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ABSTRACT

Context. Exploding granules on the solar surface play a major role in the dynamics of the outer part of the convection zone, especially

in the diffusion of the magnetic field.

Aims. We aim to develop an automated procedure able to investigate the location and evolution of exploding granules over the solar

surface and to get rid of visual detection.

Methods. We used sequences of observations of intensity and Doppler velocity, as well as magnetograms, provided by the Helioseis-
mic and Magnetic Imager aboard the Solar Dynamics Observatory. The automated detection of the exploding granules was performed
by applying criteria on either three or two parameters: the granule area, the amplitude of the velocity field divergence, and, at the disc
centre, the radial Doppler velocity. Our analyses show that granule area and divergence amplitudes are sufficient to detect the largest
exploding granules; thus, we can automatically detect them, not only at the disc centre, but across the whole solar surface.

Results. Using a 24-hour-long observation sequence, we have demonstrated the important contribution of the most dynamic explod-
ing granules in the diffusion of the magnetic field in the quiet Sun. Indeed, we have shown that the most intense exploding granules are
sufficient to build a large part of the photospheric network. We have also applied our procedure on Hinode observations to locate the
exploding granules relative to trees of fragmenting granules (TFGs). We conclude that, during a first phase of about 300 minutes after
the birth of a TFG, exploding granules are preferentially located on its edge. Finally, we also show that the distribution of exploding
granules is homogeneous (at the level of our measurement errors) over the solar surface without a significant dependency on latitude.
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1. Introduction

The entire surface of the Sun, except in sunspot regions, is
renewed every 15-20 minutes by the motions of turbulent con-
vection. The solar granulation represents the smallest visible
scales of these motions at the top of the convective layer and
contributes to this change on very short timescales. The distri-
bution of the observed solar granules lies between 58 km, the
limit of the best spatial resolution today (DKIST, Rimmele et al.
2020), and 3000km (Roudier & Muller 1986). Some granules
rapidly increase in size and a dark spot appears in their centre
before they split into several pieces. Some fragments become
proper granules, while the others vanish. These quickly expand-
ing granules have been called ‘exploding granules’ (or some-
times ‘exploders’) and were discovered and first characterised in
the 1950s and 1960s by J. Rosch and colleagues thanks to high-
resolution cinematographic pictures of the solar surface taken
at the Pic du Midi Observatory (see Carlier et al. 1968). One
generally names the moment when they break an ‘explosion’,
even if it is not a physical explosion. The exploding granules are
the most vigorous elements of the superficial convective motions
and have a large influence on the dynamics of the photosphere,
in particular on the diffusion of magnetic field in the quiet Sun
(Roudier et al. 2020) or on the formation of the magnetic net-
work (Roudier et al. 2003, 2016; Malherbe et al. 2018), while
they cover only 2.5% of the photosphere (Namba 1986). The
break-up of an exploding granule influences the movements of
its neighbours up to a radius of around 4” (2.9 Mm) and pro-
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duces a divergence signal on spatial and temporal mesogranular
scales (Del Moro 2004).

The solar granulation is organised into families of granules
forming the so-called trees of fragmenting granules (TFGs),
which can last for several hours (Roudier et al. 2003). The
TFGs are formed by successively exploding granules originat-
ing from a single parent. They contribute to the network forma-
tion in the quiet Sun by efficiently diffusing the magnetic field
(Roudier et al. 2016). A causal link between the supergranula-
tion and exploding granules is also invoked by Rast (1995). This
author concluded that the supergranulation is related to the spa-
tial distribution of exploding granules and is a secondary mani-
festation of granulation itself.

Unfortunately, the limited (0.5” pixel) resolution of the
images provided by the Helioseismic and Magnetic Imager
(HMI) on board the Solar Dynamics Observatory (SDO) rela-
tive to those of the Hinode satellite, which is five times larger,
prevents us from detecting entire families with the SDO/HMI
data. However, the detection of exploding granules is possible
as it has been demonstrated in Roudier et al. (2020) by using
de-convolved SDO/HMI images. In this study, they evaluate the
detection and the expansion of exploding granules at several
wavelengths, and at different spatial and temporal resolutions
from ground-based and space-borne observatories (including
SDO/HMI), and recover occurrence rates of exploding granules
similar to those found in previous observations (Palacios et al.
2012).

The main goal of the present study is to take advantage of
the SDO/HMI observations to automatically detect exploding
granules across the whole solar surface. We investigate a way
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to detect automatically the exploding granules. In Sect. 2, we
describe the data selection and our reduction pipeline to get
the velocity field in spherical co-ordinates and morphological
parameters. In Sect. 3, we present in more detail the method
developed to identify exploding granules by using their area,
the divergence field, and the vertical velocity field when it is
available. We describe the location of these exploding granules
relative to the TFGs in Sect. 4. The detection of the exploding
granules, and their actions on the magnetic field, at different lat-
itudes and longitudes (along the equator) is presented in Sect. 5.
Finally, we conclude in Sect. 6 by pointing out the importance
of such exploding granules for the dynamic of the surface flow
in diffusing the magnetic field over the solar surface.

2. SDO/HMI data selection and reduction

HMI (Scherrer et al. 2012; Schou et al. 2012) aboard the SDO
provides uninterrupted observations of the entire solar disc. This
allows us to extract a uniform sequence of intensity images cov-
ering a whole day. We used the SDO/HMI white-light data from
12:00 U.T. on 5 April 2019 to 12:00 U.T. on 6 April 2019 with
a time step of 45s. The pixel scale is about 0.5”, correspond-
ing to 365.8 km at the solar surface. The exact values of pixel
scale have been used to reduce and analyse each image. The con-
version from arcseconds to kilometres properly accounts for the
exact distance between the SDO satellite and the Sun.

Different corrections have been applied in alignment
(Rincon et al. 2017). The differential rotation profile, measured
from the raw HMI Doppler images and averaged over 24 h, was
used to remove the mean horizontal flow, following the ‘derota-
tion” procedure described in Rincon et al. (2017). To summarise,
it consists of correcting the mean differential rotation of the Sun
to bring back regions of the solar surface at the location they
hold at a reference time. In the present study, the reference for
the derotation was taken at 12:00 U.T. on 5 April 2019, which is
the first image of the sequence. Thus, we can follow the evolu-
tion in time of the structures at their original longitude.

White-light intensity 4096 x4096 images were de-convolved
from the HMI transfer function (Couvidat et al. 2016) and re-
binned by a factor of two, resulting in images with a size of
8192 x 8192 and a pixel size of about 0.25” (182.9 km). This
operation allows us to increase the number of pixels for each
granule and improve the segmentation processing. Such a tech-
nique has already been successfully applied in Roudier et al.
(2020). More precisely, the most efficient segmentation algo-
rithm for solar granulation in our case is a segmentation
curvature-based criterion described in Rieutord et al. (2007).
This image segmentation is very efficient at removing large-
scale intensity fluctuations. To limit projection effects, the field
of view is restricted to 250 x 250 pixels. At the disc centre, it
corresponds to about 62.5” X 62.5”, with a slight dependence on
the distance to the Sun during the orbit. The tracked data cubes
(intensity and Doppler) were filtered in the k — w domain with
a threshold phase velocity of 6 kms™! to keep only convective
motions and remove acoustic waves (Title et al. 1989).

For comparison purposes, in Sect. 4, we also used a time
sequence of solar granulation observations between 08:04 U.T.
and 10:59 U.T. on 30 August 2010 (1h55m in length), which
were obtained simultaneously with the Hinode and SDO satel-
lites. They have a pixel size of 0.11” and 0.5”, respectively.
Both sequences were re-binned with an equivalent pixel size
of 0.25”. These sequences were aligned, filtered for 5-minute
oscillations, and then segmented. Finally, we also used a 48-
h sequence of granulation obtained by Hinode from 29 to 31
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August 2007 already reduced by Roudier et al. (2016) to locate
exploding granules relative to the TFGs in Sect. 4.

3. Exploding granule detection

The detection of exploding granules by eye used in the previous
works (Roudier et al. 2020) is limited, since it is time-consuming
and tedious. Moreover, the very large simultaneous number of
exploding granules at a given time makes the task more diffi-
cult because the eye jumps from one granule to another con-
stantly. Thus, the required concentration is greatly multiplied.
We can add that a bias in the selection of the exploding gran-
ules acts despite the observer, who will tend to select only the
best-shaped exploding granules close to the circular shape. Con-
versely, an automated detection avoids such biases but requires
a quantitative definition of selection parameters. We thus iden-
tify exploding granules as the granules (i) with the largest area,
(ii) located where the divergence of the horizontal velocity flows
is the largest (at the spatial scale of granules), and (iii) with
a large ascending velocity to select the most powerful con-
vective elements. The granule areas were measured by isolat-
ing the granules thanks to an image segmentation method (e.g.
Rieutord et al. 2007). The determination of the horizontal flows
was performed from intensity images of HMI by using the local
correlation technique (LCT, November & Simon 1988). We have
access to the vertical velocity thanks to Doppler velocity mea-
surements, filtered from the acoustic oscillations, provided by
HMI at the same time as the intensity images. The vertical veloc-
ity is thus only available close to the disc centre.

3.1. Determining selection criteria

In this section, we quantitatively define the three selection crite-
ria on the granule area, the horizontal flow divergence, and the
vertical velocity, by giving the threshold they must exceed to
locate exploding granules.

First, we retained only the largest granules. We chose as a
threshold a minimum area of 1 Mm? — that is, 30 pixels — because
it corresponds to the mean area reached by the granules dur-
ing their evolution, measured by Hirzberger et al. (1999): they
showed that the distribution of maximal area reached by a gran-
ule during its evolution lie between 0.8 Mm? and 1.3 Mm? and
peaks around 1 Mm?. These large granules occupy 50% of the
area covered by granules at the solar surface, but they represent
less than 25% of the total number of granules (Roudier & Muller
1986). In this way, the smaller exploding granules are lost, but
our main goal is to study the flow field generated by the large
ones and their effects on the diffusion of the magnetic field in
the quiet Sun. We also tested a smaller threshold of 20 pixels
(0.66 Mm?), which allowed us to keep smaller exploding gran-
ules but increase the level of false detection (see further below).

Second, the divergence amplitude threshold must depend
on the spatial and temporal windows used in the LCT to cal-
culate horizontal velocities. The amplitude of velocities and
divergences deduced with LCT depend on the spatial window
(Verma & Denker 2011) and temporal window (Simon et al.
1994). For example, Strous et al. (1996) found that the diver-
gence had a maximum amplitude of 1.310 - 10~ s~! when they
used the LCT with a spatial window of 7.6 Mm and a tempo-
ral window of 92 min. On their side, P6tzi & Brandt (2005)
found a positive divergence amplitude of up to 5 - 10™*s~! with
a spatial window of 3.5Mm and a time window of 100 min,
while Verma & Denker (2011) found maximum values for diver-
gence of 1.5 - 1073 s~ with a spatial window of 2.56 Mm and
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Table 1. Density of exploding granule density related to the area and
divergence amplitude for a Doppler threshold of 0.9 kms™'.

Area Divergence  Density
Mm? s7! Mm?s~!
0.66 54710  1.63107*
066 65610 1.5210™
1.00 547107 7.90 107
1.00 6.56 10*  7.46 107>

a temporal window of 60 min. Variations between these dif-
ferent studies reach an order of magnitude. These differences
are easy to explain, since higher-resolution maps capture more
small-scale motions. Reassuringly, the 10th percentile values for
divergence are essentially the same (~4 - 10™*s™!) for differ-
ent studies (Simon et al. 1994; Verma & Denker 2011). More-
over, Fischer et al. (2017) measure a powerful exploding granule
expanding with a rate of about 0.77”2 per minute, correspond-
ing to an evaluate divergence amplitude of 5.5 - 10™*s~!. In our
case, the de-convolved HMI images have a pixel of 0.25”, which
is about 183 km. To compute the divergence, we used a spatial
window of 0.9 Mm (1.25”) and a temporal window of 3.75 min.
Our divergence amplitudes are in agreement with the values of
Verma & Denker (2011) and Simon et al. (1994) when our spa-
tial and temporal windows are taken into account. The maximum
of the divergence histogram of the divergence amplitude inside
the granule with an area greater or equal to 30 pixels is about
4.107*s7!. We tested different thresholds above this value (see
below).

Finally, for the vertical velocity we used a threshold of
0.9kms~!. This corresponds to the maximum of the histogram
of the maximal Doppler value measured inside all the granules
with an area greater or equal to 1 Mm?.

Table 1 gives the sensibility of the measured exploding gran-
ule density relative to the choice of the area and divergence
amplitude. We do not show the sensitivity to the threshold on
radial velocity, since we test in Sect. 3.3 the impact of relax-
ing this criterion. We note a larger sensitivity to the area thresh-
old, but a reduced effect concerning the choice of the divergence
amplitude threshold. These densities have to be compared to that
found by Title et al. (1989), which is 2.94 - 10> Mm? s~!, repre-
senting 41 exploding granules during a short sequence of 1360
seconds over a small field of view of 32" x 32”. We conclude
that lowing the threshold on the granule area leads to excessive
false detection.

We then chose as the criteria to automatically detect explod-
ing granules:

1. An area just before the explosion (that is, before the separa-
tion into several pieces) larger than 1 Mm? (30 pixels),

2. A divergence greater than 6.56 - 105!, representative of
exploding granules,

3. A threshold on the ascent velocity of 0.9 Mm?s~!.

We then made a visual check of the automated detection of the

exploding granules in several images. Figure 1 gives an example

of the automated detection.

3.2. Exploding granules detected at the disc centre and their
diffusion properties

This procedure allows for the detection and selection of explod-
ing granules at the disc centre on the 24 h sequence described

y (arcsec)

X (arcsec)

Fig. 1. Example of an SDO/HMI white-light intensity image of the
granulation where automatically detected exploding granules are indi-
cated by green circles, which allows visual control. The field of view is
located at the disc centre of size 62.5” x 62.5"”.

in Sect. 2. We aim to verify the ability of detected exploding
granules to diffuse the magnetic field of the quiet Sun towards
the photospheric network. To do so, we studied how passive test
particles (corks) are advected by the selected exploding granules
only, without large-scale motions present in the observed field.
We used a technique described for example in Simon & Weiss
(1989) or Rieutord et al. (2000). It consists of integrating the
trajectories of floating corks, which are initially uniformly dis-
tributed, and passively advected by a horizontal velocity field.
We then analyse their final distribution. In the following, we
describe the velocity field we used to simulate the impact of
exploding granules alone.

We simulated each detected exploding granule with an
isotropic function in the two dimensions (x, y) data cube around
its explosion time, ¢. More precisely, we modelled the horizon-
tal velocity inside an exploding granule during its lifetime as a
divergent flow around its centre with a modulus,

(1) = to 5 €xp H (}Qﬂ

ey
where r is the distance to the centre, R the radius of the explod-
ing granule, and 1, the amplitude of the field velocity. This pro-
file was obtained by assuming that the source of the horizon-
tal flow follows a Gaussian distribution. This simple kinematic
description of granules has already been used and discussed by
Roudier et al. (2023).

The radius, R, is proportional to the size of each exploding
granule. The amplitude, uy, was fixed to 2kms~!, which cor-
responds to the initial expansion speed of exploding granules
(Roudier et al. 2020). The lifetime of an exploding granule is
not a well-defined quantity, because it is difficult to precisely
define its beginning, and even more its end. However, for our
diffusion simulations, we fixed the lifetime to 3 min, which cor-
responds to the most active phase of this kind of granule, as is

A68, page 3 of 9
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y (arcsec)

30 40
X (arcsec)

0 10 20 50

30 40
X (arcsec)

Fig. 2. Detected exploding granules during 24 h and their impact on corks. Left column: Intensity maps constructing by summing up all exploding
granules detected during 24 h: bright and dark zones indicate high and low rates of exploding granules, respectively. Right column: Location
of corks diffused by these detected exploding granules using our kinematic model, superimposed over maps of the longitudinal magnetic field
observed by SDO/HMI at the end of the 24-h run. The exploding granule detection was performed with a criterion for the vertical velocity (fop
row) and without (bottom row). The field of view is located at the disc centre of size 62.5” x 62.5”.

described in Roudier et al. (2020). This choice probably under-
estimates the duration of action of the exploding granules, but
with this restriction we aim to evaluate the influence of this type
of granules, alone, on its environment and the diffusion of the
magnetic field on the solar surface.

We built a map that localises the position of detected explod-
ing granules. In practice, for each detected exploding granule
we built an image full of zeros, except for the pixels occu-
pied by the exploding granule, which were set to one (we
considered the pixels occupied by the exploding granule when
it reaches its maximal area). Afterwards, we just summed all
the images. The resulting map is shown on the top row of
Fig. 2 in the left panel. The location of corks at the end of
the 24-h simulation is shown in the right panel. It is super-
imposed with a map of the longitudinal magnetic field com-
ponent observed by SDO/HMI at the same time. First, we
observe a lower density of exploding granules where the mag-
netic field is higher, which corresponds to the photospheric net-
work. This is in accordance with previous results that indi-
cate a reduction of convective motions in magnetic regions,
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and therefore fewer exploding granules (Title et al. 1989). Sec-
ond, we observe that corks tend to gather where the magnetic
field is higher, in particular in the photospheric network. This
indicates that the most powerful exploding granules are among
the main contributors to the construction of the photospheric
network.

We also applied our automated pipeline to the data from one
of our previous works (Roudier et al. 2020, Fig. 3). The auto-
matic method detected 25% of the exploding granules that were
manually selected in this previous study. As was expected, we
lost the ones with the smallest area, but we correctly detected the
most dynamic and impactful granules in terms of surface occu-
pation.

3.3. Detecting exploding granules without Doppler velocity

While the Doppler velocity is a measurement of the vertical
velocity field at the disc centre, this is not the case at higher lat-
itudes, where the Doppler signal results from both vertical and
horizontal velocities. Therefore, the detection of exploding gran-
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ules at higher latitudes or different longitudes cannot rely on a
criterion based on Doppler velocity.

In this context, we want to test whether we can get rid of our
third selection criterion. To do so, we applied the same process-
ing chain by applying thresholds only on the granule area and the
velocity field divergence. The bottom row of Fig. 2 shows the
results of the detection with these two selection criteria alone.
Certain exploding granules (one third) are detected in consec-
utive images. By means of three-dimensional recognition, we
eliminated redundant detections. As we can see in Fig. 2 (bot-
tom), the action of the simulated exploding granules diffuses the
corks to roughly the same locations, apart from a few details,
after 24 hours.

In conclusion, the threshold on radial velocity field can be
omitted when analysing exploding granules at different latitudes,
by keeping only criteria on area and divergence. Thus, we can
also track exploding granules even when we only have access to
intensity images. We shall explore this possibility in the two next
sections.

4. Exploding granules relative to trees of
fragmenting granules

The location of exploding granules relative to large-scale con-
vective structures is also important for understanding the evolu-
tion of these convective scales and of magnetic field diffusion in
the quiet Sun. Title et al. (1989) showed that exploding granules
tend to occur inside mesogranules in regions of positive diver-
gence of the horizontal flow. They concluded that almost all the
granules in the centres of mesogranulation cells ‘either explode,
are pushed aside, or are terminated by an exploding granule in
their vicinity’ (verbatim). They also found that the granules born
in regions of convergence (that is, negative divergence) are con-
strained from exploding.

To explore how exploding granules relate to mesogranu-
lation cells, we have studied how they relate to TFGs, since
the different branches of TFGs correspond to the mesogranu-
lar scale (Roudier et al. 2009). To locate exploding granules rel-
ative to TFGs, we cannot use SDO/HMI data, since its spa-
tial resolution is not high enough. However, we already had a
48h sequence of granulation obtained by Hinode from 29 to 31
August 2007, where TFGs were detected at high spatial resolu-
tion by Roudier et al. (2016), following the method described in
Roudier et al. (2003).

Since we want to apply our automated exploding granule
detection method, we needed, as a first step, to compare the
results obtained with Hinode and SDO/HMI in a simultaneous
sequence. To do this comparison, we had access to a 1h55m-
long sequence available on the same day and at the same hours
(30 August 2010) at the disc centre with both instruments. We
first reduced the resolution of Hinode images from 0.11” to the
SDO/HMI resolution (0.25”). We used on the Hinode images the
same automated detection method that is described in Sect. 3,
except we needed to modify the threshold for divergence to
5.47-107*s7! to account for the different temporal sampling of
the two sequences (50.2 s for Hinode instead of 45 s for HMI).
Despite the adjustment of this criterion, we notice that we detect
slightly fewer powerful exploding granules in the Hinode data,
but the difference is very small.

Figure 3 (top) shows the comparison of the total exploding
granules detected with Hinode and SDO/HMI during the full
1h55m-long sequences. Both maps are very similar, indicating
that almost the same exploding granules have been detected. We
only note some amplitude differences for some of them. Nev-

y (arcsec)

y (arcsec)

X (arcsec) X (arcsec)

Fig. 3. Comparison of exploding granules detected with Hinode and
SDO/HMI in a simultaneous sequence. Top: Intensity maps construct-
ing by summing up all exploding granules detected during 1h55m on
Hinode (left) and SDO/HMI (right) with a pixel of 0.25”. Bottom: Loca-
tion of corks diffused by these detected exploding granules using our
kinematic model using Hinode (left) and SDO/HMI (right). The field of
view covers 75” X 75” at the disc centre.

60 -

y (arcsec)

20

O 1 1 1
0 20 40 60
X (arcsec)

Fig. 4. Comparison of the cork locations diffused by the exploding gran-
ules detected in Hinode and SDO/HMI (see Fig. 3). Blue and red pixels
show the locations of corks using Hinode and SDO/HMI, respectively.
Magenta indicates the superimposition of both. The field of view covers
75" x 75" at the disc centre.

ertheless, the diffusion of the corks by the simulated exploding
granules of the two sequences and their final positions reveal
strong similarities (Fig. 3, bottom). To highlight these similari-
ties, we overlaid both maps in Fig. 4 with two different colours,
red and blue. A large number of the corks appear in magenta
(that is, both colours). This indicates that, if both maps are
not perfectly identical, they are quite similar: the corks gener-
ally surround the same cells, even if we notice that some cell
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Fig. 5. Location of exploding granules (circle) relative to the TFG (in grey). Each panel corresponds to a different time: 102 min (/eft), 441 min
(middle), and 513 min (right) after the birth of the TFG. The field of view covers 59.3"” x 61.5” at the disc centre.
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Fig. 6. Evolution of exploding granules in the TFG studied in this work.
Top: Number of exploding granules detected per minute on the edge of
the TFG (dashed line) and inside the TFG (dotted line). The curves were
smoothed with a 15-min-wide boxcar. For comparison, the evolution of
the TFG area is also plotted (solid line, expressed in Mm? divided by a
factor of 50). The origin of time is the birth of the TFG. Bottom: Frac-
tion of exploding granules of the TFG appearing on the edge (solid line).
Squares show the fraction of granules of the TFG lying on its edge at
some time steps (64, 102, 173, 238, 303, 361, 441, and 513 min). Error
bars indicate the standard deviation obtained by counting the granules
in consecutive images (see text for details).

boundaries are slightly shifted or incomplete. This test confirms
that we can use Hinode data at a spatial resolution of 0.25” to
automatically detect exploding granules. Once validated on this
short sequence, we applied the method to the full sequence for
which TFGs have already been detected.
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Once detected, we located exploding granules relative to one
of the TFGs identified in Roudier et al. (2016). More specifi-
cally, we chose the one shown in a grey colour in Fig. A.1 Panel 3
of that article. We identified exploding granules that are located
inside the TFG or on its edge for 10 hours. This identification
was carried out manually. The exploding granules of the TFG
surrounded by other granules of the TFG are considered to be
inside the TFG; the others are located on its edge. Figure 5 dis-
plays some examples of the location of the exploding granules
(circles) relative to this TFG at different times: 102, 441, and 513
min from the birth of the TFG.

Figure 6 (upper panel) shows how the numbers of explod-
ing granules inside the TFG and on its edge evolve. We have
also plotted the evolution of the TFG area as a comparison ref-
erence, since, quite obviously, a wider TFG means more gran-
ules. From these measurements, we also deduced the fraction
of exploding granules of the TFG located on its edge, defined
as the ratio between the number of exploding granules on the
edge and the total number of exploding granules in the TFG —
including those on its edge (Fig. 6, lower panel). This fraction
decreases slowly (staying around 80% for more than 200 min)
before finally oscillating between 40 and 60%. Qualitatively,
such behaviour would be expected even if exploding granules
appeared randomly. Indeed, just after the birth of a TFG all of
the granules are on its edge, then the ratio between the boundary
and the total area decreases (with the noticeable exception of the
burst visible around # = 360 min due to the twisted shape of the
TFG at this moment, which temporally increases the length of
the boundary). To verify whether the appearance of exploding
granules is random or not, we also counted at several times the
number of granules (including all kinds of granules, exploding
or not) on the edge of the TFG and divided it by the total number
of granules of the TFG. We performed this counting at ¢t = 64,
102, 173, 238, 303, 361, 441, and 513 min (see square symbols
on Fig. 6, lower panel). To limit the impact of statistical fluctua-
tions, we performed the manual count on 11 consecutive images
around each considered time, ¢. We plot the standard deviations
as error bars. We thus notice that the fraction of exploding gran-
ules on the edge is higher than the fraction obtained by con-
sidering all the granules. This is especially noticeable during
the initial growing phase of the TFG (before ~300 min). We
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may assume that the highest occurrence of exploding granules
at its edge during the initial phase helps the TFG to grow and
develop. This is consistent with previous works. For example,
Roudier et al. (2016) show that the locations of maxima of hori-
zontal velocities coincide with the edges of nascent TFGs. Such
high velocities thus appear to be directly related to exploding
granules. In later phases of the TFG evolution, we notice that the
fraction of exploding granules on the edge becomes similar to
the one obtained by considering all the granules. This indicates
that the edge is no longer a preferred area for exploding granules
to appear.

5. Exploding granules at different latitudes

One of the advantages of SDO/HMI observations is the complete
coverage of the solar disc. This gives us access to the detection
of exploding granules at various positions on the solar surface.
We thus want to search for a possible variation with latitude of
the number of exploding granules. To take into account various
projection effects that would affect the measurements, we pro-
posed comparing south-north variations (along a meridian) with
measurements done in the east-west direction (along the equa-
tor), which we would take as a reference. Given the large volume
of data to be processed, we limited our analysis to a shortened
sequence of 5.2 hours.

We selected several fields at different latitudes (longitudes)
along the central meridian (the equator): —60°, —45°, —30°,
—-15°,0°, 15°,30°, 45°, and 60°. For each position, we extracted
a field of 250 x 250 pixels — that is, (45.7)> Mm? — at the centre
of the disc.

To apply our criterion to the granule area (area> 1 Mm?),
we needed to compute them by taking into account the projec-
tion effect, by dividing the apparent area by the cosine of the
angular distance between the field and the disc centre. However,
when approaching the solar limb, small granules tend to cluster
together, resulting in biased results. Hopefully, this project effect
is the same in the south-north and east-west directions; thus, we
can compare the longitudinal and latitudinal profiles.

We then measured the projection of the photospheric veloc-
ity field (u,, u,) onto the plane of the sky by using LCT. As was
previously described, the velocities, u, and u, (in km/s), were
computed at a cadence of 3.75 min with a spatial window of
five pixels, equivalent to 1.25”. The combination of the results
with the Doppler velocity maps, which provide the out-of-plane
component, u,, of the velocity field, allowed us to calculate the
full vector velocity field at the surface in solar spherical co-
ordinates, u,, ug, and ug, where 6 and ¢ denote the co-latitude and
the longitude, respectively (see Roudier et al. 2018, for details).
The divergences were calculated from u, and u in spherical co-
ordinates. We applied our criterion (div > 6.56 - 107 s7!) to this
field.

It is known that using LCT over the whole Sun produces
shrinking effects (Loptien et al. 2016). Since only local deriva-
tives in latitude and longitude involve in the computing of diver-
gence, we expect to be weakly impacted by this effect. Moreover,
both the south-north and the east-west directions will once again
be affected in the same way by a residual shrinking effect, since
it only depends on the distance to the disc centre.

We extracted the mean exploding granule density per Mm?
and per second for the 17 fields we analysed. These results are
plotted in Fig. 7 as a function of the angular distance from the
disc centre, which is the suited parameter with which to char-
acterise the projection effects. The same latitudes in the northern
and southern hemispheres do not correspond to the same angular
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Fig. 7. Density of exploding granules detected at different latitudes and
longitudes plotted as a function of the angular distance from disc cen-
tre. Solid lines join points along the central meridian in the northern
(squares) and southern hemisphere (diamonds). Dashed lines join points
along the equator in the eastern (plus signs) and western (crosses) direc-
tions.

distance from the centre, because the By angle was —6.2°. Apart
from measurement errors (computed as standard deviations), the
behaviours are very similar for the four cardinal directions: all
the curves follow the same trend. We can thus conclude that the
density of exploding granules does not significantly vary with
latitude.

As was previously done at the disc centre with the full 24-h
sequence, we applied our cork diffusion kinematic model to the
5.2-h sequence in the 17 fields at different latitudes and longi-
tudes. We simulated the exploding granules with the same func-
tions described in Sect. 3.2, but we used u, and ug (instead of u,
and u,) and we took into account the projection effect, which
transforms a circle into an ellipse as a function of the centre
angle. Figure 8 illustrates this kinematic model for the four fields
in the northern direction.

Figure 9 shows the locations of corks, superimposed over
averaged magnetic maps at different latitudes in the northern
hemisphere. In these figures, the exploding granules detected
contribute to the strong scattering of the corks, but the duration
of the processed sequence (5.2 hours) does not allow us to see the
formation of the network. Nevertheless, we notice some concen-
trations of corks on some network magnetic structures, even after
such a short time, highlighting how the most intense exploding
granules are important contributors to the diffusion of magnetic
field at the solar surface.

6. Discussion and conclusion

The whole solar surface is governed by turbulent convection.
The impact of exploding granules on the solar surface dynam-
ics and magnetism has been studied by various authors in the
last few decades. It has long been recognised that the few con-
vective elements that are the most dynamic play a dominant
role in magnetic field diffusion and also in acoustic wave gen-
eration. Indeed, according to Roth et al. (2010), the exploding
granules contribute to the excitation of solar p modes in addition
to the contribution of intergranular downflow lanes. The vigor-
ous expansion of the exploding granules has radially outward-
facing horizontal flows, causing, together with the horizontal
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flows from the surrounding granules, the magnetic elements in
the bordering intergranular lanes to be squeezed and elongated.
In reaction to the squeezing, Fischer et al. (2017) detect a chro-
mospheric intensity and velocity oscillation pulse, which was
identified as an upward travelling hot shock front, visible in
Mg h&k lines. In addition, an enhancement in the intensity
and velocity oscillations of high photospheric or chromospheric
spectral lines is found in the region of the dark core of an explod-
ing granule (Ellwarth et al. 2021). Guglielmino et al. (2020) dis-
cussed the magnetic nature of exploding granules. They suggest
that multipolar structures emerging into the photosphere, resem-
bling an almost horizontal flux sheet, could be associated with
exploding granules. Doppler shifts of up to 9 km/s are observed
at the edges of bright granules, demonstrating that the flows
reach supersonic speeds (Bellot Rubio 2009). These supersonic
flows may be linked to the exploding granules (Oba 2018).

In this paper, we have proposed a way to automatically
detect the most dynamic convective elements, the exploding
granules, in the SDO/HMI de-convolved images, freely available
at JSOC!, by using their area and the amplitude of their diver-
gences. At the disc centre, the Doppler velocity can be used as an
additional criterion, but appears to be unnecessary. The method
we propose here is quite simple to implement. It requires (i) a
measurement of the granule area and (ii) a measurement of the
horizontal velocity field. For the first measurement, a segmenta-
tion algorithm is needed. We have made publicly available such
a tool in the Correlation Structure Tracking (CST) package?. For
the latter measurement, the LCT is needed. Several implementa-
tions of the LCT have already been made public?.

As a first step, we measured the density of exploding gran-
ules at the centre of the disc over a 24-hour period. We found
a deficit of these dynamic elements where the magnetic field
is stronger and more concentrated. By modelling the horizontal
velocity inside an exploding granule as a divergent flow around
its centre, we simulated the action of all the detected explod-
ing granules on corks. Looking at the resulting final corks posi-
tions after 24 h of evolution, we noticed similarities between
cork locations and the longitudinal magnetic field. Corks gath-
ered where the magnetic field is higher, in particular in the net-
work, even though we used a simple model, have only selected
the most active divergent elements and have neglected the large-
scale underlying motions. This illustrates how exploding gran-
ules are sufficient to form a large part of the photospheric mag-
netic network in the quiet Sun.

We also studied the position of exploding granules relatively
to the TFGs. We noticed that the most intense exploding granules
are preferentially located on the edges of a TFG, during a period
of about ~300 minutes after the birth of the TFG.

We investigated a possible latitudinal dependency in the
number of exploding granules. We find the same rate of explod-
ing granules at different latitudes within the measurement errors,
once we correct for the project effects.

Future works could focus on the evolution of the den-
sity of these exploding granules during the solar cycle, given

! http://jsoc.stanford.edu

2 The CST is available at the Multi Experiment Data & Oper-
ation Center: https://idoc.osups.universite-paris-saclay.
fr/medoc/tools/cst-codes/

3 See for  example https://solarmuri.ssl.berkeley.
edu/overview/publicdownloads/software.html in IDL or
https://github.com/Cadair/pyflct in Python.

the observed fluctuations in granulation properties at different
phases of the cycle (Ballot et al. 2021). Other studies could also
be carried out in the vicinity of active regions to determine,
for example, the erosive effect of these exploding granules on
sunspots.

Acknowledgements. We thank the anonymous referee for providing helpful and
constructive comments. We thank Jean-Marie Malherbe for very useful discus-
sions and advices. The HMI data is courtesy of the SDO/HMI Science Investi-
gation Team. Some computing was performed at the JSOC, which is located at
the Stanford University and operated by the HMI Science Investigation Team.
This work was granted access to the HPC resources of CALMIP under the
allocation 2011-P1115. This work was supported by COFFIES, NASA Grant
80NSSC22MO0162.

References

Ballot, J., Roudier, T., Malherbe, J. M., & Frank, Z. 2021, A&A, 652, A103

Bellot Rubio, L. R. 2009, ApJ, 700, 284

Carlier, A., Chauveau, F., Hugon, M., & Rosch, J. 1968, Academie des Sciences
Paris Comptes Rendus Serie B Sciences Physiques, 266, 199

Couvidat, S., Schou, J., Hoeksema, J. T., et al. 2016, Sol. Phys., 291, 1887

Del Moro, D. 2004, A&A, 428, 1007

Ellwarth, M., Fischer, C. E., Vitas, N., Schmiz, S., & Schmidt, W. 2021, A&A,
653, A96

Fischer, C. E., Bello Gonzilez, N., & Rezaei, R. 2017, A&A, 602, .12

Guglielmino, S. L., Martinez Pillet, V., Ruiz Cobo, B., et al. 2020, ApJ, 896, 62

Hirzberger, J., Bonet, J. A., Vizquez, M., & Hanslmeier, A. 1999, ApJ, 515, 441

Loptien, B., Birch, A. C., Duvall, T. L., Gizon, L., & Schou, J. 2016, A&A, 590,
A130

Malherbe, J. M., Roudier, T., Stein, R., & Frank, Z. 2018, Sol. Phys., 293, 4

Namba, O. 1986, A&A, 161, 31

November, L. J., & Simon, G. W. 1988, ApJ, 333, 427

Oba, T. 2018, Ph.D. Thesis, Graduate University for AdvancedStudies, Japan

Palacios, J., Blanco Rodriguez, J., Vargas Dominguez, S., et al. 2012, A&A, 537,
A21

Potzi, W., & Brandt, P. N. 2005, Hvar Obs. Bull., 29, 61

Rast, M. P. 1995, ApJ, 443, 863

Rieutord, M., Roudier, T., Malherbe, J. M., & Rincon, F. 2000, A&A, 357, 1063

Rieutord, M., Roudier, T., Roques, S., & Ducottet, C. 2007, A&A, 471, 687

Rimmele, T. R., Warner, M., Keil, S. L., et al. 2020, Sol. Phys., 295, 172

Rincon, F,, Roudier, T., Schekochihin, A. A., & Rieutord, M. 2017, A&A, 599,
A69

Roth, M., Franz, M., Bello Gonzilez, N., et al. 2010, ApJ, 723, L175

Roudier, T., & Muller, R. 1986, Sol. Phys., 107, 11

Roudier, T., Lignieres, F., Rieutord, M., Brandt, P. N., & Malherbe, J. M. 2003,
A&A, 409, 299

Roudier, T., Rieutord, M., Brito, D., et al. 2009, A&A, 495, 945

Roudier, T., Malherbe, J. M., Rieutord, M., & Frank, Z. 2016, A&A, 590, A121

Roudier, T., Svanda, M., Ballot, J., Malherbe, J. M., & Rieutord, M. 2018, A&A,
611, A92

Roudier, T., Malherbe, J. M., Gelly, B., et al. 2020, A&A, 641, A50

Roudier, T., Ballot, J., Malherbe, J. M., & Chane-Yook, M. 2023, A&A, 671,
A98

Scherrer, P. H., Schou, J., Bush, R. L, et al. 2012, Sol. Phys., 275, 207

Schou, J., Scherrer, P. H., Bush, R. I, et al. 2012, Sol. Phys., 275, 229

Simon, G. W., & Weiss, N. O. 1989, AplJ, 345, 1060

Simon, G. W., Brandt, P. N., November, L. J., Scharmer, G. B., & Shine, R. A.
1994, NATO ASI Ser. C, 433, 261

Strous, L. H., Scharmer, G., Tarbell, T. D., Title, A. M., & Zwaan, C. 1996, A&A,
306, 947

Title, A. M., Tarbell, T. D., Topka, K. P, et al. 1989, ApJ, 336, 475

Verma, M., & Denker, C. 2011, A&A, 529, A153

A68, page 9 of 9


http://jsoc.stanford.edu
https://idoc.osups.universite-paris-saclay.fr/medoc/tools/cst-codes/
https://idoc.osups.universite-paris-saclay.fr/medoc/tools/cst-codes/
https://solarmuri.ssl.berkeley.edu/overview/publicdownloads/software.html
https://solarmuri.ssl.berkeley.edu/overview/publicdownloads/software.html
https://github.com/Cadair/pyflct
http://linker.aanda.org/10.1051/0004-6361/202451128/1
http://linker.aanda.org/10.1051/0004-6361/202451128/2
http://linker.aanda.org/10.1051/0004-6361/202451128/3
http://linker.aanda.org/10.1051/0004-6361/202451128/3
http://linker.aanda.org/10.1051/0004-6361/202451128/4
http://linker.aanda.org/10.1051/0004-6361/202451128/5
http://linker.aanda.org/10.1051/0004-6361/202451128/6
http://linker.aanda.org/10.1051/0004-6361/202451128/6
http://linker.aanda.org/10.1051/0004-6361/202451128/7
http://linker.aanda.org/10.1051/0004-6361/202451128/8
http://linker.aanda.org/10.1051/0004-6361/202451128/9
http://linker.aanda.org/10.1051/0004-6361/202451128/10
http://linker.aanda.org/10.1051/0004-6361/202451128/10
http://linker.aanda.org/10.1051/0004-6361/202451128/11
http://linker.aanda.org/10.1051/0004-6361/202451128/12
http://linker.aanda.org/10.1051/0004-6361/202451128/13
http://linker.aanda.org/10.1051/0004-6361/202451128/15
http://linker.aanda.org/10.1051/0004-6361/202451128/15
http://linker.aanda.org/10.1051/0004-6361/202451128/16
http://linker.aanda.org/10.1051/0004-6361/202451128/17
http://linker.aanda.org/10.1051/0004-6361/202451128/18
http://linker.aanda.org/10.1051/0004-6361/202451128/19
http://linker.aanda.org/10.1051/0004-6361/202451128/20
http://linker.aanda.org/10.1051/0004-6361/202451128/21
http://linker.aanda.org/10.1051/0004-6361/202451128/21
http://linker.aanda.org/10.1051/0004-6361/202451128/22
http://linker.aanda.org/10.1051/0004-6361/202451128/23
http://linker.aanda.org/10.1051/0004-6361/202451128/24
http://linker.aanda.org/10.1051/0004-6361/202451128/25
http://linker.aanda.org/10.1051/0004-6361/202451128/26
http://linker.aanda.org/10.1051/0004-6361/202451128/27
http://linker.aanda.org/10.1051/0004-6361/202451128/27
http://linker.aanda.org/10.1051/0004-6361/202451128/28
http://linker.aanda.org/10.1051/0004-6361/202451128/29
http://linker.aanda.org/10.1051/0004-6361/202451128/29
http://linker.aanda.org/10.1051/0004-6361/202451128/30
http://linker.aanda.org/10.1051/0004-6361/202451128/31
http://linker.aanda.org/10.1051/0004-6361/202451128/32
http://linker.aanda.org/10.1051/0004-6361/202451128/33
http://linker.aanda.org/10.1051/0004-6361/202451128/34
http://linker.aanda.org/10.1051/0004-6361/202451128/34
http://linker.aanda.org/10.1051/0004-6361/202451128/35
http://linker.aanda.org/10.1051/0004-6361/202451128/36

	Introduction
	SDO/HMI data selection and reduction
	Exploding granule detection
	Determining selection criteria
	Exploding granules detected at the disc centre and their diffusion properties
	Detecting exploding granules without Doppler velocity

	Exploding granules relative to trees of fragmenting granules
	Exploding granules at different latitudes
	Discussion and conclusion
	References

