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ABSTRACT

Context. Exploding granules have drawn renewed interest because of their interaction with the magnetic field (either emerging or
already present). Especially the newly forming downflow lanes developing in their centre seem to be eligible candidates for the in-
tensification of magnetic fields. We analyse spectroscopic data from two different instruments in order to study the intricate velocity
pattern within the newly forming downflow lanes in detail.

Aims. We aim to examine general properties of a number of exploding granules, such as their lifetime and extend. To gain a better
understanding of the formation process of the developing intergranular lane in exploding granules, we study the temporal evolution
and height dependence of the line-of-sight velocities at their formation location. Additionally, we search for evidence that exploding
granules act as acoustic sources.

Methods. We investigated the evolution of several exploding granules using data taken with the Interferometric Bidimensional Spec-
trometer and the Imaging Magnetograph eXperiment. Velocities for different heights of the solar atmosphere were determined by
computing bisectors of the Fe I 6173.0 A and the Fe 1 5250.2 A lines. We performed a wavelet analysis to study the intensity and
velocity oscillations within and around exploding granules. We also compared our observational findings with predictions of numeri-
cal simulations.

Results. Exploding granules have significantly longer lifetimes (10 to 15 min) than regular granules. Exploding granules larger than
3.8” form an independent intergranular lane during their decay phase, while smaller granules usually fade away or disappear into the
intergranular area (we find only one exception of a smaller exploding granule that also forms an intergranular lane). For all exploding
granules that form a new intergranular downflow lane, we find a temporal height-dependent shift with respect to the maximum of the
downflow velocity. Our suggestion that this results from a complex atmospheric structure within the newly forming downflow lane
is supported by the comparison with synthesised profiles inferred from the simulations. We found an enhanced wavelet power with
periods between 120 s to 190 s seen in the intensity and velocity oscillations of high photospheric or chromospheric spectral lines in

the region of the dark core of an exploding granule.
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1. Introduction

Observations of the solar photosphere show a granular pat-
tern that is driven by convection, with granules evolving on
timescales of minutes and varying in shapes and sizes. An easily
identifiable group of granules are the so-called exploding gran-
ules. They can be distinguished from regular granules by their
rapid horizontal expansion with speeds between 1.7kms™! and
3.2kms™! (Namba 1986), and especially by the dark core they
develop, which is seen as a reduction in continuum intensity.
Exploding granules were first described by Carlier et al. (1968).
They found that exploding granules show a specific way of dis-
solving. After developing a dark core in their centre, which is
surrounded by a bright doughnut-shaped structure, these gran-
ules split into a new generation of granules. Namba (1986) found
that exploding granules occupy about 2.5% of the solar surface at
any time and can reach diameters up to 5.5”. In comparison, reg-
ular granules have a typical size of about 1.8” (Roudier & Muller
1986). In a recent study by Roudier et al. (2020), a wide range
of instruments were used to study the evolution of hundreds
of exploding granules in continuum time sequences at differing

spatial resolution. The authors showed that the highest expan-
sion velocities are reached initially, followed by a rapid decrease
in the expansion velocity within the first two minutes.

First observations of exploding granules in white-light
images caused authors to speculate about the origin of the inten-
sity drop in the core. Based on their models of solar granulation,
Nelson & Musman (1978) found that granules twice the size of a
mean granule show a darker centre surrounded by a bright ring,
resembling an exploding granule. In the model, this was caused
by opacity fluctuations in large-scale granules. Roudier et al.
(2001) used spectrographic data taken at different wavelengths to
describe the temporal evolution of intensities and Doppler veloc-
ities of exploding granules. In most cases, they still measured an
upflow velocity within the dark core, but these velocities became
decreased in comparison of the surrounding gas. Hirzberger
et al. (2001) in contrast found a downflow velocity within
the dark core. They used data from high-resolution 2D spec-
troscopic observations with the German Vacuum Tower Tele-
scope at the Observatorio del Teide (Tenerife) and determined
a downflow of material at the dark centre with a maximum veloc-
ity of about 0.7 to 1.2km s~!. This downflow was also confirmed
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by Nesis et al. (2001). In the further development of explod-
ing granules, the dark centre most often develops into new inter-
granular lanes, splitting the large granule into several fragments.
Palacios et al. (2012) used data from the Imaging Magneto-
graph eXperiment (IMaX) on board the Sunrise stratospheric
telescope (Martinez Pillet et al. 2011; Barthol et al. 2011) to
observe mesogranular-sized exploding granules and found mag-
netic loops embedded in the new downflow lanes of one of the
fragmented exploding granules.

Fischer et al. (2017) used spectropolarimetric data from Hin-
ode and slit spectra from the Interface Region Imaging Spectro-
graph (IRIS) to observe the evolution of an exploding granule.
They found that the magnetic elements at the edges of the
observed granule are squeezed by fast horizontal flows and con-
cluded that exploding granules can create shock waves in this
way that dissipate in the chromosphere.

The phenomenon of exploding granules was also studied in
numerical simulations of the photosphere (Spruit et al. 1990;
Rast et al. 1993; Rast 1995; Rempel 2018). Rast (1995) stud-
ied the formation of exploding granules and the temporal evolu-
tion of horizontal and vertical velocities with simulations. They
found that the highest vertical upflows are located at the edge
of a granule, with the downflow developing preferentially at the
centre of the rapidly expanding granule.

The turbulent atmosphere of the newly forming downflow
lane could be an additional source for an increased acoustic flux.
Roth et al. (2010) found that exploding granules contribute to the
excitation of solar p-modes, similar to the excitation of p-modes
triggered in intergranular lanes (see Bello Gonzalez et al. 2010).

Rimmele et al. (1995) and Goode et al. (1998) used observa-
tions carried out with the Vacuum Tower Telescope, also known
as the Dunn Solar Telescope (DST), of the National Solar Obser-
vatory at Sacramento Peak, New Mexico, and found that acous-
tic events occur primarily in intergranular lanes. Rimmele et al.
(1995) also observed several exploding granules, but found no
significant correlation between acoustic events and exploding
granules. On the other hand, Rutten et al. (2008) found that an
exploding granule caused an increase in oscillation amplitude in
the Ha core intensity and He Dopplergrams in one case study.

Recent studies such as Guglielmino et al. (2020) explored
the interaction of the exploding granules with the emerging mag-
netic field. They linked the modification of the granule pattern to
the evolution of the magnetic flux emergence. Analysis of sim-
ulations by Rempel (2018) also recently revealed the amplifica-
tion of magnetic fields in the newly forming downflow lanes of
exploding granules. These studies further prompt us to revisit the
study of the characteristics of exploding granules and to deter-
mine the velocity field within the newly forming downflow lanes
by now making use of currently available high-quality spectro-
scopic data. We focus on the development of the dark centre of
exploding granules and its formation into a new downflow lane.
We study the general evolution as it appears in the continuum
images and the Doppler velocities throughout the photosphere
using a bisector analysis. We also investigate if there is evidence
of an increased acoustic activity associated with the newly form-
ing dark lane. Additionally, we use simulations of the solar atmo-
sphere from the MANCHA3D code (Khomenko et al. 2017) to
compare our outcomes from the observations with current atmo-
spheric models.

2. Observations and data processing

For our analysis of exploding granules, we used spectroscopic
data close to the disc centre of the quiet Sun. In this section
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Table 1. Setup information for the IBIS and IMaX observations.

IBIS IMaX

Pl [A] Fel 6173.0 Fel 5250.2
Al [A] 0.030 0.035
Cadence [s] 49 (12th Oct) 29

31 (14th Oct)
A [A]  Nal 5896.0
Arange [A] [-0.98:+0.83] non-equidist. sampling
Cadence [s] 31
A [A]  CalI8542.0
Arange [A] [-2.23:4+2.47] non-equidist. sampling
Cadence [s] 49
R 100000 75000
CCD pixel size [arcsec] 0.098 x 0.098 0.055 x 0.055
Field-of-View [arcsec] 38 x 86 51 %51
Spatial res. [arcsec] ~0.2 ~0.15
Datatype Full Stokes Stokes [ & V

we give an overview on the scientific instruments, the observa-
tional settings, and the method we used to calculate the bisector
Doppler velocities.

The data sets consist of time series recorded by IBIS
(Cavallini 2006), which was mounted at the ground-based DST
and the IMaX instrument (Martinez Pillet et al. 2011) on
board the balloon-borne telescope Sunrise (Barthol et al. 2011).
Table 1 summarises the observation setup for both instruments.

2.1. IBIS observations

The data were taken in a quiet-Sun region close to the disc cen-
tre on 12 and 14 October 2016 during the service mode cam-
paign of the DST. The duration of the time sequence in both
cases was about 75 min. The IBIS data we employed consist of
the spectropolarimetric measurements of the photospheric Fe 1
6173.0 A line with equidistant wavelength steps of 0.030 A as
well as the chromospheric lines of Na I 5896.0A and Ca II
8542.0 A. The data were calibrated using a calibration package
for IBIS data, which is offered by the National Solar Obser-
vatory (NSO). The calibration code includes the dark and flat-
field correction and a routine to eliminate time-dependent image
distortions (‘“de-stretch”). The field-dependent wavelength shift,
which is due to the collimated mount of the etalons, is removed,
as are the intensity gradients introduced by the narrowband pre-
filter. A description of the full data set acquired on these days
can be found in Ellwarth (2018).

2.2. IMaX observations

The IMaX instrument is an imaging vector magnetograph
that performed spectropolarimetric measurements in the Fe I
5250.2 A line. The data were taken on 10 June 2009 during
the flight of the balloon-borne telescope Sunrise. It observed
the solar atmosphere without atmospheric disturbances, leading
to a high spatial resolution of 0.15”— 0.18”. IMaX has several
observing modes. We used data obtained in the L12-2 observ-
ing mode, which is a longitudinal mode in which the Stokes
parameters I and V were measured at 12 wavelengths. The step
size was 0.035 A between adjacent scan positions from —192.5 to
+192.5mA around the line core at Fe 15250.2 A. For the analy-
sis we used the science-ready data set provided by the instrument
team (Martinez Pillet et al. 2011).
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Fig. 1. Line profile of the 6173.0 A line (IBIS data), where 100% of
intensity is designated as an average of the continuum. The crosses
denote the spatially and temporally averaged observed line profile, and
the solid line corresponds to a cubic spline interpolated profile. The hor-
izontal lines show the calculated bisector levels, where the green lines
mark the bisectors that are closest to the observed data points. The aster-
isk curve illustrates the bisector of the line profile. The smaller image on
the right shows the bisector line resolved with an expanded wavelength
scale.

2.3. Bisector calculation

Doppler velocities deduced from shifts of spectral lines are well
suited to obtain the average line-of-sight motion throughout the
atmosphere. If we were to assume that the velocities are uni-
form throughout the entire atmosphere, the whole absorption line
would be shifted in total. In reality, the atmospheric motions
vary. The change in the velocity throughout different heights
of the atmosphere leads to an asymmetric shape of an absorp-
tion line (Dravins 1982). To illustrate these inhomogeneities, a
bisector analysis can be performed. A bisector evaluates the dif-
ferent velocities from the different height ranges at which the
spectrum is formed. For our studies we interpolated the observed
data points with a cubic spline before calculating the bisector
velocities. A bisector is defined as the wavelength A at the cen-
tre of an horizontal line, connecting the left and right wing of
the spectral line at the same intensity. Figure | shows an aver-
aged absorption spectrum of Fe 16173.0 A with the bisector val-
ues. The height-dependent Doppler velocities v ps are computed
from that wavelength by

(41— 4o)
A

with ¢ being the speed of light. To determine the rest wavelength
Ao, we calculated the temporal average of the line core wave-
length for the whole field of view. An averaged line profile of
the Fe 1 5250.2 A line and the corresponding bisector heights is
shown in Fig. 2.

The precision with which the position of a spectral line is
measured (Doppler precision) is coupled to the spectral resolu-
tion and hence to the applied spectral sampling. As a rule of
thumb, the measurement precision is about 1/20th of a spectral
pixel. This value was confirmed for instance by Wohl & Schmidt
(2000). Thus, IMaX and IBIS data are well suited for measuring
the temporal behaviour of granular flows, as shown in Fig.7.
To remove the five-minute oscillations of the solar surface, we
applied a sub-sonic filter with a cut-off velocity of 7 kms~! (Title
et al. 1989) to the data.
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Fig. 2. Line profile of the 5250.2 A line (IMaX data), where 100% of
intensity is designated as an average of the continuum. The markers
denote the averaged observed line profile, and the solid line corresponds
to a cubic spline interpolated profile. The horizontal green lines mark
the used bisector heights that are closest to the observed wavelength
points.
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Fig. 3. Visual representation of the development of an exploding granule
and its disintegration by splitting into a new generation of granules.
1: A bright granule appears and expands rapidly. 2: Development of a
decrease in intensity in the centre of the granule. 3: Dark centre expands
and downflow velocity can be measured. 4: Intergranular lane structure
becomes visible. 5: Exploding granule is completely separated into a
new generation of granules or fragments.

3. Results and discussion

Figure 3 shows a simplified illustration of the development of
a typical exploding granule until its destruction through frag-
mentation. We refer to these stages throughout according to the
numbers given in the illustration. We performed a visual inspec-
tion of the continuum image time series of the IBIS and IMaX
data and searched for exploding granules. Our criterion was the
appearance of a bright doughnut-shaped structure surrounding a
dark core, such as in stage 3 in Fig. 3.

The IBIS and IMaX data sets both provide a large field
of view in which several exploding granule events take place
within the time sequence. In Fig.4 an example of an explod-
ing granule observed with IBIS is shown in the upper row
over time. The lower row shows another exploding granule, in
this case, observed by the IMaX instrument. We selected six
exploding granules from the IBIS data set and characterised
them by size, expansion velocity, and lifetime. From the IMaX
data, three exploding granules were examined. In Table2 all
observed exploding granules are listed and named. We deter-
mined the expansion velocity, the maximum diameter an explod-
ing granule reaches before splitting up, and the total lifetime of
all IBIS events. In contrast, we only determined the maximum
diameter of exploding granules observed by the IMaX instru-
ment because the time series of IMaX has several instrumentally
caused interruptions, resulting in two shorter usable sequences
that therefore do not capture the events from formation to frag-
mentation. According to Hirzberger et al. (1999), the lifetime of
granules depends on their creation and destruction mechanisms.

A96, page 3 of 13


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202038252&pdf_id=1
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202038252&pdf_id=2
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202038252&pdf_id=3

A&A 653, A96 (2021)

y [arcsec]

y [arcsec]

x [arcsec] x [arcsec]

x [arcsec]

x [arcsec]

Fig. 4. Upper row: images taken in the continuum of the IBIS data and
normalised to the mean continuum intensity. Example of the evolution
of exploding granule IBIS 6 (see Table 2). Lower row: images taken in
the continuum of the IMaX data and normalised to the mean continuum
intensity. Example of the evolution of exploding granule IMaX 1 (see
Table 2).

Table 2. Expansion velocity, maximum diameter, lifetime, and cadence
of observation of the exploding granules from the IBIS and IMaX data.

# Exp. velocity Max diameter Lifetime Cadence
[kms™'] [arcsec] [min] [s]
IBIS 1 0.73 £ 0.15 3.1 12.56 31
IBIS2 * 0.99 +0.05 4.3 10.79 49
IBIS 3 0.54+£0.13 3.0 12.45 49
IBIS 4 0.67 +0.14 3.1 14.94 49
IBIS 5 1.05 £ 0.05 2.7 10.99 31
IBIS6 * 2.13+0.15 4.5 9.94 31
IMaX'1 * - 4 - 29
IMaX 2 * - 3.8 - 29
IMaX 3 * - 2.6 - 29

Notes. The granules marked with an asterisk form a new, independent
intergranular lane with an origin in the dark centre of the exploding
granule.

Their observations lead to a mean lifetime in the range between
T = 4.49min up to T = 9.23 min. The lifetime of the observed
exploding granules in this work with values between T = 10 min
and 7 = 15 min is significantly higher than this mean lifetime of
regular granules.

3.1. Newly forming downflow lanes

New downflow lanes are typically generated by the fragmenta-
tion of pre-existing granules. During the fragmentation of the
exploding granule, we typically observe dark barbs in the con-
tinuum image that develop from the dark core towards already
established downflow lanes (stage 4 in Fig.3). These develop
into new intergranular downflow lanes that eventually fragment
the granule.

The evolution of two different exploding granules from the
IBIS data set is shown in Fig. 5. The continuum and line-of-sight
velocity maps illustrate the onset of the dark core and the disso-
lution process over several minutes. At first inspection, granule
IBIS 2 (first two rows) clearly shows a development according
to the stages in Fig. 3, whilst the dark core in granule IBIS 3
(last two rows) develops very close to an established intergranu-
lar lane. A closer look at the examples shown in Fig. 5 reveals a
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difference in the formation of new downflow lanes. Granule IBIS
2 shows a doughnut-shaped exploding granule in the continuum
light and also in the velocity map. The dark core of this granule
evolves in the centre of this. In contrast, the downflow in granule
IBIS 3 appears to develop starting from the already established
intergranular lane at the edge of the granule, and it later visu-
ally forms a bridge to the central dark core (see the area marked
with a black circle). At ¢ = 3.27 min, this granule appears to be
already split up in the velocity maps.

Comparing the continuum images and the line-of-sight
velocities for all granules, we find that for some granules, the
intensity drop in the centre of the granule precedes the down-
flow in the velocity map while it coincindes for others, and we
also observe cases in which the downflow occurs first. The dis-
solution shows a striking difference: Whereas the larger granule
IBIS 2 fragments by being split up by a newly forming inter-
granular lane, granule IBIS 3 seems to shrink, with the dark core
fading into the close pre-existing intergranular lane. When the
entire data set is classified, we find that all of the exploding gran-
ules with a diameter larger than 3.8” form an independent new
intergranular lane that develops from the dark core. Exploding
granule IMaX 3 also shows this development into an indepen-
dent intergranular lane, but only reaches a maximum diameter
of 2.6”. All other smaller granules disappear by fading and dis-
appearing into the surrounding intergranular lanes.

Granules IBIS 2 and IBIS 3 show a maximum downflow of
0.27kms™! and 0.22 kms™!, respectively, within the dark core.
For the average of the maximum line-of-sight velocity in the
dark core for the six observed granules in the IBIS data we obtain
a mean downflow velocity of 0.24 + 0.05kms™".

We also analysed whether the newly formed downflow lane
at the dark core showed a similar behaviour as regular intergran-
ular lanes. We therefore studied the height-dependent variation
of bisector velocities. To this end, we first distinguished granules
and intergranular lanes by using intensity maps over the field of
view in the continuum and over time. With a limit of +5% of the
mean intensity for granular and intergranular areas, respectively,
we determined averaged bisector shapes for both cases. In Fig. 6
these averaged bisectors are represented by the dashed lines. The
dark core and subsequent newly forming downflow lane within the
exploding granule is represented by an average of 9 pixels from the
centre of granule IBIS 2. From time step t = O minto ¢ = 2.45 min,
in the phase in which the dark core starts to form (stage 2 in Fig. 3),
we observe that the velocities through the photosphere transform
with time relatively uniformly from an upflow to a downflow. The
downflow velocities in the dark centre of the exploding granule are
somewhat higher at all heights than the averaged velocity of the
typical intergranular lanes. When the dark core becomes visible
in the continuum images (stage 3 in Fig. 3), the bisector shows a
slight bend towards higher downflow velocities in the lower atmo-
sphere. At ¢t = 6.53 min, the bisector comes close to the shape
and velocity values of typical intergranular downflow lanes. At
the same time, the continuum images show the new fully devel-
oped intergranular lane (stage 5 in Fig. 3).

Images at the wavelength at which the line intensity is higher
than about 70% show a clear granulation pattern with bright
granules and dark intergranular lanes and correspond to the
lower photospheric atmosphere. The bisector velocity values
obtained at this intensity level accordingly show a downflow in
areas of intergranular lanes, whereas bisector values analysed
closer to the line core carry information of the higher photo-
spheric atmosphere. From an intensity level of about 70%, a
reversed granulation signature appears in which upflows replace
the downflows in the intergranular structure.
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3.2. Height dependence

When we assume that a dark core forms as a result of buoyancy
braking and radiatively cooled gas returning to the solar surface
from higher in the atmosphere, we would expect a delay in time
for downflowing material when the onset of the downflow at dif-
ferent heights in the atmosphere is timed. This has been observed
by Oba et al. (2017), who found a delay of less than 30s for a

height difference of about 120km by using slit spectropolari-
metric data. Because our data have a lower cadence, this delay
cannot be resolved adequately in the IBIS or IMaX data. How-
ever, we observe another phenomenon concerning the time evo-
lution of the height-dependent downflow velocity. The time at
which the maximum downflow velocity of the dark core occurs
at any given height seems to possess a shift in time for some
of the studied exploding granules. The lower in the atmosphere
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Fig. 7. Velocities at different intensity levels in the spectral line at
which the bisectors are calculated (corresponding to different atmo-
spheric heights) for the centre of the dark core plotted over time. The
upper plot shows the velocities of IBIS 2 granule, inferred from the
6173.0 A line. The lower plot shows the velocities of IMAX 3 granule,
inferred from the 5250.2 A line. The left dashed line marks the time at
which the dark core is visible for the first time, and the right dashed
line marks the time at which the exploding granule is split into a new
generation of granules.

of the Sun, the later the development of the maximum of the
downflow inside the dark core. This delay was only detected for
the two largest granules in our IBIS sample, which are also the
only two IBIS granules that form a new intergranular lane by
fragmentation. The four smaller exploding granules from IBIS
did not show this effect. Instead, the time at which the veloci-
ties reach their maximum at the different heights is nearly iden-
tical. In Fig.7 the temporal evolution of the velocities of the
dark cores of two granules are shown. We show the velocities of
different intensity levels in the spectral line at which the bisec-
tors are calculated (corresponding to different heights). The tem-
poral shift of the maximum velocity through the solar atmo-
sphere of the granules IBIS 2 and IMaX 3 is shown. The maxi-
mum downflow velocity of IBIS 2 at line intensities of 48% and
60% (high photosphere) is reached earlier than at 75% and 94%
(lower photosphere), with a delay of about 48 s. This delay was
also found with about 61 s for the IBIS 6 granule (see Fig. A.1,
also for further examined granules). IMaX 3 is a smaller gran-
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ule with a maximum diameter of 2.6””. However, in contrast to
the small IBIS granules, IMaX 3 granule forms an intergran-
ular lane from its central dark core. Figure 7 shows that this
granule also exhibits the described time shift in the maximum
downflow velocity. The time shifts A#, measured by the Fe I

5250.2 A lines of IMaX are about 20s for IMaX 3 and 23 s for
IMaX 2. For the granule IMaX 1 we cannot make a compara-
ble statement for the velocity development because this granule
did not show a well-developed velocity maximum, see Fig. A.2.
However, for every other granule forming a new intergranular
lane from their dark core, we find a time shift.

The differences between the IBIS results might arise because
the data containing exploding granule IBIS 6 were much noisier
than the data for granule IBIS 2. In addition, the data sets have a
different cadence (see Table 1).

A comparison of the IBIS and IMaX data might also not
be straightforward. Both lines are photospheric, but they are
still not directly comparable. For example, the line core of Fe
I 5250.2 A is approximately formed at a height of 440 km and
the Fe 16173.0 A core forms at a height of 387 km over 7599 = 1,
as confirmed using local thermodynamic equilibrium (LTE) sim-
ulations of Sheminova (1998). Additionally, both curves origi-
nate from different spectral resolution observations. Stief et al.
(2019) showed that an increased spectral resolution results in a
more strongly developed C-shape of the bisector. Because the
IBIS data have a higher spectral resolution than the IMaX data,
the time shift of the maximum velocities may also be less pro-
nounced in the IMaX observations.

3.3. 3D MHD simulations

Three-dimensional radiative-magnetohydrodynamic (RMHD)
simulations provide deeper insight into the physical processes in
the solar atmosphere through a comparison of observations and
comprehensive theory. For this purpose, we additionally anal-
ysed MANCHA3D simulations (Khomenko et al. 2017). We used
these simulated data to verify whether the velocity shift men-
tioned in Sect. 3.2 also occurs in atmospheric models. In the sim-
ulations the time-dependent, non-ideal, and non-linear equations
of the single-fluid RMHD theory are solved on a 3D Cartesian
grid. It is assumed that LTE holds. The effects of the ambipolar
diffusion due to the partial ionization of the plasma are included.
The computational domain covers a height range from 0.95 Mm
below the surface up to the lower chromosphere at approxi-
mately 1.4 Mm above the solar surface. The simulation contains
a (5.8 x 5.8 x 2.35)Mm?® box with the grid points distributed
uniformly in the horizontal directions with 20 km and in the ver-
tical axis with 14 km. Details about the simulation setup can be
found in Khomenko et al. (2018). We extracted time sequences
at a cadence of 20 s from the simulations.

In the simulated data set we found three striking examples of
large exploding granules. In Fig. 8 the evolution of one of these
granules is shown in temperature at a height of 0 km (geometri-
cal height corresponding to the mean optical depth unity) in the
photosphere, together with the vertical component of the veloc-
ity at the same geometrical height. The exploding granule in the
simulation exhibits a temporal behaviour that is similar to that of
the observed exploding granules that develop a new intergranular
lane.

We are again interested in the velocity evolution within the
dark core at the centre of the exploding granule. We calculated
for each height the time of the maximum downflow during the
formation of the intergranular lane and determined the tempo-
ral difference At,  between these respective highest velocities
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Fig. 9. Time delay At, , plotted over the height in the simulated solar
atmosphere from 100 km below the photosphere to about 476 km above
for different simulated granules. The dashed orange line indicates & =
Okm.

(see the discussion of this time shift in Sect. 3.2). In Fig. 9 this
time delay of the maximum downflow velocity (v;) versus the
height within the simulation box for the three examined explod-
ing granules is shown. The data point at Af, = 0 min cor-
responds to the first maximum that occurs in time. In all three
cases, it is at a height of approximately 300 km. In case of GR
3, the maximum is reached at the same time for heights between
about 300 and 400 km. Although the shape of the lines varies,
they all follow the same trend of an increasing delay of the max-
imum downflow when progressing into the lower atmosphere.
The time delay is not linear and proceeds well below the solar
surface. We do not intend a comprehensive 1-to-1 comparison to
the observations, but we endeavour to estimate the imprint that
this velocity evolution would have on the observed spectral lines.
We also studied the effect of the resolution on the appearance of
the exploding granule. We used the MANCHA-RAY code (Vitas
& Khomenko, in prep.) to compute synthetic spectra for the Fe I
6173 A line, which is the same line that was observed by the IBIS
instrument, from the simulations. The spectra were spatially and

spectrally degradedd. For the spatial blurring we use oint spread
functions (PDFs) approximated by Gaussians with a differing
full width at half maximum (FWHM) of 120 km, 180 km, and
240 km. We binned the spectral profiles to match different pixel
sizes of a camera (e.g. a binning to 0.098 arcsec corresponds
to the IBIS camera pixel size). The spectra were blurred with
a Gaussian of FWHM =25 mA, which is a good approximation
of the spectral resolution of the IBIS instrument (see Reardon &
Cavallini 2008), and we then sampled the profile at a reduced
spectral resolution of 30 mA, which is similar to the spectral res-
olution in our IBIS data.

We produced similar plots as for the observations by cal-
culating the bisector velocities for different intensity levels in
the atmosphere (corresponding to different heights in the atmo-
sphere). In Fig. 10 we show the line-of-sight velocities obtained
through a bisector calculation at the location of the dark core for
GR 3. The left image shows the bisector velocities calculated
from spectral profiles synthesised from the simulation as well as
from spectrally degraded (with a Gaussian of FWHM =25 mA)
and spatially degraded (with a Gaussian of FWHM = 120 km)
synthesised spectra for different pixel sampling. The velocities
calculated at the simulation resolution show a slight shift in the
time at which the maximum velocity is reached at different inten-
sity levels. The deeper in the atmosphere, the later the maximum.
This is in line with what was found in the velocity evolution
shown in Fig. 9, but the delay is much shorter (now only about
8s) and therefore less noticeable. This is most likely due to
observational degrading and also because the Fe I 6173 A lines
with their formation region only cover a specific range of heights
in the simulated atmosphere (cf. Sect. 3.2).

The velocities calculated from non-degraded spectra are gen-
erally higher than for the degraded spectra. In velocities from
degraded spectra, a variation depending on pixel sampling size
in the curves becomes visible only after 12 min. Here, the maxi-
mum velocity inside the dark core is reached and shows a higher
value for higher resolution (smaller pixel size), especially in the
lower atmosphere. At an intensity level of approximately 30% of
the line depth (green curves), the curves show less variation in
the velocity profile when the pixel size is increased compared to
what is seen at a line depth of 90% (lower in the atmosphere).
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0kms™! for the different percentages of the line depth.

The stagnation seen at about 8 min in Fig. 10 (left panel),
which leads to the second minimum during the establishment of
the downflow, is seen at all heights and spatial resolutions. This
means that it presumably affects the entire structure along the
line of sight. This might be caused by an initial collision of the
downfalling material with the denser upflowing material within
the newly forming downflow lane. After the stagnation phase,
a downflow can finally establish itself. The overall shape of the
velocity curve found from the degraded spectra is similar to the
curves shown in Fig. 7, for example, including a stagnation point
or hump seen at 14 min (upper panel) and 3 min (lower panel).
Most observed granules also show the development of the high-
est downflow velocity at a delay in the deeper layer, similar to
what is found from the synthetic spectra. An exception, as previ-
ously mentioned, is the exploding granule IMaX 1 (see Fig. A.2).
The amount of this delay might show a large distribution in
exploding granules depending on factors such as amplitudes of
the velocities within the newly forming downflow lanes, the size
of the exploding granule, and the lifetime. Given the few obser-
vational and simulation examples of exploding granules, we did
not attempt such a statistic.

When we compare the calculated bisector velocities derived
from synthesised spectra spatially degraded with Gaussians of
two different FWHMSs (see Fig. 10, right panel), the increase in
spatial blurring leads to a decrease in velocity magnitude and
shifts the time at which the maximum downflow is achieved to
an earlier time. The increased blurring therefore has a similar
effect as the increase in binning, as expected from this further
spatial degradation of the spectra.

The findings gathered from Figs. 9 and 10 can be explained
by the different pixel sizes at which the fine structure and
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temporal evolution of the newly forming downflow lane are sam-
pled. Figure 11 shows a sideview (v, — v, plane) of the newly
forming downflow lane at three time steps. At 9.33 min into the
sequence, the stronger downflow is initialised in a thin region
(100 km width above and below the simulated solar surface).
The downflow then rapidly expands into the upper and lower
regions and increases its speed. This is counterintuitive to the
idea that the downflow first occurs in the upper granular convec-
tion region, but explains the delay noted in Fig. 10 for the first
minimum. At 11.67 min, the downflow is established throughout
the lower photosphere and below the solar surface and appears
as a funnel structure with higher speeds at the centre of the
funnel. The edges of the funnel show turbulent flow fields, as
seen in the overplotted velocity arrows. Vortex flows appear in
the regions that separate upflows and downflows. The contours
of the magnetic field strength show a magnetic field of 10G
that forms at the location of the developing downflow (upper
panel in Fig. 11). For this cut, it is roughly co-located with the
area exhibiting the initial downflow. As the downflow becomes
more pronounced and affects a larger area within the granule
(middle and lower panels of Fig. 11), so does the magnetic field.
It increases within a larger area, still co-spatial to the downflow
region, and reaches about 40 G. This behaviour is similar to the
findings of Rempel (2018), who described an intensification of
the magnetic field up to 800 G within the newly forming down-
flow lane of exploding granules. We find a much lower magnetic
field strength, however. As the magnetic field values are very
low, similar fields would be difficult to observe and are certainly
beyond the capability of the observations we discuss here. The
two other exploding granules found in the simulations also show
a weak field (<100 G) within the new downflow lane, but it is
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atmosphere along the red line in the images on the left. Coloured background shows the v, velocity, and the black arrows represent the projection
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now initially detected above the new downflow region before it
expands within the funnel.

Describing the newly forming downflow lane as a funnel
can then also explain the differing behaviour with height of the
curves in Fig. 10. In the higher atmosphere, where the funnel is
spatially broad and wide, it shows a homogeneous atmosphere
to a larger extent. The spatial resolution becomes less relevant as
the same structure or atmosphere is observed within the funnel
structure. However, the lower in the solar atmosphere, the nar-
rower the funnel structure. It also develops a fine structure in the
strength of the downflow: the downflow in the core has accel-
erated more strongly. The larger pixel sampling size mixes the
reduced downflows and even upflows at the edges of the fun-
nel with the strong downflows that occupy a narrow channel.
With better spatial resolution, the atmospheric component with
stronger downflow starts to dominate the sampled atmosphere.

This explains the higher downflow velocities that found with
high resolution.

The signature of the temporal delay of the maximum down-
flow is therefore a sign of the combined effects of spatial fine
structure and velocity gradients along the line of sight within the
funnel structure. This in turn also means that the bisector anal-
ysis of the velocity at the dark core of exploding granules can
serve as an indicator of the spatial and line-of-sight inhomogen-
ities within the newly forming downflow lanes.

3.4. Intensity and velocity oscillations

In the previous section, the dark core and newly forming down-
flow lane were shown to be locations in which the atmo-
sphere exhibits a varying velocity structure that is more turbulent
in some areas. It is plausible that these locations are then
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Fig. 12. Top row: continuum images of three different exploding granules during the formation of the dark core recorded with the IBIS instrument.
Second row: image in the background again shows the continuum image. Areas with a wavelet power for normalised line-core intensity oscillations
in the Ca II 8542 A (first two exploding granules) and Na I 5896 A (last granule) lines are marked by contours, with the averaged power in the
period range of 120 s to 190 s. Colours correspond to different percentages of the maximum power in the field of view (cyan 20%, blue 30%, green
40%, red 50%, yellow 60%, white 80%, and fuchsia 100%). Lower row: line-of-sight velocity oscillation power in the same format as the second

row.

susceptible to local transient pressure variations, hence implying
that the newly forming lanes are possible sources for acoustic
events.

In addition to the photospheric Fe I lines, IBIS acquired data
in the high photospheric line of Na I 5896 A on 14 October and
of the chromospheric Ca I 8542 A on 12 October (see Table 2).
We applied a wavelet analysis (Torrence & Compo 1998) on the
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spectral core intensity and on the line-of-sight velocity fluctua-
tions of these spectral lines. We searched for enhanced wavelet
power in the region of the exploding granule during the onset of
the dark core up to the fragmentation.

In Fig. 12 we show three of the exploding granules observed
with the IBIS instrument, one granule per column. The first
image in the second row shows the obtained wavelet power
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averaged over the 120s to 190s range for the intensity fluctu-
ations in the Ca II 8542 A line. The largest power is obtained in
the intergranular lane at the lower right boundary of the explod-
ing granule. At ~4 min after the dark core was clearly seen (see
the first panel in the upper row), the wavelet power within the
exploding granule area reaches a large extent and almost cov-
ers the entire exploding granule. At this time, the granule is in
the process of splitting up, and the obtained power is almost
comparable to what is detected in the intergranular lanes. The
second panel in the second row is obtained in the same man-
ner, but for the exploding granule shown in the second panel
in the upper row. Again, most of the power is concentrated in
the intergranular lane. We observe a patch of enhanced power in
the region of the dark core before the onset of the actual split-
ting of the granule. This is interesting because this is thought
to be a particularly turbulent region (see Sect. 3.3), and it pre-
cedes the splitting of the granule. The third examined granule
(last plot in the second row) shows an enhanced power during
the splitting process of the large exploding granule. The power
is located within the exploding granule in the lower right region,
which is where the new downflow lane forms. In this case, the
intensity fluctuations of the high photospheric Na I 5896 A were
analysed because Ca IT 8542 A data were not available for that
day. We also performed an analysis of the velocity fluctuations of
the spectral lines for all three exploding granule examples (last
row of Fig. 12). The first panel in the last row shows extended
patches of enhanced wavelet power in more than half of the filed
of view. The power is detected earlier than the intensity oscil-
lation enhancement. The cyan extension of the power patches
([x =3,y = 4], [x = 3,y = 5]) indicates the areas that are about
to show an enhanced power in the intensity oscillation power
maps and are along the path of the newly forming downflow
lanes. For the third example (last panel in the last row) we detect
an island of wavelet power ([x = 3.8,y = 2.8]) in velocity fluctu-
ations at the new downflow lane, which already showed wavelet
power for the intensity fluctuations.

From the examples we studied, we therefore obtain areas of
enhanced wavelet power in the range of 120s to 190s at the
edges of dark cores in the exploding granules as well as locations
in which the granule splits. Enhanced oscillations seen in veloc-
ity fluctuations have been reported at intergranular and granule
fragmentation sites (e.g. Bello Gonzdlez et al. 2010). We are
now able to also support the findings of Rutten et al. (2008) of
one exploding granule. They reported intensity and Ha veloc-
ity oscillations associated with the dark core of the exploding
granule.

4. Summary and conclusions

We analysed data sets from two instruments, IBIS and IMaX,
which had different spatial resolution and cadence as well as
noise levels. In addition, we studied MANCHA3D simulations for
a qualitative comparison to our observational findings. For our
exploding granule cases, we find several trends and similarities
that we summarise below.

(1) The lifetime of the exploding granules we analysed (10
to 15 min) is considerably longer than that of ordinary granules,
which is 5 to 9 min (Mehltretter 1978; Hirzberger et al. 1999).
In the sample of exploding granules in the IBIS data set, we find
evidence for a relation of maximum size, expansion velocity, and
lifetime. We find that within the subset of exploding granules, the
granules that grow faster reach a larger size and have a shorter
lifetime.

(2) While we determined the velocity profiles of the dark
core in the photosphere, we found the mean value of the maxi-
mum downflow to be 0.24 + 0.05kms~! for the IBIS data set.

(3) There is a trend that exploding granules with diameters
smaller than ~3.8” are more likely to disappear by fading away
into a surrounding intergranular lane, whereas larger granules
form a new intergranular lane that develops from the dark core.
This is true for granules that are larger than or equal to 3.8”, with
one outlier of one smaller granule with a maximum diameter of
2.6".

(4) We also examined the bisectors extracted at the dark core
during the development to an intergranular lane. The downflow
velocities at each height of the absorption line are higher during
the time when the dark core is formed than the mean value of
established intergranular lanes. Whilst the dark core is most pro-
nounced, the velocities in the lower solar photosphere are higher
than in the upper photosphere.

(5) Granules that form a new intergranular lane also show
a temporal height-dependent shift with respect to the maximum
downflow velocity. The time delays for the maximum velocities
obtained from the data taken in Fe 1 6173.0 A line are about 48 s
and 61 s, while the delays obtained from the data taken in the Fe
15250.2 A line are about 20 s and 23 s, respectively. We note this
time shift at the point when a downflow is already established
throughout the photospheric atmosphere of the downflow lane.
This is therefore not to be confused with the time delay caused
by the onset of the downflow within the dark core.

(6) In addition, we analysed MANCHA3D simulations. We
studied the change in the behaviour of the velocity evolution at
different pixel sample sizes. Similar as in observations, we find a
time delay in the times of the maximum downflow when study-
ing the height-dependent downflow velocity of the newly form-
ing downflow lane. This is observed to at least 100 km below the
solar surface. The time delay in the maximum velocity is longer
for higher resolution (lower binning). A bisector analysis reveals
the complex atmosphere and indicates the strength of the gradi-
ents in the line-of sight velocity, whereas the study of the effects
of pixel binning displays the role of the spatial fine structure of
the downflow lane.

(7) A wavelet analysis of the intensity and velocity oscilla-
tion in the higher-forming spectral lines revealed an increased
wavelet power at the edge of the dark core of exploding gran-
ules, as well as during the granule splitting process.

‘We conclude that the new downflow lane, as observed inside
exploding granules, exhibits an intricate fine structure during its
formation. This is a horizontal spatial fine structure, which is
therefore strongly affected by the spatial resolution of the instru-
ment, and also a vertical fine structure, where the maximum
downflow is established at different times throughout the atmo-
sphere. In addition, we presented further evidence that exploding
granules are possible candidates for triggering acoustic events.
Further studies of observations with a higher spatial resolu-
tion and cadence and a large number of exploding granules are
needed to confirm our findings.
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Appendix A: Additional figures
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Fig. A.1. Temporal evolution of bisector velocities calculated from different intensity levels at the location of the dark core. The left plot shows
the velocities of granule IBIS 6, and the right plot shows results from granule IBIS 3. The left dashed line marks the time at which the dark core
is visible for the first time, and the right dashed line marks the time at which the exploding granule is split into a new generation of granules.
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Fig. A.2. Same as in Fig. A.1, now for IMaX data. The left plot shows the velocities of granule IMaX 1, and the right plot shows results from
granule IMaX 2. The left dashed line marks the time at which the dark core is visible for the first time, and the right dashed line marks the time at
which the exploding granule is split into a new generation of granules.
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