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ABSTRACT

New instrumental and telescopes covering the optical and ultra-violet spectral regions have revealed a range of small-scale
dynamic features, many which may be related. For example, the range of spicule-like features hints towards a spectrum of
features and not just two types; however, direct observational evidence in terms of tracking spicules across multiple wavelengths
are needed in order to provide further insight into the dynamics of the Sun’s outer atmosphere. This paper USESIIGIGAtHODIANEd
ope, and in the transition region using
the Interface Region Imaging Spectrograph with the SJI 1400 A channel plus spectral data via the Si 1v 1394 A line to track
spicules termed Rapid Blue-shifted Excursions (RBEs). The RBEs as seen in the H & blue-wing images presented here can

be sub-divided into two categories; a single or multi-threaded feature. Baded on the H & spectra, the features can be divided

[compareaNeNieediwin g. From the RBE-like events which have a Si1v 1394 A line profile, 78% of them show a Si 1v line flux
increase. Most of these features show a second broadened Si 1v component which is slightly blue-shifted.

Key words: Methods: observational — Methods: data analysis — Techniques: image processing — Techniques: spectroscopic —

Sun: activity - Sun: chromosphere.

1 INTRODUCTION

Improvements to solar telescopes and their instruments has re-
vealed a range of different small-scale dynamic features, in partic-
ular spicule-like features. Type-I spicules show a rising and declin-
ing phase, while Type-II spicules seem to lack a declining phase as
seen in Ca i H (De Pontieu et al. 2007). However, they do show a
declining phase in observations taken in higher temperature plasma
observed with the Interface Region Imaging Spectrograph (De Pon-
tieu et al. 2014, IRIS) and Solar Dynamic Observatory Atmospheric
Imaging Assembly filters (Lemen et al. 2012, AIA), e.g. reported
by Pereira et al. (2014), Skogsrud et al. (2015). Sometimes they
are observed as red-shifts, e.g. Bose et al. (2021), similar to other
chromospheric down-flows (Teriaca et al. 1999; Doyle et al. 2002).
Recently, Chen et al. (2022) used a 3D MHD model to show that
some of these red-shifts are a result of spicules. Although other pro-
cesses may be involved, e.g. pressure enhancement in the transition
region, transition region brightenings unrelated to coronal emission,
the boundary between cold and hot plasma, and siphon-type flows.
In another study, Nived et al. (2022) showed that the number density
of spicules close to the foot-points of coronal loops may be related
to the amount of coronal heating.
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When observed on the disk of the Sun, spicules appear as long-
elongated absorption events, often originating or present near the
edge of super-granules. In the vicinity of a photospheric mag-
netic concentration they appear as rosettes (Langangen et al. 2008;
Tsiropoula et al. 2012). These are usually termed as rapid-red shifted
excursions (Sekse et al. 2013b, RREs) or rapid-blue shifted excur-
sions (Langangen et al. 2008; Sekse et al. 2013a, RBESs), since their
appearance corresponds to red and blue shifts in the wings of the H
a spectral line. Also, Cauzzi, G. et al. (2008) using the Ca 1 8542
A line, showed that bright points, similar to those seen in Ca m H2V
and K2V grains, have many spicule-like structures originating from
small magnetic elements, but observed in the line-cores, thus being
similar to fibrils.

Judge et al. (2011, 2012); Lipartito et al. (2014), report a unique
observational effect related to some spicule-type events, observed in
the wings of H @ and Ca 1 lines, that do not show any evolution, and
appear suddenly in the field-of-view (FOV) of the spectrograph. If
these were to be interpreted as a line-shift, we would get un-physical
velocities of 1000 km s~!. Shetye et al. (2016) and Pereira et al.
(2016) showed that these spicule-type events could be due to highly
dynamic movements associated with spicules that move in and out of
the narrow-band filters, used to observe different parts of the H a line
profile moving from +35 km s~! to =35 km s~!. These spicule-type
events may serve as a medium for high-frequency wave transport,
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Figure 1. Panel (a): AIA 171 A map of the active region. The black rectangle is the SJT FOV, while the white rhomboid is the CRISP FOV. Panel (b): SJT 1400
A image of the active region. The white rhomboid is the CRISP FOV, while the region below the blue line is the area used for the detection of RBEs. Panel (c):
H @ image at-1.03 A. The area below the blue line marks the region of interest (the region used for the detection of RBEs). Panel (d): HMI LOS magnetogram
with the same FOV as panel (c). The area below the blue line marks the region of interest. i.e. the region used for the detection of RBEs.

e.g. Shetye et al. (2021), thus contributing to the mass and energy
transport across the solar atmosphere (Srivastava et al. 2017). Bate
et al. (2022) recently showed that if even a small fraction of the wave
energy carried by the detected transverse waves (due to spicules) was
deposited as thermal energy, then it may significantly contribute to
the energy requirements needed to balance the radiative losses of the
chromosphere.

The range of spicule-like features hints towards a spectrum of
spicule-like features and not just two types; however, direct observa-
tional evidence in terms of tracking spicules across multiple wave-
lengths are needed. There has been multiple efforts to track spicules
across the solar atmosphere, e.g. Pereira et al. (2014) showed that
RBEs spicules undergo thermal evolution, at least to the transition
region. Henriques et al. (2016) suggested that at least 11% of RBEs
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could be connected to coronal counterparts. In previous work, we
used imaging information to track RBEs via a tracking algorithm to
identify and track them within the chromosphere using H « data ob-
tained with the CRisp Imaging SpectroPolarimeter (CRISP) instru-
ment on the Swedish 1-m Solar Telescope (SST), and in the transi-
tion region using the Interface Region Imaging Spectrograph (IRIS)
with the SJI 1400 A channel plus spectral data via the Si v 1394 A
line.

This paper is organised as follows. Section 2 provides the ba-
sic information on the observational data and in particular the co-
alignment of the SST and IRIS data as this is critical to the dis-
cussion which follows. Section 3 outlines the methodology used to
study the events physically and in particular spicule detection in the
different datasets plus their time tracking, plus a description of the
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Figure 2. Panel (a): IRIS raster of the continuum at 2800 A. Panel (b): A
raster taken in the H o wing at —1.032 A. Time O represents 10-Jun-2014
07:50:53.320 UT.

spectral line properties using both Gaussian fitting and a moment
analysis. In Section 4, we discuss specific examples in detail. Fi-
nally, the discussion and conclusions are summarized in Section 5,
where we discuss whether we have a forest of spicule-like features
and not simply two types.

2 OBSERVATIONS AND DATA PROCESSING
2.1 The data

Pereira et al. (2013) showed that the different properties of spicules
can be reconciled given different spatial and temporal resolutions.
To observe and trace RBEs across different atmospheric regions,
we used coordinated observations from SST and IRIS, with support
from SDO, obtained on 10" June 2014. The ground-based obser-
vations were obtained using the CRISP (Scharmer et al. 2008) in-
strument, with an approximate pixel scale of 0.0592”, that resolves
around 45 km on the solar surface and has a field of view (FOV)
of 60” x 60”. After co-alignment with SDO/AIA 1600 A images
(see next section), we determined that the CRISP FOV is tilted at
an angle of 62°04’ with respect to the SDO heliocentric FOV, and
centered at xc = 40” and yc = —211”, which contained a pore and
was entirely within NOAA AR 12080. Nine H « line-positions were
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sampled from the line center at H @, with equidistant increments
of + 258 mA on both sides of the H « line center. The cadence of
the observations is ~4 s. More details about the observations can be
found in Shetye et al. (2016).

IRIS observed active region NOAA 12080 in a sit-and-stare mode
and obtained Si 1v 1394 A spectra using the 0.33” wide slit. The ca-
dence of IRIS observation is ~16 s, which is ~4 times that of SST.
This difference in cadence implies that there are four SST obser-
vations corresponding to one IRIS observation. A near-perfect co-
alignment between IRIS and SST is necessary to study the Si 1v pro-
files associated with H @ spicules. We performed the co-alignment
using the AIA 1600 A and SJI 1400 A channels via a cross-
correlation technique (see next section for details). In Figure 1, we
show the context of the observations between AIA 171 A, the mag-
netogram, IRIS Si v 1394 A and SST H « images. Panel A shows
the AIA 171 A FOV of the active region. The black rectangle rep-
resents the FOV of the IRIS observation. The white rhomboid is the
FOV of the SST/CRISP observations. The SJI 1400 A channel map
with the CRISP FOV is shown in panel B. The region below the blue
line marks the region of interest in this study. This is the area used
for the detection of RBEs.

2.2 SST and IRIS co-alignment

For the co-alignment of the IRIS and SST data, we first employ the
cross-correlation of image SJI 1400 A and AIA 1600 A that are close
in time and morphologically similar. The plate scales between im-
age pairs are matched before starting the cross-correlation. Then we
shifted the AIA image according to the offset obtained from the cross
correlation algorithm. Similarly, we obtained the offset between the
co-aligned AIA 1600 A and H o wing (at —1.032 A offset from line
core) images and shifted the SST images to align with the SJI ob-
servation. We estimate that the error in the co-alignment to be better
than one IRIS pixel, i.e. ~0.16635"; we will return to see in Section
3.

To further confirm the co-alignment, we used IRIS data to com-
pare the continuum at 2800 A (near Mg 1) with a constructed H
@ continuum raster at H & —=1.032 A. The continuum at 2800 A
is formed in the upper photosphere (Carlsson et al. 2015), at this
wavelength magnetic features appears as bright. Similarly, at H o —
1.032 A, the magnetic features also appears with an increased inten-
sity. Therefore, we can use this wavelength to crosscheck the align-
ment of the IRIS slit position on the SST maps. Looking at the im-
ages, there a slight misalignment between the Mg continuum raster
and the artificially rastered H @ continuum map. We corrected this
shift in both the N-S and E-W directions by maximising the cross-
correlation coefficient between the images. The aligned maps are
shown in Figure 2 which shows excellent agreement between both
figures, confirming the accuracy of the co-alignment.

3 METHODOLOGY AND ANALYSIS
3.1 Spectral properties H o

The property of an event to be classed as an RBE depends on the
line shift observed in the line profile of the event. The average H «
line-profile is obtained by summing a quiet-Sun region from line-
sequences as given in Shetye et al. (2016). This quiet-Sun region
is from the full FOV obtained using the CRISP instrument that is
void of any major magnetic activity such as the presence of a pore.
It also is a region where there are no down flows detected in the
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Figure 3. Spectral profiles of 5 RBEs. First column: Location of the RBEs in the H o blue wing image, the blue dashed line shows the location of the IRIS
slit. The blue curve is the axis of the RBE obtained from the OCCULT tracing code. Second column: The SJI 1400 A map corresponding to the first column.
The blue line is the axis of the RBE, while the location where the RBE crosses the slit is marked in yellow. Third column: Si v 1394 A spectra at the location
marked in yellow. Fourth column: The dashed line represents the H « profile of the QS region. The black thin line represents the averaged H « profile along the

axis of the RBE.

line core. The line profile defined for the event is computed across
multiple locations of the RBE, and is then the average line-profile
for the RBE. The pixels used for this averaging are the ones that
pass through the axis of RBEs at the time frame in which the RBE
appeared maximum in its length.

3.2 Detection algorithm for RBEs from H « images

We use the detection method described by Vilangot Nhalil et al.
(2022). In the above paper we detected 407 RBE-like events in the
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H « data with a lifetime greater than 32 s. This number is further re-
duced to 168 RBE-like features since some of these features were in
the proximity of a large-scale flow (i.e. we only consider the region
below the blue line in Figure 1. From this reduced number, only 90
of them display a clear spatio-temporal signature in the SJI 1400 A
channel.

Since we are interested in whether any of these had a spectral sig-
nature in the transition region, we focus on the detection of these
RBE-like features that are scanned by the IRIS slit. All of the RBEs
detected under the IRIS slit cannot be studied in Si 1v 1394 A spectra
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Figure 4. Detection summary

due to the limitation imposed by the cadence of the IRIS observa-
tions, i.e. 16 s. Furthermore, we add another constraint to our RBE
detection. In this condition, only those RBEs are counted as detected
if they occur in 2 consecutive IRIS images, i.e we have at least two
IRIS spectra obtained for each detected RBE. This additional condi-
tion is satisfied by 35 RBEs.

Lastly, we revisit the detected RBEs manually, and remove those
that are under or in the vicinity of an active region flow since IRIS

spectra for such events show a strong blue-shift. This procedure re-
duces the number of events under the slit to 18. Furthermore, we
excluded those events with strong absorption in the line core of H
a. These procedures reduce the number of events under the slit to 9,
which is not enough to perform a detailed statistical analysis on the
connection between chromospheric and transition region emission.
Therefore in this work, we will direct our interest to the different
types of signatures associated with RBEs in the transition region.
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Among the 9 selected events, only 2 of them have a pure blue
shifted H « profile without any (very weak) absorption in the red
wing. The rest of them have significant absorption in the red wing.
However, the absorption in the blue is stronger compared to the red
wing. Moreover, 1 event show core absorption and another 2 show
core emission. The Si 1v signature associated with each type of event
is studied in detail in the remaining section.

3.3 Spectral properties in Si v 1394 A

We derive spectral properties such as intensity, velocity and full
width half maximum (FWHM) of the Si 1v 1394 A line by fitting
in the first instance a single Gaussian to the profile (in a later sec-
tion, we also perform a moment analysis for comparison).

To calculate the Doppler shift, we first perform the wavelength
calibration using the O 1 1356 A line. Spectral lines of neutral and
singly ionized species formed in the lower chromosphere are gen-
erally considered as at rest (Hassler et al. 1991). Therefore, the O 1
line can be used to obtain the reference wavelength of the Si v 1394
A line by following the formula below,

Arefsiiv = Asiiv_tab — (A0 idab = A0 i_obs)s (D

where Ag; j,_qp is the laboratory wavelength of the Si v 1394 A
line (1393.755 A) and Ao ; 4 is that of the O 1 line (1355.598 A).
The laboratory value of the wavelengths are taken from Sandlin et al.
(1986). A0 i_ops 1s the observed O 1 wavelength, which is obtained by
fitting a single Gaussian function to the observed profile. Note that
some of the observed Si 1v spectra cannot be fitted with a single
Gaussian function as they show the presence of an additional com-
ponent, which could be caused by flows and/or turbulence. For those
profiles, we used a combination of two Gaussian functions (see Ap-
pendix A).

3.4 Detection of RBEs in Si 1v 1394 A

In the sit-and-stare observation mode, IRIS obtains the spectra at a
fixed location on the Sun using a 0.33” wide slit. However, due to
solar rotation, the location of the slit changes with time (8.6” in 66
minutes). This small change in the slit location must be considered
when locating the slit in the SST observations thereby identifying
the RBEs that cross the slit. The location of the slit is provided in
the IRIS windata structure, based on this the RBEs that cross the slit
can be easily found using the coordinates of spicules obtained from
the tracing algorithm (Section 3.2). These RBEs appear as bright
jet-like features in the dataset and often appear with a brightening in
the Si v image. Once the crossing location is identified, we identify
the RBE signature in the corresponding Si 1v spectra. An example of
RBEs and their Si v 1394 A line profiles obtained from the crossing
location are shown in Figure 3. Note that we cannot always expect a
one-to-one match between the position of the RBEs in H @ and Si v
due to the large difference in the temperature of formation of these
lines. The images in the left column show the location of the RBEs
in the H « blue wing at —35 km s~!. This is the frame in which RBE
have their maximum apparent length. The blue dashed line indicates
the location of the IRIS slit, while the solid blue curve marks the axis
of the RBE obtained from the OCCULT code. The second column
shows the location of the RBE, represented by a blue curve in the
SJI 1400 A channel. The location where the RBE crosses the IRIS
slit is marked as a yellow star. The Si 1v spectra at this location is
shown in the third column.
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Figure 5. Time evolution of event 2 in H o and the SJI 1400 A channel.

Note that some of the Si v 1394 A spectra associated with RBEs
are broadened and cannot be represented by a single Gaussian func-
tion. The fourth column shows the H « profile of RBEs (thin black
line) and the QS region (black dashed line). As mentioned in Sec-
tion 3.1, the QS profile was computed from a section of the quiet
Sun. See Appendix A for a description of the Gaussian function.

In Figure 3, Events 1 and 3 have a similar H « profile. They show
an enhancement in intensity at the line core of H «, with a blue-
component in Si v 1394 A. Event 2 shows a standard blue shift in
the H @ wavelength which is the spectral profile of an RBE. Event
4 shows the presence of broadening in both H @ wings with strong
absorption at the line core. Event 5 shows only a broadened line



profile in the wings of H a, however the absorption in the blue wing
of H « is larger than in the red wing.

4 CASE STUDIES

To identify Si v signatures associated with spicules, we construct the
time-distance plot of the H @ blue wing at =35 km s™! and compare
it with the time-distance plot of IRIS data constructed from the Si 1v
spectra. Note that, IRIS observations are performed in a sit-and-stare
mode, therefore the image constructed from the spectra can be con-
sidered as a time-distance map at the location of the slit. However,
there is a shift in the IRIS slit due to solar rotation; we have taken
this into account while creating the time-distance map from the SST
observations.

A time-distance plot can provide information about the time evo-
lution of the Si v 1394 A intensity, velocity, and line-width at the
slit location. By analysing the Si 1v spectral properties before and
after the formation of a spicule, we can detect signatures of spicules
in Si 1v, if any are present. To create a time-distance map in H a,
we first reduce the resolution of SST to that of IRIS. Then, cutting
slits of width 0.33” from the SST map at different time-frames. The
procedure is very similar to creating an artificial raster of IRIS ob-
servation. Since the IRIS observation are in sit-and-stare mode, the
rastering procedure produces a time-distance map of the slit loca-
tion.

4.1 A multi-threaded event with RBE like profile

Figure 5 presents the time-evolution of an RBE (event number 2 in
Figure 3) in the H & blue wing at —=35 km s~' and SJI 1400 A chan-
nel (right column). The top row shows the images taken at the start-
ing time of the RBE. The time marked at the top left corner of the
image represents the time compared to the starting time. The event
shown here is an example of a group of RBEs which are close to each
other, giving a multi-threaded appearance. Threads form and disap-
pear during the lifetime of the RBE and appear to undergo trans-
verse motion in the plane of sky. A similar observational effect was
reported in Shetye et al. (2021). A faint thread-like structure can also
be seen at the same location in the SJT 1400 A channel. However, this
is not very clear due to the obstructed view caused by the presence
of the IRIS slit. Furthermore, there is no evidence of bright point
motion associated with this event in the SJI 1400 A channel.

The time-distance analysis of event 2 is shown in Figure 6. Panel
(A) shows the H @ blue wing image of the RBE at the time frame
in which the RBE appeared maximum in its length. The dashed
blue line indicates the location of the IRIS slit. The coordinate of
the RBEs detected (based on the OCCULT code) is shown in blue
colour. Panel (B) shows the time-distance plot of the H @ =35 km s
blue wing. In the time-distance map, the RBE shows a complex time
evolution due to its multi-threaded nature and the transverse motion
of individual threads. It is not possible to say whether this is due to
rotation or the appearance/disappearance of individual threads.

The SJI 1400 A channel view of the region is presented in panel
(C). In panels (D), (E) & (F) we plot the time-distance plot of the
Sitv 1394 A intensity, FWHM and LOS velocity respectively, which
are derived from the single Gaussian fit to the spectra. The time-
distance plots in IRIS reveal that there is a spatio-temporal enhance-
ment in intensity and line width at the location of RBEs. Further-
more, the slope of the intensity enhancement matches very well with
the slope of the RBEs in the H « time-distance plot. This implies that
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the observed intensity enhancement and the line broadening are as-
sociated with a H @ RBE. There is a slight misalignment between
the location of the spicule and its signature in Si 1v. This is expected
due to the large difference in the temperature of formation of these
lines. The signatures of spicules are completely absent in the Si 1v
LOS velocity measurements. However, we note that there is a large
gradient in the Si 1v velocity at the location of the RBE. The bot-
tom panels of Figure 6 show the Si v 1394 A and H a spectra of the
RBE. The Si 1v spectra is obtained from the location marked by a star
on the IRIS time-distance map, while the H a spectrum is obtained
by averaging the spectrum along the axis of the RBE. In panels G,
H and I, we show the equivalent moment plots for comparison with
panels D, E and F. there is excellent agreement between the different
methods.

In panel J, we show the single Gaussian function (red) to the ob-
served spectrum (black). The results have a y? value of 1.57 and it
fails to fit the spectrum properly. Therefore, we fit the same spectra
with a double Gaussian function, with a broad component as shown
in panel K. The blue curves are the two Gaussian components and
the red curve is the fitted spectra. The double Gaussian fitting re-
duces the y? value to 0.87. Panel L shows the H a profile of the RBE
(black solid line) overlaid on the quiet Sun reference profile (dashed
line). This event has a clear RBE-like H « profile with strong ab-
sorption in the blue wing compared to the red wing. The best fit Si
IV requires a second broadening component which is blue-shifted.

4.2 An event showing broadening and line core absorption

In addition to the broadening and line core absorption, Event 4 has
strong absorption in the blue wing compared to the red wing. At the
beginning of the event, there is a strong brightening in the SJI 1400
A channel that matches the orientation and shape of the event in H
a. The brightness of the feature reduces as time progresses but the
shape and orientation of the bright feature continue to follow the H
a RBE. Si 1v spectral evolution of the event is presented in Figure 7.
The format of the figure is the same as in Figure 6. It is clear from
the figure, that the H « jet produces a spatio-temporal enhancement
in intensity and line width of Si rv. Similar to the previous example,
there is no evidence of blue shift associated with this event in the
transition region. The location of the event appears to be mostly red-
shifted. However, asymmetry in the blue wing, seen in the spectral
profile of strongly broadened line could be an indication of a blue
shift.

Event 4 shows line broadening in the H a spectral line. This line
broadening is asymmetrical, with 81% more absorption in the blue-
wing compared to the red-wing. This broadening is seen in the Si v
spectral profiles. This indicates that such events are complex RBEs.
However, they reach transition region temperatures and are responsi-
ble for some of the brightenings in the transition region. The best fit
for Si 1v implies a second broadened component, but no line-shifts.

4.3 Events showing enhanced line core, with a strong blue-shift.

Events 1 and 3, are events that show broadening in the H « line core,
with a strong blue-shift. This line-core emission suggests that these
events are yet another class of RBEs, as many RBEs show only a
shift in the wings of the H « line and no intensity increase in the
line-core. The Si v 1394 A spectral analysis of event 1 is shown
in Figure 8. By comparing the time-distance plots of H @ and Si v
1394 A, it is clear that event 1 has a transition region counterpart that
causes broadening and an intensity enhancement in the Si 1v 1394 A

MNRAS 000, 000-000 (0000)
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slit. The red curve is the axis of the RBE obtained from the OCCULT tracing code. Panel (B): The time-distance map in the H a blue wing. The blue curve
marks the approximate location of the RBE in the time-distance plot. Panel (C): SJI 1400 A channel image of the RBE location. Panel (d): Time-distance map
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Figure 7. Same as Figure 6 but for event 4.

line. The observed Si 1v 1394 A profiles (panel J, K) of this event are
asymmetrical with more emission in the blue wing compared to the
red wing.

4.4 Events showing broadening with stronger absorption in
blue wing compared to red wing

Event 5 in Figure 3 is an example of an RBE that shows broadening
along with blue wing absorption. These events do not show any en-
hancement or reduction in core intensity compared to the reference
quiet Sun profile. The time evolution of Si iv 1394 A spectral prop-
erties of event 5 is presented in Figure 9. The time evolution plot in
H « appears complex due its multi-threaded nature. However, there
is clear signs of intensity enhancement (panel D, G) and broadening
(panel E, H) in Si v 1394 A line at the location corresponding to
the blue wing absorption in H o (black region in panel B). The Si v
spectra for the bright region (pixel marked with x in panel D, E, F) is

shown in panel J. The single Gaussian fit to the spectra yield a large
value of y? due to the asymmetric broadening in the blue wing of Si
v . A second Gaussian component was required to fit the spectra.

Our investigation of the transition region counterpart of H « re-
veals that there are different types of jet-like features in the chro-
mosphere which can reach up to transition region temperatures, pro-
ducing broadening and brightening in the Si v 1394 A resonance
line. Event 2 studied here is a clear example of an RBE producing a
signature in the transition region. Even though events 1 and 4 cannot
be considered as classical RBEs, they still produce brightenings and
spectral line broadening in transition region lines. Moreover, there
is evidence that most of these events show asymmetry in the Si v
1394 A spectral line. This asymmetry in the Si 1v profiles of both
RBEs and RREs has been previously reported in Rouppe van der
Voort et al. (2015).

In Figure 10, we present the IRIS Si 1v 1394 A intensity rasters
and its equivalent H @ —35 km s~! blue wing observation. The time
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Figure 8. Same as Figure 6 but for event 1.
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axis and the spatial length axis corresponds to the spatio-temporal
window used for the RBE detection. Panel A shows the Si 1v 1394
A integrated intensity raster while the panel B displays the Si 1v in-
tensity raster at 1393.587 A. The constructed H « raster in panel
C shows what IRIS would see if the sit-and-stare mode observation
was done on the SST map. The overlaid numbers on the H o image
marks the locations of the RBEs with co-evolving Si 1v signature.
The reduction in intensity of the H & =35 km s™! blue wing comes
from features that show broadening or blue-shift of the H « spectral
line. Therefore, in the observed region, reduction in the H @ —35 km
s~! blue wing intensity can be attributed to the spicule. There is an
excellent match between the locations of the spicule and brightness
observed in the integrated Si v 1394 A intensity and in Si 1v blue

MNRAS 000, 000-000 (0000)

wing image. This implies there is an association between spicules
and transition region bright points. The plethora of chromospheric
jets that reach transition region temperature may indicate that some
of the transition region dynamics may be governed by the chromo-
sphere below.

5 CONCLUSIONS AND DISCUSSIONS

By studying the spicules in IRIS passbands, Pereira et al. (2014)
found that the spicules continue to evolve in IRIS passbands af-
ter they disappear from the cooler chromospheric Ca u H pass-
bands. They interpret this result as a heating signature associated
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with spicules at least to transition region temperatures and conclude
that the Ca 1 H Type II spicules are the initial stages of hotter events.
Follow up work by Skogsrud et al. (2015) found visible signature of
spicules in Ca m H, Mg it 2976A, Si v 1400 A, C u 1330 A, and
He 1 304 A filtergrams when observed off-limb. They were able to
show that Ca 1 spicules evolve similar to the Mg 11 spicules as ex-
pected from the formation temperature of the lines. In their studies,
the time evolution of spicules in Si 1v followed 2 distinct behaviour.
In the first case, more than 50% of the detected spicules showed an
enhancement in Si 1v emission after the Ca m component fades. In
the second case, Si 1v spicules appeared brighter at the top of the
spicule which could indicate that the spicules are heated at least to
transition region temperatures.

The observed properties in H @ and Si 1v of event 4 matches very
well with the description of dynamic fibrils studied in Skogsrud et al.
(2016). Using H @, Ca 1 8542 and Si 1v observations, Skogsrud et al.
(2016) found a tight correspondence between active region grains

and dynamic fibrils. Their study shows grain emission is strongest
during the initial ascending stage and it gets fainter in the later phase.
The event studied here also shows a similar trend in the time evolu-
tion plot (see Figure 7). Moreover, they found statistically significant
enhancements in the line width of the Si 1v 1394/1403 A doublet
and interpreted them as a signature of magneto-acoustic waves from
below. Furthermore, they also found Si v 1403 A blue shift at the
initial stage of the brightening. In some instances, a broadened Si v
1394 A line profile clearly shows evidence of blue-ward asymmetry.

Based on the OCCULT algorithm we detected 1936 RBEs in an
active region plage, see Figure 4. Out of these 1936 events, only 90
events with RBE characteristics were covered by the narrow IRIS
slit.

In addition, we required that events should have a lifetime of at
least 2 IRIS slit cadence (~32 s). These additional conditions were
satisfied by 35 events. Of these 35 events, 14 of them were close
to a large-scale active region flow. The Si 1v spectra associated with
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Figure 10. Panel (a): Si v 1394 A intensity raster. Panel (b): Si 1v intensity
raster at 1393.587 A (~ —36 km s™!). Panel (b): Constructed raster of H a
blue wing at =35 km s~!. The overlaid event numbers show the location of 7
RBE:s that have a co-evolving Si 1v spectral signature. Time O corresponds to
10-Jun-2014 07:50:53.320 UT.

this region were dominated by a strong blue-shift for the entire dura-
tion of the observations. Therefore, we discarded those events which
were close to the flow. For counting purposes, events with multiple
threads would counted as one event. This reduced the event count
under the IRIS to 11. Out of these 9 RBEs, only 2 of them show
a standard blue-shifted H « profile as in Langangen et al. (2008);
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Sekse et al. (2012). The remainder has significant broadening in the
red wing. As shown earlier in Figure 4, the left side of the flow-chart
of the detection scheme shows the results based on the SJI 1400
A channel, while the right side of the chart summarises the current
study.

The present work showed that by comparing the spectral prop-
erties of RBEs across different spectral lines, covering different re-
gions in the solar atmosphere, there are a diverse population of chro-
mospheric jets that can reach up to transition region temperatures
and produce enhancement in the Si 1v transition region line.

The RBE-like features (whether single or multi-threaded) can be
sub-divided into several categories; events with pure blue shifted H
«a profile without any absorption in the red wing, broadened line pro-
file with the absorption in the blue is stronger compared to the red
wing, core absorption and another 2 show core emission. However,
this work does not discuss events that suddenly disappear at a partic-
ular wavelength within the H « profile, then appearing at a different
wavelength, e.g. Judge et al. (2011); Shetye et al. (2016); Pereira
et al. (2016). Furthermore, Yurchyshyn et al. (2020) using high ca-
dence data from the Goode Solar Telescope operating at the Big Bear
Solar Observatory, found H & RBEs that show very rapid morpho-
logical changes on timescales of the order of 1 s.

Based on a cross-correlation of the RBE-like features as seen in
H @, just ~50% of them show an enhancement in the intensity of
the IRIS 1400 A filter. Looking at the RBE-like events which have
a Si v 1394 A line profile, 78% of them show a Si 1v line flux in-
crease. From these, almost all of them (85%) show a broadened blue-
shifted Si v component at some time during their evolution. The
time when we see enhanced emission or line width indicates that a
second broadened component is required which may or may not be
blue-shifted. Rouppe van der Voort et al. (2015) also showed that
the Si 1v profile has in some instance a second slightly blue-shifted
broadened component.

Kleint & Panos (2022) showed that only 0.01% of all IRIS Si 1v
spectra show burst-like features. Although some of the Si 1v spectra
associated with the H @ RBE reported here do show a weakly blue-
shifted broadened component, none of them show the extensive dy-
namic spectra reported in the above paper. This is in agreement with
work by Huang et al. (2017) who also looked at the same dataset
as used here, but instead looked for highly broadened events termed
explosive events; none were at the locations of the RBEs studied
here. The present work shows that multiple spectral and imaging
signatures dominate the accuracy of the detection methods used, im-
plying that to detect the exact characteristics of spicules across the
solar atmosphere needs careful analysis. We show the properties of
RBEs and their signature in the transition region using co-spatial
and co-temporal observations from CRISP/SST and IRIS. By study-
ing the Si v 1394 A spectra as well as the time series of the SJI
1400 A pass-band images, we find a clear signature of RBEs in the
transition region.
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APPENDIX A: COMPUTING SPECTRAL PROPERTIES BY
FITTING IRIS SPECTRA WITH GAUSSIANS

The double Gaussian fitting was performed using the iris_auto_fit
routine, which uses the Levenberg Marquardt algorithm. For the
double Gaussian fitting, the fitting function is a linear combina-
tion of two single Gaussians. We used the template function to fit
double Gaussian as suggested in https://pyoung.org/quick_
guides/iris_auto_fit.html. The initial value of the centroid
is approximately the rest wavelength of Si 1v 1394 A for both the
Gaussian component and it is allowed to vary +£0.5A from the cen-
troid. Therefore, the algorithm can fit asymmetric components be-
tween +107 km s~!. The allowed width limit for the fit is between
0.02t00.55A . See https://pyoung.org/quick_guides/iris_
auto_fit.html for more details. The above method gives a broad
secondary component with a very small velocity shift in most of
the jet-like events studied in this work, e.g. Figures 6 and 7. How-
ever, the same fitting method can also result in two Gaussian profiles
which are largely separated in velocity. An example of a such pro-
file is shown in Figure Al. The blue curves are the two Gaussian
components and the red curve is the fitted spectra.

APPENDIX B: DATA AVAILABILITY

The reduced CRISP/SST data underlying this article will be shared
on reasonable request to the corresponding author. All IRIS data is
available via the IRIS webpage.
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