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Abstract We investigate the relationship between trees of fragmenting granules (TFG), hor-
izontal and vertical flows, and acoustic events (AE) in the photospheric network. AE are
spatially concentrated and short-duration locations of acoustic energy flux. We performed
observations at disk center of a 2D field of view (FOV) with high spatial and temporal
resolutions provided by the Solar Optical Telescope onboard Hinode. Line profiles of Fe I

557.6 nm were recorded by the Narrow-band Filter Imager on an 80′′ × 36′′ FOV during
five hours with a cadence of 22 seconds and 0.08′′ pixel size. Vertical velocities were derived
at two atmospheric levels allowing the determination of the energy flux at the acoustic fre-
quency of 3.3 mHz. Families of granules and horizontal velocities were obtained from local
correlation tracking (LCT) after segmentation and labeling of either continuum intensities
or granular Doppler shifts. AE exhibit durations in the range 0.25 to 1 hour compatible with
the lifetime of families (80 % do not last more than two hours). High-energy AE have the
shortest lifetimes. We found that most AE occur in intergranular lanes located in or close
to the boundaries between different families (called inter families) in regions with predom-
inantly downward vertical motions and horizontal converging flows. In contrast, diverging
flows are observed inside families, with a few AE in the intergranules. At the beginning of
the sequence, when families are not yet detected, the distribution of AE is not uniform and is
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already organized at spatial lengths related to the mesogranular scale, with maximum contri-
bution in the range 5′′ to 10′′, fully compatible with the scale of the maximum contribution
of families in the TFG space. Although all sizes and durations seem to exist for families,
their number decreases with increasing size and lifetime.

Keywords Granulation · Mesogranulation · Dynamics · Acoustic waves · Photosphere

1. Introduction

The contribution of the quiet Sun plays an important role in the general solar magnetism
(Sheeley, 2005a, 2005b; Ossendrijver, 2003). One of the main goals in solar physics is to
understand how magnetic flux is formed in the convective zone, then distributed, advected,
and diffused over the surface. Addressing this question requires us to describe the physical
nature of the flows, which may contribute to the transport of magnetic elements at various
length scales. Many studies on the generation and evolution of magnetic-flux tubes have
been performed during the last decade (Mackay and Yeates, 2012). From another point of
view, several works have been devoted to the study of the dynamics of surface motions
(horizontal flows) and their relationship to the magnetic field (Rieutord and Rincon, 2010).
However, despite all of these efforts, the physical nature of the motions of the solar surface,
magnetic transport, and diffusion processes is still poorly understood.

On one hand, an important step was the discovery of families of granules formed by
successively exploding granules (lifetime around ten minutes) and originating from a single
granule parent. Historically Kawaguchi (1980), studying the solar-granulation fragmentation
with a temporal sequence obtained at the Pic du Midi Observatory in 1977, found evidence
for the existence of families of granules produced from an initial fragmenting granule. Using
the best available time sequence of the solar granulation, Roudier et al. (2003) demonstrated
that a significant fraction of granules in the photosphere are organized in the form of trees
of fragmenting granules (TFG), which can live several hours. The role played by TFG in the
advection and diffusion of magnetic elements on the Sun surface was described by Roudier
and Müller (2004). This result was confirmed by Roudier et al. (2009) with a long time
sequence (48 hours) obtained with Hinode in the blue continuum. They showed the contri-
bution of the TFG to the formation of the magnetic network. These results brought to light
a strong relationship between the evolution of families and collective horizontal motions of
magnetic elements in the quiet Sun. In particular, it was discovered that the magnetic flux
was concentrated at the edge of families.

On the other hand, Doppler oscillations, which appear in vertical flows all over the Sun,
are the second major component of the photospheric velocity field. Five-minute oscillations
have been very closely studied, particularly to probe the physical properties of the solar
interior. Recently, wave amplitude and phase diagnosis have been applied to detect acous-
tic events (AE) as sources of enhanced acoustic-wave generation at high spatial resolution
(Brown, 1991). Acoustic-wave dissipation is assumed to be an important heating source for
the lower atmosphere. AE appear as sub-arcsec space and time concentrated energy flux.
They were first detected on high-resolution spectra from ground-based observations (Rim-
mele et al., 1995; Strous, Goode, and Rimmele, 2000) and are now well studied by 2D spec-
trometers using line scans (Bello González et al., 2010), now including Hinode (Malherbe
et al., 2012, hereafter Article I). However, previous works did not address the formation
of AE with respect to TFG, because it is very difficult to obtain long and homogeneous
observing sequences.
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In this article we study the formation, distribution, and duration of AE (derived from
Doppler measurements in Fe I 557.6 nm line at two altitudes) relative to granules, intergran-
ules, and, for the first time, families of granules and interfamilies defined as the boundary
lanes (also composed of intergranules) between different families. Relationships between
horizontal flow patterns, AE and families are investigated.

2. Observations and Data Reduction

We used multi-wavelength data sets of the Solar Optical Telescope (SOT) onboard Hinode
(e.g. Ichimoto et al., 2005; Suematsu et al., 2008). The SOT has a 0.50 m primary mirror
aperture with a spatial resolution of about 0.3′′ at 550 nm. Observations were performed at
disk center, so that vertical velocities produce Doppler shifts, whereas horizontal velocities
can be derived from the proper motions of granules.

We used the Narrow-band Filter Imager (NFI) to scan profiles of the magnetically insen-
sitive 557.6 nm Fe I line with a spatial resolution of 0.3′′. The full width at half maximum of
the filter is 6 pm. The spectral line was scanned using seven wavelengths along the line pro-
file in the following order, with respect to the line center: −12,−8,−4,0,+4,+8,+12 pm.
The observations were recorded continuously on 14 April 2010, from 06:40 to 11:50 UT.
Each line scan took 22 seconds for a total observing time of more than five hours, so that
we have 846 consecutive times of observations. The field of view (FOV) was 82′′ × 41′′
(1024 × 512 pixels) with a pixel sampling of 0.08′′.

We first aligned images corresponding to the blue wing of the line at −12 pm away
from line center using cross correlation. Then we co-aligned the seven consecutive spectral
images (−12 to +12 pm by 4 pm step) covering the line and belonging to the same scan by
correlating two successive images spectrally separated by 4 pm. The procedure reduced the
FOV to 80′′ × 36′′ and is detailed in Article I. Let us summarize the main steps:

i) A phase correction was applied to the temporal Fourier transform of the data set for each
wavelength of the line scan, with respect to the first wavelength (−12 pm), in order to
correct the time shift (2.4 seconds) between them.

ii) Each intensity image of the series was deconvolved with the modulation transfer func-
tion (MTF) of the telescope and the CCD array.

iii) Radial velocities and intensities at different depths in the line profile were obtained using
the bisector technique. We defined two bisectors (chords) of 8 pm (line core) and 12 pm
(inflection points) corresponding, respectively, to atmospheric levels at about 130 km
and 180 km (see Article I). Doppler shifts and intensity fluctuations were obtained by
reference to the mean profile. The Doppler shifts provided the vertical component [vz]
of the velocity; from [vz] at both altitudes, we obtained an approximate value of the
vertical gradient [∂vz/∂z].

iv) From radial velocities at two heights, we derived phases and amplitudes of vertically
traveling waves and the acoustic flux as a function of time and space. The acoustic
flux [e] per unit surface is defined by the product of an energy density and the group
velocity, assuming that the density [ρ] is constant: e ∝ ρv2

z vg where |vz| is the amplitude
and vg is the group velocity of the wave. The value of vg cannot be deduced directly from
observations. We used instead the relation vgvϕ = C2

s , where vϕ is the phase velocity and
Cs = √

γP/ρ is the adiabatic sound speed [P is the pressure and γ = 5/3]. vϕ = ω/kz

was derived from observations using kz = �ϕ/�z where ω is the frequency of the
wave and �ϕ the phase lag inside the layer of thickness �z. The energy flux given
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by e ∝ v2
z (γ P/ω)(�ϕ/�z) was computed at 3.3 mHz (bandwidth 1.8 mHz). For that

purpose |vz| and �ϕ were derived from Doppler shifts using the Hilbert transform at
two altitudes.

Granules were identified in intensity after oscillation filtering of the far wings of Fe I

557.6 nm in the k–ω space (frequencies corresponding to ω ≥ Csk, where Cs = 6 km s−1 is

the sound speed and k =
√

k2
x + k2

y is the horizontal wave number, were suppressed). The

same procedure (except for AE) was applied to Doppler shifts to get permanent vertical
flows at two altitudes. Then a segmentation was applied to the 846 intensity images. In or-
der to detect the formation of TFG or families, granules were labeled in time as described
by Roudier et al. (2003). TFG (repeatedly splitting granules originating from a single par-
ent) are an appropriate tool to quantify the temporal and spatial organization of the solar
granulation at larger scales (a few arcsec). It was suggested by Roudier et al. (2003) that
families correspond to mesogranules (although the existence of mesogranules remains con-
troversial). Granules belonging to a given TFG were labeled with the same number. Families
need several hours to be tracked by that method (which requires a long observing sequence),
but we will see that the spatial distribution of AE reveals their existence before their detec-
tion.

Horizontal velocities were computed from proper motions of granules observed in the
far wings (average between positions at −12 pm and +12 pm apart from line center) after
removal of intensity oscillations filtered in the k–ω space. We used local correlation tracking
(LCT) as described by November and Simon (1988) in order to measure horizontal velocities
vx and vy as a function of space and time. From vx and vy , we derived v2 = v2

x + v2
y and the

horizontal divergence [∂vx/∂x + ∂vy/∂y] of the flow.
Doppler shifts have the spatial (0.3′′) and temporal (22 seconds) resolution of the original

data; but, this is not the case for horizontal velocities. The tracking method requires us to
average granular motions over a minimum spatial [3′′] and temporal [30 minutes] window
such that the length scale and time scale are much greater. Only overall flows are detected,
implying that Doppler shifts and horizontal motions cannot be combined together to get the
instantaneous velocity vector.

We built several movies, provided as Electronic Supplemental Material (ESM), using the
846 time steps that show the evolution of families, velocities, AE and other related quantities
(see the Appendix for more details).

3. Families and Vertical and Horizontal Flows

Figure 1 (and ESM movie 1) shows families together with vertical velocities (Doppler shifts)
at the end of the sequence when families are well developed. In the k–ω space, we filtered
all frequencies (oscillations) in order to keep only permanent convective flows. Downward
velocities are observed in intergranular (−0.45 km s−1 median value) and interfamily lanes
(−0.35 km s−1 median), while upward motions (+0.4 km s−1 median) are present in gran-
ules.

Figure 2 (and ESM movie 2) shows families together with vertical gradients of Doppler
shifts. We defined the gradient as the velocity difference between two altitudes (so that it is
measured in km s−1) corresponding to the formation height of line core and inflection points.
As found in Article I, intergranular regions exhibit mostly positive (upward) gradients of
about +0.05 km s−1 (median value) while granules and their interior have rather negative
gradients of about −0.05 km s−1 (median) through a layer of thickness 50 km.
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Figure 1 Families of granules at the end of the sequence. Granules belonging to the same family are dis-
played with uniform gray level (identifying the family number, and not intensity, while intergranules are
black). In addition, the gray levels are modulated by Doppler shifts (blue/red for upward/downward veloci-
ties). FOV = 80′′ × 36′′ . Pixel size 0.08′′ .

Figure 2 Families of granules at the end of the sequence. Granules belonging to the same family are dis-
played with uniform gray level (identifying the family number, not intensity, while intergranules are black)
modulated by the vertical gradient of Doppler shifts (blue/red for positive/negative, the gradient is defined
as the velocity difference between the upper and lower level of observations). FOV = 80′′ × 36′′ . Pixel
size 0.08′′ .

Figure 3 (and ESM movie 3) shows interfamilies (intergranules separating granules be-
longing to distinct families) together with the horizontal velocity and AE. Families match
most cells of horizontal flows while interfamilies are rather near the border of velocity cells
(see for instance families at coordinates x, y: 10,20; 20,22; 30,15). The median speed of
the cells is about 0.4 km s−1. Most AE take place in inter family lanes or very close in the
form of spatially concentrated structures (a few pixels of 0.08′′).

Figure 4 (and ESM movie 4) shows interfamily boundaries at the end of the sequence
together with the divergence of horizontal velocities and AE. Families include most cells of
diverging flows and some converging flows (see for instance families at coordinates x, y:
10,22; 32,21; 72,23), while interfamily boundaries are generally above or close to con-
verging regions, so that AE, mostly associated with interfamilies, are also correlated with
converging flows.
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Figure 3 Interfamily boundaries of granules at the end of the sequence (uniform gray lanes) and AE (white
points corresponding to the absolute value of the acoustic flux). The background (gray levels) represents the
square of the horizontal velocity vector v2 = v2

x + v2
y . FOV = 80′′ × 36′′ . Pixel size 0.08′′ .

Figure 4 Interfamily boundaries of granules at the end of the sequence (uniform gray lanes) and AE
(white points). The background displays the divergence [∂vx/∂x + ∂vy/∂y] of the horizontal velocity vector
(blue/red for diverging/converging areas). FOV = 80′′ × 36′′ . Pixel size 0.08′′ .

4. Characteristics of Families

We studied the lifetime of families of the FOV (Figure 5) for comparison with AE (next
section) and found that there is no characteristic lifetime (as the distribution function can be
fitted by an exponential law) but there is a relationship between the lifetime and the average
size of the families. Long-duration families are clearly the most extended, while small fami-
lies are ephemeral. Our analysis shows that 50 % of families have lifetimes shorter than one
hour, and 80 % shorter than two hours, so that the order of magnitude is the hour, interme-
diate between the well known granulation lifetime (ten minutes) and the supergranulation
(about 24 hours). Although our sequence is not long enough to see the full development of
families, our results corroborate those obtained by Roudier et al. (2003) using an 11-hour
sequence (in the broad band and blue continuum) from the Swedish Vacuum Solar Telescope
(SVST/La Palma).
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Figure 5 Distribution functions
of the lifetime [hours] of families
(dashed line) and of the volume
of families in the TFG space
(x, y, t , dotted line) with the
respective exponential fits
(arbitrary units); distribution
function of lifetimes (solid line).

Figure 6 Distribution function
of the size of families in arcsec2

(dotted line, with exponential fit,
arbitrary unit) and distribution
function (solid line).

Figure 6 provides the statistics of family sizes: as for lifetime, there is no characteristic
size. In the FOV, all sizes between 1 arcsec2 to 40 arcsec2 are observed (approximately
1 to 40 granules), but the number of families decreases continuously with size (exponential
distribution). 95 % of families have an area smaller than 20 arcsec2 (and 50 % are smaller
than 7 arcsec2).

The size of families varies in time and there is often a short growth and longer decay
phase (except for very small and ephemeral families): for example, Figure 7 shows the
evolution of the area of some typical families as a function of time for lifetimes of 0.5, 1, 2,
4 hours or more (the shortest-lived families are the most numerous).

We have investigated the contribution of families quantified by their pseudo volume (in-
tegral of family area over time in arcsec2 hour) in the TFG 3D space (x, y, t ) as a function
of their mean or maximum size. Figure 8 indicates that families with mean areas in the
range 3 arcsec2 to 10 arcsec2 (maximum areas in the range 5 arcsec2 to 25 arcsec2) have
the most significant contribution in the TFG space. It must be noticed that these values are
lower limits, as the sequence duration is not long enough to display the full development of
families.
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Figure 7 Surface in arcsec2 of
five typical families with various
durations as a function of time
[hours].

Figure 8 Volume of families in
the TFG space as a function of
mean (solid line) or maximum
(dotted line) area.

5. Acoustic Events and Families

AE together with families of granules are shown in Figures 9 and 10 (and ESM movies 5, 6,
and 7). The net acoustic flux is directed upwards even if some downward flux does exist.
Most AE occur in intergranular regions and more specifically at the boundaries or close to
the frontiers between two different families (called inter families). In Figure 9 (and ESM
movie 5), where only AE are represented, one clearly sees that the distribution of AE is
not uniform but corresponds to the characteristic length scale of mesogranules (5′′ to 10′′).
Even if families are not formed at the starting point of the sequence (ESM movies 6 and 7),
because the algorithm needs a few hours to detect successively fragmenting granules and the
birth of TFG, they are well established at the beginning of the sequence through the spatial
organization of AE. Hence, AE allow us to delineate families before they are revealed in
intensity by the segmentation and labeling process.

We tried to quantify the spatial distribution of AE using a segmentation process to mea-
sure the distance between them. As for families, Figure 11 shows that there is no characteris-
tic size, but the distribution of the product (distance × number of corresponding AE) reveals
the existence of the two contributions visible in Figure 9: a 5′′ to 10′′ distance corresponding
to the typical mesogranular scale and a secondary peak around 1′′ corresponding to the size
of granules.
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Figure 9 Distribution of AE at the beginning of the sequence (white/black for upward/downward flux).
FOV = 80′′ × 36′′ . Pixel size 0.08′′ .

Figure 10 Families of granules at the end of the sequence (granules belonging to the same family have
uniform gray level corresponding to the family number) and AE (blue/red for upward/downward flux).
FOV = 80′′ × 36′′ . Pixel size 0.08′′ .

A statistical analysis was also performed to determine the location of AE versus inter-
granules and interfamilies and the results are displayed in Figure 12. It shows that 70 % of
AE are located exactly inside intergranular lanes and 90 % of AE are within 0.2′′, so there is
a clear association between intergranular lanes and AE. However, the figure also reveals that,
although only 25 % of AE are located exactly in interfamily lanes, 90 % are within 0.8′′ of
these structures (a distance comparable to typical granule sizes). We conclude that AE form
90 % of the time in the vicinity of interfamilies, at the boundary between families or within
a very short distance. The spatial distribution of AE appears strongly related to the spatial
organization of families, giving a new role to the mesogranular scale in the propagation of
energy flux towards the chromosphere.

We investigated (Figure 13) the lifetime of AE present in the FOV. We took for that
purpose the duration of AE above three thresholds corresponding to 40 %, 50 %, and 60 %
of their maximum energy. The median lifetime was found to be, respectively, 2100, 1600,
and 1200 seconds. Durations extend typically from a quarter to one hour; AE lifetimes are
shorter than, but of the same order of magnitude as, those of families. We also examined
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Figure 11 Distribution of the
distance between AE (solid line)
and of the product of distance ×
number of corresponding AE
(dashed line).

Figure 12 Distribution
functions of acoustic events as a
function of distance to
intergranules (top curves) and
interfamilies (bottom curves).
For each set of curves, different
thresholds were applied to the
energy flux of AE, showing that
this parameter does not play a
significant role.

lifetimes versus maxima of energy flux reached during each event. We found that the most
energetic events are also the shortest.

Figure 14 presents the typical evolution of energy flux in AE as a function of time. Sev-
eral peaks with lifetimes of half an hour may occur. In most cases, AE appear in converging
regions (negative divergence). Divergences were derived from horizontal motions of inten-
sity structures (granulation in line wing) as well as motions of Doppler structures (upward
velocity pattern of granules), providing similar results.

The distribution of AE was finally studied in relation to vertical, and horizontal motions
and divergences. For that purpose, we filtered oscillations in the k–ω space in order to keep
only permanent flows. We found that most AE are associated with downward motions in in-
tergranules as well as in interfamilies (−0.3 km s−1 average, 0.4 km s−1 standard deviation).
About 75 % of the flux is concentrated in these regions where the vertical gradient of veloc-
ities is also positive (velocity difference of 0.03 km s−1 along 50 km variation) and where
horizontal velocities have a mean value of 0.4 km s−1 (0.2 km s−1 standard deviation). We
found also that about 60 % of the flux is concentrated in converging regions (−10−4 s−1

average).
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Figure 13 Distribution function
of AE lifetime [seconds] for three
thresholds (duration above 40 %,
50 %, 60 % of maximum energy
for, respectively, solid, dotted,
and dashed lines).

Figure 14 Energy flux of a
typical AE (solid line, arbitrary
unit) as a function of time
[hours]; velocity divergence
(dotted/dashed lines for
divergences derived from,
respectively, intensity/Doppler
structures, arbitrary units).

6. Conclusion

Acoustic events are evident from images taken by the SOT/NFI onboard Hinode with out-
standing spatial resolution and FOV (80′′ × 36′′) using a non-magnetic five-hour sequence
of the Fe I 557.6 nm line scans with 22-second temporal resolution. Vertical velocities were
computed at two altitudes corresponding to different chords in the line profiles, using the
bisector technique. The group velocity is proportional to the phase lag and was used to
compute the signed energy flux. Families (or TFG) were obtained after segmentation and
time labeling. Horizontal velocities were detected from granular motions through the LCT
method (either from their intensity shape or Doppler shift structure) and divergences were
derived.

AE are ephemeral and small-scale objects with typical size of 0.3′′ (or less). Their median
duration is about 1600 seconds (range 0.25 to 1 hour). The spatial distribution of AE matches
families (TFG) of granules. Most occur in intergranular and more precisely in interfamily
lanes (boundaries between different families), downward velocity regions (redshifts), and
areas of converging flows, while diverging areas are located more often inside family cells.
The family lifetime was studied and we found values of the same order of magnitude as the
duration of AE. 80 % of families exhibit lifetimes shorter than two hours. There is no char-

Author's personal copy



J.-M. Malherbe et al.

acteristic area for families: all areas exist in the range 1 arcsec2 to 40 arcsec2 but the number
of families decreases with size and lifetime (exponential distributions). Nevertheless, we
found that the most significant contribution in the TFG space is the mesogranular scale, in
agreement with the most significant distance between AE in interfamilies [5′′ to 10′′].

The MHD numerical simulation of these phenomena is a difficult challenge. Neverthe-
less, interactions between magnetic fields on the one hand, and families, velocity fields and
AE on the other hand, still need to be studied. In particular, it would be of great interest to
correlate AE with the evolution of families and magnetic elements, in relation with larger
scales such as supergranulation which is likely structured by magnetic fields in the quiet
Sun (Roudier and Müller, 2004; Rincon and Rieutord, 2003). This aim requires new obser-
vations, which will be carried out soon by Hinode with NFI scans of the Na D1 589.6 nm
line (using analysis of the circular polarization, providing Doppler velocities and magnetic
fields) and BFI blue continuum images (allowing the determination of horizontal photo-
spheric velocities).
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Appendix

The Electronic Supplemental Material movies consist of 846 images of 998×448 pixels and
are available either in MPEG1 or MPEG4 format (better quality). The acceleration factor is
about 660 for MPEG1 and 275 for MPEG4. The pixel size is 0.08′′ and the time step is
22 seconds. For horizontal velocities and divergences, the spatial and temporal resolutions
are reduced, respectively, to 3′′ and 30 minutes; interpolations were used.

• Movie 1: Families of granules and Doppler shifts in Fe I 557.6 nm. Granules belonging to
the same family have a uniform gray level corresponding to the family number. Families
can be identified as mesogranules. Doppler velocities appear in blue/red for, respectively,
upward/downward motions and affect both granules (mainly upward) and intergranules
(mostly downward). Families detected by the LCT need several hours to appear.

• Movie 2: Families of granules and Doppler gradient in Fe I 557.6 nm. Vertical gradients
(through a 50 km layer) of velocities (core/inflection point difference) appear in blue/red,
respectively, for positive/negative values. Positive gradients are dominant in intergranules.

• Movie 3: Interfamilies, horizontal motions and AE. The boundaries between families
of granules (interfamilies) are shown in gray. AE (white) form close to interfamilies.
Quadratic horizontal velocities appear in gray levels with maxima mostly located inside
families.

• Movie 4: Interfamilies, divergence of horizontal velocities, and AE. Diverging/converging
areas are, respectively, blue/red. Most diverging regions are located inside families, while
boundaries (interfamilies) together with AE are more often associated to converging pat-
terns.

• Movie 5: AE are flux concentrations in space and time with lifetime in the range 0.25 to
1 hour. Upward/downward flux is shown, respectively, in white/black. The spatial dis-
tribution is not uniform: most of the flux is located near the boundaries between TFG
(interfamilies at mesogranular scale).
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• Movie 6: Families of granules (gray levels) and AE. The major part of the flux (up-
ward/downward, respectively, in blue/red) occur in intergranular lanes close to the bound-
aries between families (interfamilies). AE and families have lifetimes of the same order
of magnitude.

• Movie 7: Families of granules and AE. Granules belonging to the same family have uni-
form color. Most AE (white) appear in dark intergranular regions close to the boundaries
between families.
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