received attention for its possible connection to
solar wind transients, including switchbacks (N. E. Raouafi
et al. 2023). Recent studies, using data from Solar Orbiter
(SolO; D. Miiller et al. 2020), have turned to even smaller-
scale ejections, campfires, probably the smallest class of EUV
jets observed in the corona (D. Berghmans et al. 2021;
N. K. Panesar et al. 2021, 2023), providing unprecedented
insights into these fine-scale phenomena.

A new opportunity for studying fine-scale SSEs is available
with SolO in collaboration with Goode Solar Telescope (GST)
at BBSO. SolO includes the Extreme Ultraviolet Imager (EUI),
which offers high-resolution images through the High
Resolution Imager (HRIgyy) at 174 A with a pixel resolution
of <05 (P. Rochus et al. 2020; D. Berghmans et al. 2021),
which corresponds to 100 km on the Sun during the perihelion
observations (P. Rochus et al. 2020). L. P. Chitta et al. (2023)
reported so-called picoflare jets on scales of a few hundred
kilometers and speeds of ~100kms™' detected by the
EUI/HRIgyy, which would be one of the smallest-scale jets.
E. Petrova et al. (2024) found a tiny helical flux rope at
propagation speeds of 136-160kms™' using the Spectral
Imaging of the Coronal Environment (SPICE) instrument and
the Polarimetric and Helioseismic Imager on board SolO. On
the ground, the 1.6 m, high-order adaptive-optics-equipped
GST at BBSO can achieve a resolution as high as 0.1-0.2 with
a pixel size of 0.029, ideal for studying small-scale physical
processes in the photosphere and chromosphere (P. R. Goode
et al. 2010). Time series of Ha imaging spectroscopy with
multiple wavelength points provide the Fabry—Pérot-based
Visible Imaging Spectrometer (VIS) of high image quality
(e.g., T. Samanta et al. 2019). Such SolO-BBSO joint
observations allow us to address the key issue of SSEs: what
dictates the structure and dynamics of the SSEs and what role
the magnetic reconnection has in SSEs in the photosphere,
chromosphere, and corona.

2. Data and Analyses

On 2022 October 29, the GST was pointing to a quiet Sun
region (201”E, 356"”N) that was also within the field of view
(FOV) of SolO’s EUI/HRIgyy. During the coordinated
observation, EUI/HRIgyy detected two small-scale jets in
quick succession at 19:07:30 UT and 19:13:30 UT at the
position of SolO. SolO was located at 0.46 au, resulting in a
photon arrival time difference of 4.5 minutes with respect to
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the Solar Dynamics Observatory (SDO) and BBSO. SolO had
angular separation from the SDO by 37°9 so that the target in
the east quadrant in the Atmospheric Imaging Assembly (AIA)
view appears in the west quadrant in SolO’s view (Figure 1).
We were unable to find, in SolO’s SPICE data, significant
Doppler signals at the jet location, likely due to either weak
emission or the large inclination angle of the jets relative to the
line of sight (LOS). Ha pseudo-Dopplergrams are constructed
from the GST/VIS images at five wavelength points:
Ha+0.8A, He+0.4 A, and the line center. We used the
center-of-gravity method, which utilizes the residual intensity
profile, the difference between the line profile and the
reference profile. Depending on which reference profile is
used, two types of Doppler speed may result. Use of the
ambient continuum intensity as the reference (H. Uitenbroek
2003) gives higher weights to the line core, resulting in low
speeds. If we use the mean spectrum of the whole FOV
(L. Rouppe van der Voort et al. 2009), more weight is given to
the wing enhancement, resulting in higher speeds. The latter
method was used in this study.

2.1. SolO/EUI, SDO/AIA, and GST/VIS Images

Figure 1 presents the SDO/AIA 171 A image (a) and the
EUI/HRIgyy image in a larger FOV (b), including NOAA AR
13133 itself, in the top panels, where our target jet is marked
with a white box. Zoom-in views of the jet seen by three
different instruments are plotted in the bottom four panels
((c)—(f)) along with an overlay of Ha and EUV images in (g).
The three colored curves and the warped rectangles marking
NOAA AR 13133 are not the present target but are plotted to
check the different projection effects on both images. They
are coordinate-transformed from the half-circles tilted at
three angles and a straight rectangle in the disk center to the
positions of AIA and EUI/HRIgyy to demonstrate the
different orientations of the two loops in the SDO and SolO
images. Our target is a tiny EUV jet that emerged suddenly
from the dark corona around 19:10 UT within the region
marked with the box located north of the active region. The
main parts of this jet are obscured by an EUV loop in the
foreground in SDO/AIA (a) but could be directly detected
from the different perspective of SolO (b). For the direct
comparison with AIA images, we adjusted the tilt angle of
the EUI/HRIgyy 174 A according to the above practice of the
projection on different locations on the disk (c). The blue
contours outlining the profiles of the AIA image are taken
from (d) and copied to other panels ((c), (e), and (f)). The
EUI/HRIgyy image reveals the fine-scale helical pattern of
EUV-bright strands giving an impression of twisted field lines
or flux ropes (c). The jet’s fine structure is less clearly visible
in the AIA 171 A image (d), although AIA 171 A images
usually look similar to the EUI 174 A images (e.g., S. Mandal
et al. 2023). The different appearance can be partly due to the
lower spatial resolution of AIA, or the accidental blockage of
the jets by a foreground EUV-bright structure in AIA’s FOV
might be another factor. We must also note that the
EUV structures appear as different shapes depending on the
observer’s different perspective, as previous differential
emission measure (DEM) studies comparing SDO/AIA and
SolO/Full Sun Imager (FSI) data have demonstrated (J. Youn
et al. 2025).

The GST/VIS’s inverted Ha blue wing (e) and red wing (f)
images exhibit the spicules in straight trajectories without any
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Figure 1. Projection effects of the quiet-region EUV jet for multiple instruments. (a) SDO/AIA 171 A with a small jet enclosed by the dotted box. (b) SolO’s EUI/
HRIgyy 174 A of the same region. The three-color half-circles are meant to show the projection effect. Model loops are constructed in the disk center and projected
back to the two locations. Other images in the small FOV around the jets shown in (c)—(e) include a tilt-adjusted EUI/HRIgyy 174 A (c), the SDO/AIA 171 A (d),
and Ha wing £0.8 A images ((e) and (f)). As a reference, we overlay the outline of the ATA 171 A profile (blue contour from (d)) on other images ((c), (e), and (f)).
A composite image of the Ha blue wing image (gray scale) and EUT/HRIgyy in yellow color shades (g) shows different morphologies. The observation time of AIA

and GST is delayed by 4.5 minutes from that of EUI/HRIgyy.

helical structure of the EUV jets. A composite image of the Ha
blue wing image (gray scale) and EUI/HRIgyy in yellow color
shades (g) shows the obvious difference that the Ha spicules
move along straight trajectories and the EUI/HRIgyy 174 A
structures are twisted. In addition, there are differences in
spatiotemporal distribution. The EUV jets occurred in a small
area (~3 Mm) and lasted only ~2 minutes in the region that is
otherwise EUV-dark, while the spicules are numerous and
constantly occurring elsewhere at an enormously different rate.
All of these differences should arise from the intrinsic
properties in both radiations and are hardly due to either the
projection effect or resolution. As an additional note, no jet
bright point (JBP; A. C. Sterling et al. 2016) is found, implying
that the EUV jet only occurred up in the corona without
leaving traces in the lower atmosphere. In that sense, this jet is

similar to some of the Hi-C jets (N. K. Panesar et al. 2019) that
occurred at the edges of the magnetic network lanes.

2.2. EUV Jets and Spicules

In Figure 2, we make one-to-one comparisons of the EUV
jet with those of Ha spicules during their evolution. These jets
are highly inclined, and we nonetheless plot them with their
axis up for visual convenience. The top panels show a
sequence of the EUI/HRIgyy images at the time of the first
jetting, 19:07 UT-19:10 UT, alongside the GST Ha far wing
difference images in the middle and Ha Dopplergrams in the
bottom. Initially (before 19:07 UT in SolO time), a faint,
weakly curved flux-tube structure became apparent, showing a
distinct brightening in its central part to form a wedge-like
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Figure 2. The evolution of EUI/HRIgyy jet structure at 174 A (top), the difference between Hae +0.8 A wing images (middle), and pseudo-Dopplergrams from five
wavelength point GST/VIS images (bottom). They show a preexisting strand (a), a knot-like structure (b), multiple stripes ((b)—(d)), and a rapidly turning or bending
structure ((e), (j), (0)) as well as sheath flows (arrows in (f)—(i) and (k)—(n)). The Dopplergrams show strong redshift components concentrated under the EUV jets.

structure and further evolves into a knot-like structure (a). This
is suggestive of interchange reconnection in appearance. The
twisted structure with a single strand develops into multiple
strands (b) and three prominent stripes at the maximum
intensity (c). Their separation increases as they propagate
away (d) and finally disappear (e). We also see the points
where the jet’s guiding field lines rapidly turn around (d); it is
either the curved jet structure or some other background
structure. In about 4 minutes, the jet diminishes and a faint,
rapidly bending structure appears in the flank of the EUV
jet (e).

The middle panels show the red wing to blue wing
difference Ho +0.8 A images at the corresponding times
taking into account the relative time delay between
EUI/HRIgyy and GST. One similar feature of the Ho images

with the EUI/HRIgyy images is that the strand in (f) coincides
well with the preexisting EUV structure (a). The multiple EUV
stripe pattern is not exactly reproduced in the Ha images, but
an alternating thin blue and red wing feature as thin as 200 km
is found near the boundary of the EUV jets ((f)—(i)). Given
their spatial association with the jet, we tentatively call it
“sheath flow,” which may be cold plasma enveloping the hot
EUV jet stream. The sheath flow is aligned toward the EUV jet
spire with different characteristics from typical spicules. Later,
the sheath flow shrinks down to a lower height (j), although it
does not exactly coincide with the rapidly bending EUV jet
structure (e). They are therefore not the same phenomena.
The sheath flow is a new phenomenon requiring further
interpretation. In this simple picture, the EUV-bright and dark
regions correspond to the corona and chromosphere, respectively.
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Figure 3. EUV TD maps and time profiles of EUV flux, Ho Doppler motions, and magnetic flux. (a) An EUI/HRIgyy image with slit positions set for the TD maps.
(b)—(d) TD maps for EUT along slits 1-3 show upward speeds of 110-120 km s~ ' and the evolving helical structure (white arrow). Time profiles of the (¢) EUV flux,
(f) Ha Doppler shift fluxes, and (g) magnetic fluxes. In (g), the red (blue) curve corresponds to the positive (negative) flux. In (c)—(g), the vertical lines indicate the
start (dotted lines) and end (dashed lines) times of the two jets. The animation of panel (a) is from 19:00:00 UT to 19:21:40 UT.

(An animation of this figure is available in the online article.)

The sudden appearance of an EUV jet within a dark region is thus
regarded as the formation of a localized corona embedded within
the chromosphere rather than above the chromosphere. This
structure likely introduces a thin interface between the hot jet and
the surrounding chromospheric plasma that forms due to
insufficient time for a full exchange of particles and energy
between them. Nearby spicular flows will be sliding along the
sheath instead of penetrating the jet region, like a tangential flow
along an impermeable wall, and thus called sheath flow. Other
uprising spicules are also in the straight trajectory, in contrast
with the helical EUV jet structure. We should also note that the
Ha spicules are constantly regenerating, whereas the EUV helical
structure lasts over a short period of ~2 minutes.

The Dopplergrams in the bottom panels show the sheath
flows more clearly (arrows in (k)—(n)), which could imply
torsional motion of cool plasma around the EUV jets. The
spray feature in the Ha wing difference image (j) appears as a
blueshift component in the Dopplergram (o). The Ha spray
feature does not exactly coincide with the rapidly bending
EUV structure (e) and may be a sheath flow too. Otherwise,
the blueshift component dominates ((f)—(h)), and those in thin
and long structures are upward spicules. The redshifted Ha
components may also be spicules directed downward, but they
are timely correlated with the EUV jets, unlike other normal
spicules, and are highly concentrated in the presumed location
of the EUV jet footpoint. We suggest that they could instead
be the downward outflow from the reconnecting X-point
associated with the EUV jets. Their speeds reach ~20 km s~
and join the EUV jets in the opposite direction. The Ha

redshift is therefore an important component that connects the
EUYV coronal jets down to the photospheric magnetic fields.

2.3. Dynamics of EUV Jets

We focus on investigating the dynamics of the EUV jets
using time—distance (TD) maps, which provide estimates of
transverse motions. Figure 3 presents TD maps along four slits
and related time profiles. Slit 1, aligned with the most persistent
structure, allows an easy measurement of the linear upward
motion: the first (19:06 UT) and second (19:13 UT) jets exhibit
upward speeds of ~110km s~ with a baseline increasing more
slowly at ~35km sl However, this slope can be under-
estimated due to the finite inclination angle. Therefore, the
upward EUV jets and the downward Ha materials have
enormously different speeds. Slit 2 set parallel to the jet axis
and passing through the first jet finds a fast twisting feature at
(19:08 UT). Slit 3, positioned orthogonally across the jet axis,
detects the width of the jet and shows the pronounced expansion
occurring primarily during the first jet. The jets expands in
width from 2 to 5 Mm for the 3 minute period, after which the
structure remains stable in size through the second jet.

In the rightmost column, we compare the time profiles of the
EUI 174 A flux, the area-integrated Hae Doppler signal, and the
magnetic flux with each other. Due to the SolO-AIA position
difference, the EUI 174 A flux peaks at 19:07:30 UT and
19:13:30 UT appear at the SDO position, with the photon
arrival time delayed by 4.5 minutes. During the first peak, the
EUV flux peak coincides with that of the area-integrated Ha


https://doi.org/10.3847/2041-8213/ae0df2

THE ASTROPHYSICAL JOURNAL LETTERS, 992:1.23 (11pp), 2025 October 20

T Alis 1o —0.8419

420
410

400

Y—position (arcsec)

390F

420

410

Y (arcsec)

400

390

Y—position (arcsec)

Mm

380

370

-220 -210 -200 -190 -180 o 1
X-—position (orcsec)

v SDO/AIA 171a 191334 b TEWMITOITSINEEIEY '
N7 189 % 5%

Lee et al.

o
S

V7 2 -
% P { QQ &

-100
’ -200
’ f 1.6 Mm
S
-300 " " -‘ R . R
S 0.0 0. 1.0 1.5 20 25 3.0

S [Mm]

Figure 4. Correspondence between the magnetic fields, spicules, and EUV jet. (a) The Ha spicule trajectory readouts (green lines) from the GST/VIS —0.8 A image
are taken as a proxy for the magnetic field lines and copied to (b)—(d). (b) SDO/AIA 171 A image with the LOS magnetogram (contours). (c) Same as (a) over the
Dopplergram with the blue/red colors representing blueshift and redshift. The field lines are colored magenta in this panel. (d) An SDO/HMI LOS magnetogram
with the contours at the levels of —40 G (blue) and +30 G (red). These contours are overplotted in panels (a)—(c) as well. (e) The three panels are GST/NIRIS LOS
magnetic fields in the small FOV (cyan box in (d)) in units of arcseconds. (f) NIRIS magnetogram in the same FOV at another time in units of Mm. Two guide lines
are the slits for scanning the 1D magnetic field distributions. (g) Distribution of the vertical magnetic field, B, read along the two slits. The animation shows panels

(a) and (c) from 19:06:16 UT to 19:20:55 UT.
(An animation of this figure is available in the online article.)

redshift signal, although the redshift flux tends to precede the
EUV flux enhancement. This correlation between EUV jets
and Ha redshifts is missing for the second EUV jet. Another
difference from the first jets is that the EUV-bright strands in
the second jets are structured like straight flux tubes aligned
with the Ha spicules. The magnetic fluxes measured from the
Helioseismic and Magnetic Imager (HMI) magnetograms (see
Figure 4) show that the negative polarity magnetic flux
remains largely stable, while the parasitic positive flux steadily
increases after its emergence covering the period of the first
jets. No such trend is seen for the second EUV peak.
Therefore, the first and second EUV jets differ from each other
in morphology and correlation with the Ha Doppler signals
and magnetic flux, implying different driving mechanisms for
the two EUV jetting events.

2.4. Magnetic Fields around the EUV Jets

The target region in the photosphere is dominated by the
negative polarity, and the positive polarity is scattered around in

small patches. Another small positive polarity flux emerges before
the jet time, which is likely to be associated with the jetting. We
attempt to infer the overall magnetic connectivity from the Ho
spicule trajectory assuming they follow the magnetic field to some
extent. In Figure 4(a), we plot the GST/VIS Ha blue wing
image so that the spicules appear as the white narrow features and
the HMI LOS magnetic field as contours. The green curves are
readouts of the spicule trajectories from the Ha blue wing image,
which are then copied to the AIA 171 A intensity image
(Figure 4(b)) and the HMI LOS magnetogram itself (Figure 4(d))
and as magenta lines on the Dopplergram (Figure 4(c)). The
spicule trajectories (green curves) outline the magnetic field
stemming from the negative polarity flux running toward the
positive polarity patch far off in the north.

An important implication of the Ha spicule trajectories
would be that they map the magnetic field lines connecting the
EUV jet base to the photosphere and that of the EUV jet
spire to remote regions. With the AIA image alone, we do not
see the EUV jet reach down to the emerging positive flux
patch. However, the EUI/HRIgyy images show the EUV jet


https://doi.org/10.3847/2041-8213/ae0df2

THE ASTROPHYSICAL JOURNAL LETTERS, 992:1.23 (11pp), 2025 October 20

Lee et al.

)
=

12

== AIA (19:10:50 UT)
£ —— FSI+Al (19:10:50 UT)
1 'y AlA (19:20:50 UT)
:‘é FSI+Al (19:20:50 UT)
1
G
o 6 1
~
=
—
= ]
b 3
o
5.5 6.0 6.5 7.0 7.5
( fo ) 10g10T [K]
9 —— Difference AIA
- === Difference FSI+Al
|
pV4
b
€ 61
v}
o
IS
o
o
s 3
w
o

6.5
log10T [K]

Figure 5. DEMs of the jet region derived from EUV images. (a) The six panels show one EUI/FSI 174 A image and five AIA-equivalent images generated by deep
learning. The red box indicates the pixels used to calculate the DEM. (b) The DEM derived from the SDO/AIA images (green) with Al-generated EUV images with
the observed FSI 174 A image (purple). The solid lines represent the DEM profiles when the jet activity is strong (19:10:20 UT), while the dashed lines correspond to
the profiles when the jet diminished (19:20:50 UT). (c) The net DEM calculated from the difference EUV images between the jet maximum and the jet quiet time.

being extended further south, and the Ha spicule trajectories
indicate the magnetic field lines rapidly wrapped toward the
positive flux patch underneath. Furthermore, the redshifted Ho
components are densely packed under the EUV jets as if they
are Ha counterparts of JBPs. The upward trajectory of the
EUV jet also follows this curved path of the Ha spicules as
shown in Figure 4(b). Of course, not all field lines are exactly
parallel to each other, with inclination angles varying with
position to some extent, but the overall EUV jet trajectories
tend to follow the westward structure implied by the Ha
spicules. The westward wrapping structure is also obvious in
the Dopplergram (Figure 4(c)). The field lines stemming from
the positive flux patch seem to be the outermost of this
overarching magnetic structure.

The HMI magnetogram in Figure 4(d) shows a few positive
polarity patches in the north. They are probably connected to
the negative flux region to form an arcade-like structure, as
implied by the spicule trajectories. A large patch in the positive
polarity exists in the east, but these field lines are connected to
the east in view of the Ha images. Beneath the EUV jets, the
photospheric magnetic fields were of negative polarity alone,
but at 19:06 UT, a small positive flux patch emerged in the
south (within the cyan box), and the EUV jets started.

Figure 4(e) shows an NIRIS magnetogram in the small FOV
indicated by the cyan box in Figure 4(d) in order to investigate
the evolution of the positive polarity patch. This small structure is
not clearly visible in the HMI magnetogram because of the
limited resolution and sensitivity. With the emergence of the
small positive flux patch at ~19:07 UT, it becomes a mixed
polarity region. The positive polarity flux kept increasing without
an obvious signature of magnetic flux cancellation. When it
converged toward the PIL, the jets occurred. In Figure 4(f), we
set two slits (solid and dashed) to read out the 1D magnetic

profiles shown in Figure 4(g). The field strength corresponds to
the local vertical magnetic field, B,, obtained by dividing the LOS
magnetic field by cos 6 with the position angle § = 27° from the
disk center. The separation between a nearby bipolar pair is
estimated as 1.6 Mm, and their peak strengths are +80G and
—180 G, respectively, indicating that it is one of the typical
smallest SSEs (C. E. Parnell et al. 2009; J. Lee et al. 2025).

2.5. Plasma Properties and Energies of the EUV Jets

The temperature and electron density diagnostics for the EUV
features are usually available from the DEM analysis of SDO/
AIA (I. G. Hannah & E. P. Kontar 2012; M. C. M. Cheung
et al. 2015). However, not only is the AIA EUV intensity of the
present target low, but there is also a bright 171 A EUV loop
located in the foreground of the jet, which may add unwanted
contamination to the jet source. For this reason, we compare the
DEMs derived from EUI/FSI images, which are less con-
taminated than features from AIA. FSI provides only two
channels, which are practically inadequate for constraining
DEM solutions. J. Youn et al. (2025) utilized a deep learning
model based on Pix2PixCC (H.-J. Jeong et al. 2022) to be able
to reproduce the five AIA channel (94, 193, 211, 131, and
335A) images from FSI 174 and 304 A images. They
determined the DEM by applying the standard procedure to
this full set of the five AIA-equivalent images plus the original
FSI 174 A i images. The resulting DEMs agree well with those
derived from actual AIA observations across various temper-
ature ranges. We therefore applied this technique to the FSI data
to obtain the DEM results presented here.

Figure 5 shows the AIA-like five-channel data set generated
using deep learning (hereafter AI-EUI), the EUV images
observed by EUlgs at 174 A, and the corresponding derived
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DEMSs. The error bars from the DEM plots are given by the
I. G. Hannah & E. P. Kontar (2012) method, using AIA and
EUI data manuals (P. Boerner et al. 2012; P. Rochus et al.
2020), and include the errors from the jet maximum period
(19:10 UT) images and those of the jet quiet time (19:20 UT)
images as well. At the jet maximum period (19:10 UT), the AIA
DEM shows a peak at log T = 6.0, whereas the AI-EUI DEM
shows a peak at log T = 6.2. The former peak includes an extra
component coming from the foreground coronal loop in the
AIA’s viewpoint, whereas the latter must be the temperature of
the plasma surrounding the jet. There is another peak of DEM at
log T =~ 7.1. This high-temperature peak is found for both AIA
and AI-EUI and is obvious at 19:10 UT, when the jet activity is
strongest. The DEM around this temperature becomes low when
the jets diminish at 19:20 UT, evidencing that this must be the
temperature range of the hot jet.

We subtract the EUI/FSI intensity at a jet quiet time (19:20:50
UT) from that at the jet time (19:10:50 UT) to obtain the net DEM
of the jet. Since the jets under current study are small and faint
features, the background subtraction is tricky (e.g., Q. M. Zhang &
H. S. Ji 2014). We thus keep comparing AI-EUI results with those
of AIA to check if the same trend is found in both results. If they
behave similarly, we finally adopt the AI-EUI’s results for DEM.
We then calculate, from the net DEM, the emission measure of the
jets, EM = >°, DEM(log T;) Alog7;, in the temperature range
4.0 < logT < 8.0 in the interval of Alog T = 0.1. The median
EM value over the jet area is calculated as 5.5 x 10*” cm > (lower
right panel of Figure 5).

Note that the jet is so small, and its area on the EUI/FSI
image is only 4 pixels wide. To determine the geometrical
factors of the jet, we can no longer use the EUI/FSI images
but must use the EUI/HRIgyy images instead. Although the
jet is of a highly entangled structure, we find that the 30%
contour level of the maximum intensity of the EUI/HRIgyy
174 A image well outlines the jet area. On the EUI/HRIgyy
image, we count 475 pixels within the jet area, which amounts
to A~ 1.0 x 10" cm?. The average width of the jet strands is
about 5 pixels or w ~ 7.3 x 10" cm. In the regions where
individual strands are resolved, we take w as the same as their
LOS thickness, 4. In the lower part of the jets, many strands are
entangled, where we increase i according to the area of the
brightened area. In this way, we determine the total number of
electrons, N = (EM/h)l/ 2Ah ~ 2.0 x 1035, and the total mass
of the fully ionized plasma, M = 1.1Nmy =~ 3.7 x 10" g. The
thermal energy of the jet is then estimated as 3Nkg(T) =~
1.7 x 10 erg, where kg is the Boltzmann constant and (T) is the
DEM-weighted temgerature. The kinetic energy of the jet is
Mv2/2 ~ 22 x 10 erg, using the mass, M, and the jet speed,
v = 110 km s~ '. The total energy of the EUV jet therefore
amounts to 1.9 x 10%° erg, with 87% in thermal energy and 13%
in kinetic energy.

3. Discussion

This rare collaboration between EUI/HRI and GST/VIS
presents a picture that the upwardly propagating EUV jets in
the corona and the Ha redshift in the chromosphere are
adjoined at the X-point. The hypothesis of the interchange
reconnection in the corona is supported by the location and
timing of multipolarity patches in the photosphere without
magnetic flux cancellation and footpoint brightenings. How-
ever, straight trajectories of the ambient Ha spicules are in
sharp contrast with the helical EUV jets, posing a puzzle
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regarding the role of magnetic reconnection in coronal jets and
chromospheric ejections. We briefly discuss this issue based
on two highly relevant models for small-scale jets, both of
which self-consistently incorporate the chromosphere and
corona within a unified framework (H. [ijima & T. Yokoyama
2017; D. Longcope & P. Klaassen 2025).

The chromospheric jet model proposed by H. lijima &
T. Yokoyama (2017) includes the photospheric radiative
transfer and the equations of state in the simulation of the
chromospheric jets. The most attractive feature of this model is
that it predicts formation jets in the scales close to the present
observation; specifically, the simulated jets consist of finer
strands packed with a maximum height of 10-11 Mm and
lifetime of 8—10 minutes in a cluster with a diameter of several
Mm. The jets in this model are driven by the Lorentz
force from the magnetic field lines strongly entangled in
the chromosphere, which is somewhat inconsistent with the
straight trajectories of Ha spicules although more appropriate
for the EUV jet structure in the corona.

The reconnection model of D. Longcope & P. Klaassen
(2025) considers impulsive, localized interchange reconnec-
tion in the low corona, as illustrated in Figure 6. Following its
formation by reconnection, the field line straightens under
tension (i.e., the Lorentz force). The straightening process
consists of large-amplitude Alfvén waves propagating up and
down, away from the reconnection site (see Figure 6(a)). The
propagating waves produce parallel flows that collide to form a
high-temperature, high-density central plug between them
(D. W. Longcope et al. 2009; D. W. Longcope & S. E. Guidoni
2011; D. W. Longcope & J. A. Klimchuk 2015). The
reconnection between a closed and an open field line (red
semicircle and blue vertical line, respectively, in the left
snapshot of Figure 6(a)) is asymmetric due to the significant
plasma pressure difference between them. This asymmetry
causes the plug to move upward, although at a speed somewhat
slower than the Alfvén speed in either field. (Note how the
upper bend in Figure 6(a) runs past the dashed line.)

The downward Alfvén wave impacts the chromosphere,
where it drives cool, dense plasma upward to form a spicule
(D. Longcope & P. Klaassen 2025; see Figure 6(c)). This
occurs later, when the field line has almost entirely relaxed,
leading to a much straighter plasma than the EUV loop. The
upflow is much slower (by almost an order of magnitude in the
illustrative example), causing it to reach its apex 4 minutes
after reconnection.

The model is illustrated in Figure 6 using a thin flux tube
simulation (S. E. Guidoni & D. W. Longcope 2010;
D. W. Longcope & J. A. Klimchuk 2015; D. Longcope &
P. Klaassen 2025) whose parameters have not been tuned to
match the observation. Nevertheless, the example shows the
rough magnitudes of its various components. The hot, dense
plug moves upward at a fraction of the Alfvén speed,
consistent with the 110kms™' that the observed EUV jets
move across the plane of the sky. Moreover, its structuring by
the evolving post-reconnection field gives the EUV loop an
angle relative to the dominant open field. Our simulation
considers the evolution of untwisted field lines confined to a
plane (D. Longcope & P. Klaassen 2025), leaving the EUV jet
with a distortion but not a helical twist. A more complicated
scenario, with a twist in the initial and/or final field, could
exhibit more properly helical distortion in the EUV loops
during this initial phase of relaxation.
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Figure 6. The reconnection model illustrated using a thin flux tube simulation. (a) Five snapshots from the initial phase in which the field line (colored curve) relaxes
following its formation by reconnection. The pre-reconnection field lines are shown as red and blue curves in the leftmost snapshot. The reverse color scale shows
emission measure of hot (T > 10° K) plasma. A dashed diagonal line shows a constant velocity, for reference. (b) The temperature vs. height for the five times using
the same colors. The shaded box indicates the hot plasma whose emission is shown in (a). (c) At five later times, a spicule has been launched by the downward
Alfvén wave. The green region shows cool (<10° K), dense plasma at each time. (d) The vertical velocity (shaded) in spacetime coordinates. A green dashed
parabola shows freefall for reference, and vertical dashed lines show the times of the snapshots.

The same simulation exhibits a spicule when cool, dense
plasma is launched upward by the impact of the downward
Alfvén wave on the chromosphere. The cool plasma travels at
~40kms~!, reaching a peak of 7Mm before falling back
under gravity. This is in line with the Doppler shifts and
lengths of the Ha observations. The cooler plasma follows the
relaxed field, making it much straighter, and more vertical,
than the EUV loop, consistent with observations.

Under this model, reconnection releases energy by decreasing
the length of the field line by AL. A closed loop with a mean field
strength Bj, reconnecting to an open field, will release
Winae/® = BoAL/4w (D. W. Longcope & J. A. Klimchuk
2015; D. Longcope & P. Klaassen 2025). For a rough estimate,
we consider a loop connecting the parasitic polarity to the
nearest negative region with a measured separation of 1.6 Mm
(Figure 4(g)). This separation maps to a semicircle of
radius r = 0.80 Mm, which would therefore be the height of

the reconnection point. Due to this very low loop, we take
By >~ 130 G, the average between the photospheric field strengths
of the two polarity peaks (~+80 G and —180 G). Transforming a
quarter circle to a vertical segment of the same height, r, shortens
the tube by AL = (7/2 — 1)r = 0.46 Mm. Such a shortening
releases Wiae/® ~ 5.3 x 10%ergMx . The w = 0.73 Mm
diameter loop will have flux ¢ = er(w/2)2 =54 x 10" Mx
and therefore receive Wp,e = 2.6 X 10%° erg from reconnection.
This will be shared between the EUV jet and the spicules and is
therefore roughly consistent with our estimate of the energy in the
jet alone (Section 2.5).

4. Concluding Remarks

The first joint observations of small-scale EUV jets using
SolO’s EUI/HRIgyy and BBSO’s GST/VIS Ha during the
2022 October campaign for the Parker Solar Probe, we had a
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unique opportunity to directly compare the small, short-
duration EUV jets with abundant Hoa spicules in unprece-
dented detail. The observations and diagnostic results are
summarized in the abstract and will not be repeated here.
Here we wish to remark on the main issue: what dictates the
structure and dynamics of the resulting SSEs in the chromo-
sphere and the corona. The interchange reconnection as a
trigger of the jet activity is unambiguously determined from
the location of the EUV jets and Ha spicules relative to the
photospheric magnetic fields, However, we encountered two
unexpected puzzles: how the entangled structure forms and
why it exclusively appears in the EUV wavelengths, not in the
Ha line. All Ha features accompanying the EUV jets,
including the sheath flow, bulk downflow, and normal upward
spicules, exhibit straight trajectories.

Among the alternatives, the reconnection model, which begins
with interchange reconnection, suggests some explanations. The
twisted, or nonaligned, EUV structures form promptly in the
corona as a result of the reconnection energy release there.
Prompt heating and compressions make visible plasma, which
had previously not been hot enough or dense enough to appear in
EUV. Our demonstration, with a simplified geometry, exhibits a
distorted EUV loop, but a more complicated configuration could
exhibit helices. The compressed and heated plasma plug will
move along the reconnected loop at a speed comparable to, but
somewhat slower than, the Alfvén speed, in agreement with our
observation. Finally, the cooler Ha feature forms through a
secondary response to the episode of interchange reconnection
after the downward Alfvén wave impacts the chromosphere. This
plasma moves upward much more slowly and along the field that
has already fully relaxed to become straight and vertical. The
plasma at the feet appears to be redshifted at first, owing to
chromospheric condensation, and later when the cool plasma
drains back down.

To compare with other small jets detected by EUI/HRIgyy,
the picoflare jets have kinetic energies below 10**erg
(L. P. Chitta et al. 2023), at least 2 orders of magnitude lower
than that of the jet studied here. Despite this energy
discrepancy, they share similar spatial scales, lifetimes, and
velocities. Similarly, the helical EUI/HRIgyy jet studied by
E. Petrova et al. (2024) displays a comparable morphology and
was also interpreted as propagating torsional Alfvén waves in
a low coronal structure with an estimated wave energy flux of
140kW m 2. If we tentatively calculate the corresponding
kinetic energy of the Alfvénic pulse with an assumed loop
diameter of 2Mm and lifetime of 2 minutes, we find
5.3 x 10*®erg. In contrast, we estimated the total energy of
the present jet as ~1.9 x 10*® erg, with 87% in thermal energy
and 13% in kinetic energy, based on the DEM analysis as well
as the NIRIS measurements of the footpoint separation of ~2”
and magnetic flux of ~10'” Mx. All these jets are interpreted
as powered by magnetic reconnection at the smallest scales of
magnetic elements detectable in the quiet Sun (C. E. Parnell
et al. 2009; J. Lee et al. 2025).

The results of this collaboration highlight the critical role of
high-resolution GST observations in bridging the gap between the
photosphere and corona by providing spectroscopic data on
chromospheric dynamics alongside fine-structured coronal jets.
These findings boosts SolO’s objective of advancing our
understanding of how the Sun generates SSEs in the chromo-
sphere and corona, ultimately enhancing models of solar-
heliospheric connections.
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