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Abstract. The evolution of solar granules is investigated on theute to granule death is fragmentation of larger granules into
basis of two dimensional numerical solutions of the hydrodywo or more smaller ones (the average number of fragments
namic equations describing a compressible, radiatively couple®.8 according to Mehltretter 1978). Less frequent are gran-
and gravitationally stratified medium representative of the sales which merge with a neighbour and granules which fade
lar surface layers. The simulation covers 17 Mm on the solaway. The exploding granules are a particularly prominent kind
surface and was run for over 5 h of solar time, hence allowid fragmenting granules (e.g. Title et al. 1989, cf. Rast 1995).
the evolution of over 400 granules to be followed. A statistiFhey develop a dark centre surrounded by a rapidly expanding
cal investigation of the temporal evolution of granules therefobeightring. This route to death is relatively common among large
becomes feasible. granules and has consequently been well studied observation-
Two types of granules can be distinguished by their meaally. Kawaguchi (1980) found that granules with sizes bel6w 1
of death: fragmenting and dissolving granules. Properties gomédominantly dissipate and granules larger thafragment.
average evolutionary histories of these two types of granules Recently, Karpinsky & Pravdjuk (1998) detected three differ-
considered. It is found that fragmenting granules are in genegatk size ranges of granules with different fragmentation rates:
large at birth and expand further with time. It is confirmed tharranules less than 713 km in diameter rarely fragment whereas
fragmentation into two (or more) parts is produced by buoyangyanules larger than 1200 km show a very high fragmentation
braking, which in turn is initiated by the stronger horizontaate.
flows in larger granules. This last property, finally, is due to Observations, however, suffer from limited spatial resolu-
mass conservation. The expansion, however, is due to a pressiore which adversely affects the study of, in particular, small
excess relative to neighbouring granules. The pressure excegsasules. The fact that time series of homogeneously high reso-
particularly marked if the neighbours are dissolving granuledution images are needed make the observational study of gran-
In contrast, dissolving granules are born small and shrink hde evolution especially demanding. In addition, observations
fore finally disappearing. The shrinkage is caused by their neiginly sample the atmospheric layers, whereas the convectively
bours which generally posses excess gas pressure and laugstable layers are situated below the surface, so that it is un-
horizontal flows. In summary, according our findings the fate ofear from observation alone whether the drivers of granule evo-
a granule is decided by its properties at birth and the compdation are situated in atmospheric or deeper layers. Finally, the
it keeps. observed radiation samples physical variables of interest of-
Evidence is presented suggesting that the evolution of ba#m only indirectly, in many cases non-linearly and always with
types of granules is driven by events near the solar surface. some averaging along the line-of-sight.
Theory and, in particular, numerical solutions of the fully
Key words: convection — hydrodynamics — methods: numericabmpressible, radiation-hydrodynamic equations have therefore
— Sun: granulation significantly advanced the understanding of both solar and solar-
like convection (see Spruit 1997 for a review). One major result
is that granulation is a surface-driven phenomenon. Instead of
1. Introduction the older picture of a fluid heated from below the newer view
emphasizes the role of the upper boundary which cools the gas
The outer convection zones of the sun and many other cool sigfig gives rise to strong downdrafts (Stein & Nordlund 1989,
reach up to the solar, respectively stellar surface, rendering thdn4, 1998, Nordlund et al. 1997, cf. Rast 1999).
upper boundaries accessible to observations. ngh r650|Uti0nThree dimensional simulations of solar convection have
images of the solar surface show a pattern of bright granul@en particularly successful in reproducing observations of
cells surrounded by dark intergranular lanes. This pattern kegpgctral line shifts and asymmetries, line widths and granule
evolving and granules constantly appear and vanish. The mgigrphology. (e.g. Dravins et al. 1981, 1986, Nordlund 1985,
thl & Nordlund 1985, Lites et al. 1989). Due to their large

Send offprint requests 18.R.O. Ploner (ploner@astro.phys.ethz.ch



680 S.R.O. Ploner et al.: The evolution of solar granules deduced from 2-D simulations

demand on computational resources, however, they have genéthe model and computational technique has been given by
ally focussed on the behaviour of one or at most a few granuf@adun et al. (1998a) and the interested reader is referred to
(but see Vidhl & Nordlund 1985), so that the physical propertiethat paper. The present numerical code is similar to that used
of granulation have had to be deduced from just a few examplbg. Atroshchenko & Gadun (1994), Gadun (1995), Gadun &
This makes the results of at least the published 3—-D simulatiokerob’yov (1995), Gadun & Pikalov (1996) and Gadun et al.
susceptible to variations from one granule to the next. (1997, 1998a,b). The computational domain covers 17.85Mm
Our approach is different. We reduce the spatial dimensiansthe horizontal direction (510 grid points with a spacing of
to 2 but simulate instead a part of the solar surface that is séif- = 35 km) and 2.03 Mm in the vertical (58 grid points with
ficiently large to contain approximately 10 granules and follothe same spacing). The temporal steftis- 0.3 s and the sim-
the evolution of the convection for 5 h of solar time. Hence @ation is run for 301 solar minutes (after an initial relaxation
large number of granules can be investigated and the statipfiod of 24 min). A total of 602 models separated by 30 s each
cally significant aspects of their behaviour can be identified ahdve been stored and analyzed.
extracted. Although a 2—D model certainly cannot reflect all of Thesystem of hydrodynamic equatiaasvritten in conser-
the 3—-D physics of convection, 2—D simulations are neverthelesgive form and describes a compressible, radiatively coupled
able to reproduce many properties of granulation (e.g. Freytagd gravitationally stratified medium under solar conditions.
etal. 1996, Gadun et al. 1997, 1998a,b). One advantage of ddre equation of energy conservation includes radiative heating
rying out a statistical study like ours in 2-D instead of 3-D iand cooling, effects of molecular viscosity and of the viscos-
that many of the quantities (identification of granules and locily described by the Reynolds stress tensor (with contributions
tion of fragmentation, averages, etc.) are more straightforwdrdm the velocity stress tensor and sub-grid turbulence). The
to define in 2-D. equation of state is given by the ideal gas law. The ionization
We concentrate on obtaining a better understanding of thguilibrium of 15 elements is taken into account in LTE and
physics underlying the evolution of granules. Our investigatighe influence of K and Hj is included for temperature below
differs from the strongly idealized modeling of, e.g., Massagué000 K.
et al. (1980) and Hurlburt et al. (1984), who pinpointed the im- Thesolution of the hydrodynamic equatiamses the method
portance of the density stratification (which distinguishes solaf large particles (Belocerkovskij & Davydov 1982) which is
convection from laboratory convection) and described buogerived from the particle-in-cell method (see Amsden 1966 for
ancy braking, the mechanism which finally gives rise to neavreview). In order to quantify energy changes dumattiative
downdrafts inside fragmenting and exploding granules. In simeoling and heatinghe equation of radiative transfer must be
ulations including more realistic physics the evolution has beealved. This is done in LTE with the method of moments (i.e. all
investigated by several authors oW & Nordlund (1985) cal- radiative quantities are averaged over solid angles) using vari-
culated the evolution of 65 3—D granules over a time of 138 miable Eddington factors. The transfer equation is solved in 97
and compared them with observed granules. Stein & Nordlufrdquency intervals with the opacity distribution functions of
(1989, 1994) followed the evolution of test particles (corks) ové&urucz (1979) being employed to describe the wavelength de-
18 minutes and found that the upflowing gas is smooth wherg@dence. To save computing time the diffusion approximation
the rapid downdrafts are rather inhomogeneous and frequeriglyised in optically thick layers (photon mean free path below
change the spatial location. Based on idealized numerical expg&t-km). Periodidoundary conditionare imposed on the sides
iments Rast (1995) proposed an additional mechanism (besidethe computational domain. The top and bottom boundaries
buoyancy braking) for the creation of downflows. He finds thare basically open. In addition to the condition that/0~ van-
both in the observations and model calculations the strongisstes at the lower and upper boundary, the average of the internal
upflows are located close to downflows. While a granule egnergy and density is kept constant at the mean value imposed
pands the maximum upflows get larger and remain close to threthe very first input model.
downdrafts. The central part of the granule, however, suffers The complete data set may now be describe@by, =, z),
from an ever weakening upflow, thus providing the conditiomhere7, z andz describe solar time, horizontal position and
for a new downdraft. The frequency with which this procedseight, respectively, whil€) stands for any physical quantity
occurs remains open. (such as temperature, horizontal velocity, etc.). We often in-
The structure of this paper is as follows: Sect. 2 introducesstigate this data set at a constant height/n atmospheric
the numerical methods, while in Sect. 3 the output of the comayers images of)(T, z, zp) are strongly perturbed or even
putations is described and the techniques used to analyzedbminated by p-mode oscillations and waves. They can be iden-
results are introduced. In Sect.4 we discuss the evolutiontified by their location in the frequency—wavenumberk)
granules and, finally, in Sect. 5 the results and our conclusigsiane in the spatio-temporal Fourier transfc(@hu, k,zp). Us-
are summarized. ing the method of Title et al. (1986) we applied a spatio-temporal
Fourier filter to remove most of the power in the strong 5 and
3 min oscillations. For details we refer to Ploner et al. (1998).
2. The Model Some oscillatory power remains, due mainly to high frequency

We restrict ourselves here to a brief summary of the main feRfopagating waves. This cannot be suppressed without unduly
tures of the numerical modeling. A comprehensive descriptigifluencing the granular pattern. Also, at greater heights the rel-
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ative power in the oscillations increases relative to that in tiea function of time and space. As a consequence, in layers
granulation, in accordance with observations (e.g. Deubner esagnificantly above: = —131km parts of the image already
1990). Hence we limit our investigation to< —26 km (which show a different pattern from granulation, partly reflecting the
is slightly below unit average optical depth at 5600 importance of wave and oscillatory phenomena in layers above
the surface.

The temperature in Figl 1b shows basically the same pattern
as the intensity. The intergranular lanegirhowever, are very
thin compared to the lanes ih This is partly caused by the
3.1. General Description height difference to the surface layer, since at hightae lanes
: . . get somewhat broader, and by the fact thaamples different
Fig.[Tla shows the gmergent contlnyum mtensjtgalpulated eights, i.e. bright parts are formed higher whereas dark parts
for A = 5000 A. In this and the following images in Fidd. 1 an({1 wer in the atmosphere. Consequentiyand I images are

%the_w_?'?d'on cgrtresp(;)_ndst_to the horlzor:jtalt coorldlnte_lte @ pected to be similar but notidentical. Also note the dark “dots”
e simulations and thg-direction corresponds to solar 'mebEen associated with freshly formed lanes in Thémage.

The intensity image shows a distinct pattern consisting of dar The pressure image in FIg. 1c, in contrast, shows the gran-

intergranular lanes and brlght' granules embraced by the lar]ﬁgti n rather indistinctly, although a careful inspection reveals
The darklanes are connected inthe sense thatalane once for, but not all intergranular lanes as areas of enhanced pres-

does not generally end at a later time, except by merging Wgﬁ. The regions of large pressure deficit and those of pres-
r

anot.her Iane_. The image hence shqws a glear sense of t'm% excess often lie close together and are correlated with the

few interruptions can, however, be identified .(9-97?‘: 2h lanes. As discussed later, one does not expect the pressure pat-

10,2 =14 I\_/Im)'. AII'such. gaps appearto be artlfactsmtroduc;e@m to match for example the granulation pattern reflected in

by the Fo_urler_fllterlng since no gaps are present at those R intensity since pressure excesses are expected both in the

and locations in the 0r|g|nal_ unﬂltergd Image. .interiors of granules (acceleration of horizontal flows) and at
The startofanewlane W'th'.n abrightregion andthe Mer9MGeir boundaries (downward deflection of the horizontal flow).

of two lanes are events of particular relevance for our analys, Shother reason for the low correlation between granules and

i th the cl t si f le death and i A
since hey are the clearest signs ol granuie death and in }Pgssure is that the influence of oscillations relative to granu-
former case also of granule birth. This offers a classification ion is largest in the pressure, so that the influence of high

granules into two sets according to the signature and mechan{,? Uency waves is also laraest in this quantity. Einally. [Eia. 1d
of its death. One set is characterized by the formation of a ngéﬁ Y 9 q Y- y,[Eig.

nglays the density, which reflects a pattern, very similar to the

lane within the granule. The “old” or parent granule splits in : . .
two “new” granules (children) and the parent is usually Ca”eépgmperature (itappears like a negative of Eig. 1b).

fragmentinggranul@ (e.g. Muller 1989, Title et al. 1989). The . .
other type of granule disappears when the lanes enclosing-#- Temporal and spatial boundaries of granules

merge together, and is ca_lledja;solvmggranule (Mehltr_etter .One aim of the current investigation is to find signatures that

1978, Mu!ler 1989)..The dlsqppearance ofalaneatagivent common to many granules and to distinguish these from
mhay posglbly (f:onstltute al thwg tyﬁe of g_ranule d?athr’] narr:)e operties specific to individual granules. This can only be done

the merging of wo granules. Such merging granules have bgen, giagistical sense. In a first step, we need to identify single

reported on the basis of observations (Mehltretter 1978, Diale nules. i.e we must define the boundaries and moments of
1986). In our simulations such cases are very rare and short liyed, and,d.eath of each granule

(13 cases out of a total of 462; see Table 1). Due to the POOT \ye adopt here the definition that all downflowing gas resides

ft}a“.s“csh‘f"”dl becsuse nobgaps arde_ %resent beliore the FOWﬁ{tergranular lanesind that granuleis the upflowing gas be-
litering this class has not been studied separately. tween two intergranular lanes. This definition makes use of the

The previously given classification of granules by theUerticaI velocityv. displayed (at — —131 km) in Fig.Za. The

mode to death implies that granules are only born by fragmenja.; . pattern seen in FIg. 1 is also present inthémage. The

tion, _wherez_as ok_)servatmn; suggest that some granules 9row 8 itication of the granules using is documented by Figl 2b.

of bright points in lanes (Dialetis 1986). We find such Sp“tt'nﬂ]tergranular laness{, < 0) are plotted dark grey. Among the

Iangs in oply5cases, all ofwhich remain_small and vgnish With anules ¢, > 0) we detinguish between dissolving granules

3 min. This small pumber may be pecul!ar to two dimension light grey) and fragmenting granules (white). This definition
Figs[1b to d display the_ space-time images of the tempe “a granule using the vertical velocity component roots in the

ture T, pressurg and densityp, respectively, all sampled at aunderlying theoretical interpretation of a granule as a convec-

fixed height: = —131km (z = 0 corresponds to the averag§isn cell. The alternative, more observer oriented, definition that

hhe|th withr IZ L (2(7 b: 1r)1>)' T_?ﬁ.grley scale is tr:]hosen SUClyranules are locations above a certain intensity threshold, is, we
that larger values are brighter. This layer was chosen, sinc e'él, more arbitrary than ours. Nevertheless, we have also iso-
shows the granular pattern most clearly. Note that = 1)

lated granules by intensity and did not find them to deviate sig-

L In the present analysis we do not distinguish between explodiifficantly from granules defined via, for reasonable choices
granules and other fragmenting granules. of the intensity threshold, although the isolation of individual

3. Simulated granules:
fragmenting and dissolving granules
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Fig. 1. Frame a emergent continuum at = 5000 A as a function of position on the solar surface (i.e. along the computational box) and time.
Frames bto d display the evolution of the temperature, pressure and density, respectively, along horizontal sections through the computational
domain. The three physical quantities are displayed for a fixed height—131 km. The levelz = 0 corresponds to the average height of
continuum formation{z(r = 1)). The grey scale for all frames is such, that brighter corresponds to larger values.
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Fig. 2. Frame a the same as Fifjl 1b but now for the vertical veloditsame b: skeleton of the downflow lanes and of granules. The granule
boundaries are marked by tekeleton(black solid lines) which corresponds to locations of maximum downflow. The dark grey shaded areas
mark downflows{. < 0), i.e.intergranular lanesThe upflows {. > 0) are separated according to the form of granule deatHriagmenting
granules(white areas) andissolving granuleglight grey areas).

Table 1. Number of granules before and after various corrections ally does not coincide with the time at which two lanes merge
in the skeleton. We often describe the granular evolution by the

#Di #Fr Total normalized time¢, which is determined individually for each
no correction 231 231 462 granule and runs fromh= 0 at the time of birth t¢ = 1 at its
7 > 2min 218 (—13) 199 (—32) 417 time of death (see Fifl 3).

Due to the finite temporal resolution and the applied Fourier

filtering several corrections of the raw skeleton are necessary.
granules by intensity is more cumbersome. The boundaries pg-mentioned in Sedt. 3.1 a few temporal gaps of the lanes oc-
tween granules and lanes found dyare later used to extractcur which are also present in the wave-filtetgdimage. None
other physical quantities, e.g. temperatifg,and densityo, of these gaps is present in the original (unfiltered) image, how-
for granules and lanes separately. ever, indicating that the gaps are artifacts of the wave-cleaning

The spatial boundary between two neighbouring granulgfocess. Consequently, the lanes have been connected across

(including parts of the intergranular lanes) is given by the “skelghe gaps following the uncorrected velocity image. Also, we re-
ton” of the downflows. Points of the skeleton coincide with thetricted the lowest lifetime of a granule to be 2 min (4 grid points)
maximum downflow within each lane at each point in time arf@r further analysis. This minimum resolution is somewhat ar-
are displayed by the black lines in Fig. 2b. Eig. 3 illustrates typitrary but considerably facilitates our subsequent analysis. Ob-
ical evolutions of two granules and may be considered to Pusly, such a lower lifetime boundary affects the number of
the magpnification of a typical portion of F[d. 2b. The birth of gdentified granules, as documented by the decrease of the num-
granule is best identified by the start of a new intergranular laper of granules in the second line of Table 1 relative to those prior
(at solar times7; and7; in Fig.[3). At least in our simulations to this correction (first line). The number in brackets signify the
granules are always born through the fragmentation of their patrmber of granules affected by this correction.
ent granule (neglecting now the few candidates for formation Another problem has to do with the possibility of single
through the merging of new granules or through splitting laneghd multiple fragmentation of a granule. Suppose that a granule
The death of a fragmenting granule is marked by the start ofis by fragmentation. Suppose further that one of the resulting
new lane (af; and7;) whereas the death of a dissolving granulghildren itself fragments a short while later. The question then
coincides with the merging of two lane%,{. According to our arises whether this second fragmentation is to be attributed to

definition a dissolving granule dies when no upflow is presefitsecond (possibly very short-lived) granule, or if it is instead
anymore. Hence the time of death of the dissolving granule usu-
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the distributions of all granules. Note that only granules with lifetimes

Fig. 3. lllustration of spatial averaging and temporal normalizatioh®nger than 1.5 min are included.

The thick solid lines drawn from top to bottom symbolize the skele-

ton and the shaded areas the corresponding downflows. The dissolving

granule on the right is born at tin¥& and lives until7z, the fragment- lations is not entirely because of the restriction to two spatial

ing granule lives betweey, and7z. The temporal scale is normalizeddimensions. The reason for their large relative number of dis-
separately for each granule to its lifetime, with= 0 corresponding solving granules remains unclear since they do not give details
to the time of birth, and = 1 to the time of death. Spatial averagesibout their granule classification.

are formed separately at a fixed time over the upflowing region (indi-

cated byAx,, for the fragmenting granule) and downflowing region ] o

(Azq,; andAz,,,, indicated at a different time). The thick dots mari3.3. Basic statistics

an extrapolation to earlier times of the new lanes formed by gran
fragmentation. See the text for more details.

Horizontal spatial position

tha Table[2 we list the average aride lifetime of dissolving,
fragmenting and all granules. Thée lifetime is the time after
which only the fractiorl /e survives. Also listed are the average
sizes of the upflowss),,, and downflows{s),. These are av-
eraged oves,, ands, values of all granules of a certain type at
- all times (the definitions of,, ands, are illustrated in Fig]éa.
'('rfsitr']r)“e Y/ﬁ 8'558i715'60 7'86525’75 8'227?);-67 According to Tablg]2 the mean lifetime is lower for frag-
, © ) ) ) menting granules. This is mostly due to rapid successive frag-
fﬁren) EZZ 8'3? i 8;2 (1)';8 i g'gi (1)'83 i g'gg mentation, which gives rise to very short-lived granules (be-
L : : : : : tween 2 such splittings). From observations Mehltretter (1978)
derives 16 min for the average lifetime of a granule, while Di-
o ) aletis et al. (1986) obtains 12 min. Finally, Title et al. (1989) find
better to say that the original granule underwent multiple fragy, ifetimes in the range of 5 min from SOUP data (degradation
mentation. For these cases our restriction to lifetimes larger thife spatial resolution increases this lifetime up to 10 min). The
2min may be interpreted as saying that successive fragmepigmpers obtained from our simulations lie between the results
tions lying 1.5 min or less apart are to be attributed to the sageritie et al. (1989) and Dialetis et al. (1986), but are closer to
multiply fragmenting granule. the former. If we keep in mind that the values derived by Title
~ The number of granules is the same at the end and the Bes| (1989) correspond to larger granules, which live less long,
ginning of the simulation. Since fragmentation increases th& the fact that we have not counted the shorted-lived granules
number of granules by one (counting each step of fragmen{a@gt. 3.2), then the agreement with their result is expected to
tion separately) and dissolution removes one, it is obvious thaf ayen petter.
there must be the same number of fragmenting and dissolving Fig[4 shows histograms of the fraction of granules possess-
gran_ules in the simule_ltion. The diff_erence in the number ofdiﬁl-g a given lifetime 7, (Fig.4a), and a given average sizg,
solving and fragmenting granules in the second row of Tablgdize of the upflow region, Figl 4b). All in all, the two granule
is therefore an indication of the number of multiple fragment:w es show very similar lifetime distributions. Together with
tions. We mention that a similar conservation of the numberﬂxf; fact that both types have the same number of granules the
granules must hold also in 3—-D because the average size of g&ftuement in lifetime distribution indicates that the evolution of
ules and hence their sum does not depend on time (neglectiigoving and fragmenting granules is closely related to each

variations due to solar activity and solar evolution). other. In the following sections we present strong evidence sup-
Interestingly, the simulation of bhl & Nordlund (1985) porting this hypothesis.

showed 15% fragmenting, 79% dissolving and 6% merging
granules. In their simulation merging granules are the least fre- Note the difference to Ploner et al. (1998), who estimated inter-
quent mode to death suggesting that their rarity in our simgranular distances.

Table 2. Granule statistics

type Di Fr Di+Fr
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The difference in size between the two types of granulase seen at 14.4 and 15.5 Mm whetds about to change sign.
is clear from Fig.b. The peak of the size distribution of fragrhe one at 15.5 Mm also reveals a lopandp excess.
menting granules lies at three times the size of that of dissolving Note, that in this example. is not largest at the granule
granules and the distribution of sizes of fragmenters is also thimmindaries at = 1 and thus does not reflect the behaviour
times as broad as that of dissolving granules. Between the peddscribed by Rast (1995) based on a idealized numerical exper-
of the distributions lies a small region of coexistence of fragment. However, examples agreeing with the findings of Rast
menting and dissolving granules. The significantly smaller siaee also present in our data set, one of which is given i Fig. 5c.
of dissolvers compared to fragmenters probably explains whyount indicates that in approximately 30 % of the fragmenting
they have been far less studied. The plotted sizes are averagreahulesv,, exhibits a strong maximum close to the downflow
over the granule lifetimes. at least at one side of the granule. In approximat€l§6 no
such behaviour could be recognized, while it was not possible
to attribute the remaining 20% to either class.

We emphasize that the examples shown in[Big. 5 are selected
to reflect the more well-behaved granules. Some granules move
In the previous sections we described qualitatively the occifjarizontally as a whole while others possess a highly distorted
rence of two types of granules according to the mode of thé&iprizontal structure such as:athat is entirely positive or neg-
death. In this section we investigate their evolution in detail afdVve (after subtracting the shift of the whole granule).
attempt to uncover the physical processes driving it. We begin

by considering selected examples each of the evolution of he Extraction of the temporal evolution of a mean granule
two types of granules.

4. Granule evolution

Due to the comparatively long simulation time and the sufficient
horizontal extent of the computational domain the complete evo-
lution of over 400 granules can be followed. Consequently, by

In Fig.[ we discuss, as an example, the profiles of the verti@eraging over granules at a particular stage of their evolution it
and horizontal velocityy, andv,, ande, p andT (from top is possible to extract the evolution of a typical or mean granule,
to bottom, respective|y) ofa disso]ving (frame a) and two fragl.ncontaminated by the ﬂUCtua:tionS due to the details of the his-
menting granu|es (frames b and C). The Snapshots are takewat and environment of a pal’tICU|aI’ granule. In order to extract
¢ = 0.3 (solid lines) and shortly before deathtat 1.0 (dotted the mean granular evolution the following steps are carried out:

line), where normalized time units have been used:f(see h ial f the phvsical . d id
Fig.[3 and Sedi4]12). The granules, defined as upflow regior?s, espatial averageot the physical quantity under consid-
eration is taken at a fixed time for each granule. Averages

lie between the thick dots. Note the different scales on the hori- : . :
over the upflowing gas (i.e. over the region marked\ay,

zontal axes of Fig§l5a to ¢, which indicate the difference in size . X .
between the three granules. in the case of the fragmenting granule in [Eig. 3) and over

The dissolving granule viewed attime 0.3 is easily recogniz- the downflow lanes which enclose the considered granule

able in all quantities. In addition to the clear up- and downflowi grr?]arkedl byAza,i apdAxdyr)I.ar%galc;]ula}_tfedlsepara;elr)]/.
seen inv, it clearly exhibits the signature of an outflow from~ Z'(Sdo ar tlrlne7|'_||s norl;r)ar:ze y the égtlmergdodt eh
the centre of the granule in,.. A low ¢ and relatively highp studied granule. Hence birth corresponas o0 and deat

andT are found in the granule. Note that a pressure maximum tot=1(cf. F'g'B)E Then, the physical qgantmes are mte_r-

in the granule centre and the centre of both lanes is present. ThepOI"’?tecj onto a new grid of a total of 100 time steps covering
former stops upflowing material and accelerates it to the lateral the '”te“’_a' between 0 and 1. : .
boundaries of the granules, whereas the latter pushes the h ri-The spatially averaged parameters at a given normalized
zontally flowing gas downwards along the lanes. By the time of tlmer? areaveraged over all granuleb;elonglng' to t.he same

its death ¢ — 1.0) v, has decreased significantly, the region with species and separately over the corresponding intergranular
v, > 0 has shrunk dramatically andhas increased. The gran- lanes.

ule is hardly recognizable anymoreuip, 7" andp. In particular, Sé

4.1. Examples of dissolving and fragmenting granules

he hori | outf ithin th le h i rictly speaking the resulting evolutionary profile must be
the horizontal outflow within the granule has now disappeargq o  the spatially averaged, temporally normalized mean gran-

and th? intergranqlar lanes on bOth sides .Of the dying gran{fi§r evolution profile, but we refer to it simply as theanular
are being fed dominantly by the neighbouring granules (as c&biution profileor even agranular evolution

be seen from; andv;). In order to detect changes in physical quantities directly

site-l;Zrean:?)?z;T Ecgru%ig;ar:ueleiitne':(ik%ig:);wgi?:;imzségﬁggsasociated with the formation of new lanes (such as the two lanes
P rting attime§; and7s in Fig.[3), but happening prior to their
its size betweert = 0.3 andt = 1.0. As we shall see the g 51 73 9L3) pp gp

large initial pressure drives the expansion. Note the large cen- The time of death, = 1, corresponds to the first time step atwhich
tral pressure excess relative to the dissolving granulel(Fig. 58 upflow is present anymore. For simplicity we identify the last time

Interestingly, as the granule expands apihcreases intime,  step, where an upflow is present, with death. Strictly speaking, the
decreases. At= 1.0, two locations of beginning fragmentationgranules dies somewhat later.
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and horizontaly.., velocity, the density,
0, pressurep, and temperaturd,. Solid
curves correspond to = 0.3, dotted
lines tot = 1.0 (¢t = 0 marks the birth
andt = 1 the death of each granule).
Bullets mark the boundaries of the con-
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upflow (v. > 0). All curves are ex-
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the two adjacent granules. The absolute
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birth, the lanes have been extended backward in time for heélé averages taken over the adjacent lahgg)@re displayed by

of the fragmenting granule’s lifetime (marked by the thick dot$e dotted curves. Although the changes with time are somewhat
in Fig.[3). In normalized time units the extension correspontager for the lanes, they are again not significant. This general
to time 0.5 to 1.0 of the fragmenting granule. The horizontalcture is in agreement with the results reported for large gran-
location of the extension is prescribed by keeping the ratio wles by Hirzberger et al. (1997) in the sense that all quantities
the distance to the two neighbouring downflow lanes constatitow significant differences between granules and lanes, with
over the whole extension (indicated by the double arrows the possible exception of the pressure. Even in the case of the
death7; and two time steps earlier). The data in the freshlyressure the difference is actually significant, particularly in the
born lane is followed up to = 1.2 beyond death. To obtain thehighest displayed layer of = —26 km. The plotted error bars
mean evolution along these extended lanes we follow No. 2 aen@ standard deviations and mark the likelihood that any given
3 of the points listed above. Instead of averaging accordinggmanule or intergranular lane lies within the plotted error bars.
point 1, we take the data along the extended lanes. We refeHimwever, the uncertainties of the plotted averages are a factor
this normalized mean evolution along an extended lane in shoftroughly /N, =~ 14 smaller. Hence fragmenting granules
by theevolution along a pre-lane have a distinctly larger average pressure than the neighbouring
lanes particularly at and above the surface. Note, however, that
the maximum pressure in the lane (not shown) is practically the
same as inthe granule. This agrees completely with the findings
Fig.[@displays the granular evolutionBf{frame a), normalized of Hurlburt et al. (1984). They find that a (central) pressure ex-
p (frame b), normalized (frame c) and,, (frame d) of the mean cess in the granule accelerates the vertically rising gas sideway
fragmenting granule as defined in SECt] 4.2. From bottom to tpthe boundaries where another pressure excess propels the gas
the subframes of Figs] 6a to d refer to data taken at height lelownwards.

elsz = —341, —201, —131 and—26 km, respectively. Consider  In agreementwith this the expected temporal transition from
first the evolution of the upflowing regio.{.,, thin solid lines). the characteristics of a granules (> 0) to that of a lane«, <

No significant change is seen either over the lifetime of a granwigis clearly seen. Since it is caused by a local instability, little
or over height. For comparison, the corresponding evolution fsign of the impending fragmentation of the granule is seen in

4.3. Evolution of fragmenting granules
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(frame a), pressurep (frame
b), density o (frame c), and

0 4 vertical velocityv. (frame d).
£ i p and o have been normal-
— i ized by dividing them by their
o 7 global averages at the same
_ i The subframes ira to d cor-
R respond toz = —341, —201,
£ OF —131 and —26km from bot-
= 1F tom to top, respectively. Thin
Sd N solid lines display the mean evo-
3 — 1F E lution of fragmenting granules
] E ok 7 (denoted by(.)., see the def-
E Y : inition in Sect[4.R), while dot-
. S A §  tedlines correspond to the mean
E G L 3 evolution of the adjacent down-
3 - 1F 7 flows ({.)4). The thick curves
1 T o Jﬁ//ﬁ_\l\\ show the evolution along the
E X -t 37 pre-lane and the lane formed
E 5 I R 7 through the fragmentation. The
B 3 g - - - error bars indicate the scatter in
0.0 02 04 06 08 1.0 1.2 00 0.2 04 06 08 1.0 1.2 values from one granule to the
normalized time t normalized time t next (standard deviation).

these averages. Along the pre-lane (thick lines in[Eig. 6), themperature and vertical velocity decrease at the surface. The
changesiT’, v, andp first start at the level = —26 km and at excess pressure begins to slow the rising hot material down.
increasingly later times with increasing depth. The behaviour©his material manages to overshoot the layers exhibiting the
the pressure is interesting. The local pressure in the pre-lanesriianced pressure but only with a greatly reduge@he lower
already above averagetat 0.5. The pressure then increases;, allows the material to cool down (as we shall see in[Hig. 7,
most strongly between= —201 andz = —131km, i.e. below v, also decreases with time in the pre-lane), which then leads
the layerz = —26 km whereT', p andp reveal the largest andto the enhanced density and finally to a reduced buoyancy. The
earliest variation. At this layer the pressure does not increasmlution of all these quantities is in good agreement with the
at all. Hence, Fid.l6 is telling us that a pressure increase jugll known buoyancy-braking mechanism, which leads to the
below the surface is accompanied by a density increase arfdranation of new downflows (Massaguer & Zahn 1980, Latour
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Fig. 7. Evolution of different horizontal velocities. The subframes COleight of continuum formation; ( = 1), of dissolving and frag-
respond to: = —201, —131 and—26 km from bottom o top, respec- manting granules. Averages over granulek,) are displayed by solid
tively. The thin solid line refers t¢jv. — vs[)u, wherev, is the shift jines averages over lanes)() by dotted lines. Thick lines: quantities
of the whole convection cell. The dotted line displays the evolution Péferring to fragmenting granules, thin lines: dissolving granules.
(lve — vs|)a, while the evolution of the shiffw,| is displayed by the

dashed line. The thick lines trace the evolution@f — v,| along the

pre-lanes. o i .
fits in with the buoyancy braking scenario presented above. Af-

ter the formation of the new lane, — v,| starts to increase

etal. 1983), which has previously been recognized in 3-D (eggjain, in accordance with the other intergranular lanes.
Nordlund 1985, Steffen etal. 1989) as well asin 2—D simulations

(e.g. Freytag et al. 1996). Note that in EljI6p, ¢ andwv, in

the newly born lanes (thick curves for> 1) overshoot the
corresponding average values of the previously existing larmgse evolution of dissolving granules is best studied in direct
because only the location of maximum downflows contribute g@mparison with the much better understood fragmenting gran-

4.4. Evolution of dissolving granules

the thick curves. _ o _ ules. Frames a to ¢ of Fig. 8 show the evolution of the size,
The evolution of the horizontal velocity is displayed in Fib. %, intensity, 7, and the heightz(r = 1)) of dissolving gran-
for levelsz = —201, —131 and —26 km (bottom to top). The ules (thin lines) and fragmenting granules (thick lines). The

thin solid lines representv, — vs)., which is the horizon- dissolving granules (thin solid curve in Fig. 8a) are consider-
tal velocity corrected for the shift of the whole granule, The  ably smaller than the fragmenting granules (thick solid curve)
shiftv, is determined from the average motion of the neighbougtready at birth. This discrepancy in size mounts rapidly, clearly
ing intergranular lanes. When determinifig, — vs|). we first jllustrating the opposite evolution of the size of fragmenting and
take the absolute value of the difference and only then do Wisolving granules. The size of the former increases steadily,
average horizontally over the granule (i.e. upflowing regioraimost doubling in the course of their lifetime, whereas the size
This quantity does not show significant change over time &f the latter decreases until they disapffear.addition to the
though itunsurprisingly increases with increasing height. Thgranules themselves the average size of the adjacent downflows
same quantity averaged over downflowis,, — vs|)4 (dotted to each type of granule is displayed in Fib. 8a (dotted curves).
lines) shows a certain tendency to increase with time. But t@viously, the downflows embracing the fragmenting and dis-
most striking feature is thadtv, —vs|)a > (|vz —vsl)w, i.€. the  solving granules are of similar size.

largest horizontal velocities are located at the granule bound-

ary. Along the pre-lanes (thick liné), — v,| is smaller than  “ Since the true time of death is shortly after= 1, the size of

{|ve — vs]), @and decreases with time until fragmentation. Thidissolving granules remains positive (thin solid line in Eig. 8a).
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A difference in brightness between fragmenting and dis- Fig[9 compares the evolution of fragmenting (thick lines)
solving granules is visible in Figl 8b (solid lines). The laneand dissolving (thin lines) granules normalized, normal-
(dotted lines) do not differ in brightness between the two typesed o and v, (frames a to d, respectively). The difference in
of granules. T (Fig[9a) between the two types of granules is almost time

Fig[8c reveals that the visible surface of fragmenting gramdependent at = —26 km. At greater depth the fragmenting
ules lies higher than that of dissolvers. Note that this figugganule shows no change over time while dissolving granules
justifies that the chosen uppermost displayed layersis—26  cool significantly. This temperature decrease accelerates as the
because at higher layers the granular pattern of dissolvers tp@nules becomes smaller. We expect that this decredBe in
comes indistinct. which is most pronounced in the upper layers, could be partly
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a b sityscaleheight). As a result the horizontal velocity scales with
sl 1 040F 7 the granule’s size,
z A 0.30F 3
A 1 & Vg ~ T (2)

— E 0.20 E
B “ ool 1 This scaling can only be recognized in maximum horizontal
' velocity and not in the average velocity. Even in the maximum
00 02 04 o8 08 10 00 02 o4 os os 1o Velocity itis not followed rigorously, since real granules are

normalized time t normalized time t neither in a steady state, nor do they possess an upflow that
Fig. 10a and b.Evolution of the horizontal velocity and normalized'S uniform over the grangle (see S@.Sz&).ls.related to
pressure difference of fragmenting (thick lines) and dissolving (thff€ dynamical pressure viev;. Consequently, an increase,
lines) granules. Fram@corresponds tmax., (|v. — vs|) (solid line) ~Ccauses a pressure excégsvhich can be expressed using Eq. (1)
and(|v, — vs|)w (dashed lines). FramedisplaysAp = max,(p) — as
min, (p), i.e. the largest pressure difference within a granule, where 9
5=/, e @

In Fig.[I3b we test this by plotting as a measure fprthe

due to radiative cooling. Steffen et al. (1989) demonstrated ﬂgéf%‘erence bereen maximum and minimum pressug, =
small convection cells, such as dissolving granules, radiate VaigKu(p) — miny(p). The relation betweemanx, (|vs — vs|)
' ’ qud max, (p) is basically in accordance with Efl(2) for the

gzgﬁﬁgy in the horizontal direction, leading to a drop in temdissolving granules. Note that this suggests the rapid decrease in

The average pressure (. 9b) of dissolvers lies below tﬁ)r?ssure of the dissolving granules is at least partially caused by

of fragmenters at all times and decreases right from the star{ﬁ? shrinking size via mass conservation. Fragmenting granules
9 9 Row a more leisurely increase in pressure excess than expected

their evolution. This pressure decrease is partly driven by tﬁg the velocit
enhanced radiative cooling and partly by the decreasing size sm Y-
the granule (see the discussion on mass conservation below).
Note that the average pressure hardly differs between diss@hb. Interaction between granules
ing granules and their neighbouring downflowing lanes. Up . L
t ~ 0.7 the density and vertical velocity (Fids. 9c and d) of thgj's'l' Relation between granules and their neighbours
dissolving granules does not deviate significantly from the rbtthis section we investigate the temporal evolution of granules
spective quantities of the fragmenting granules at all consideretative to their neighbours. At each time step, in addition to the
heights. Shortly before dissolution the physical parameters gxanule under consideration, the adjacent halves of the neigh-
hibit a behaviour that is very reminiscent of buoyancy brakingouring granules are also studied. The averages of the physical
the density and pressure of the dissolver increase and brakeghantities over these halves are computed and subtracted from
upflow after a short time lag. Note that as in the case of fratipe corresponding average of the intervening granule. The tem-
menting granules the final pressure enhancement is not visipteal evolution of the relative differences of various quantities,
in the topmost layer. Note also that the downflow lanes remdarmed as described above, is plotted in Eig. 11.
practically unchanged. The most remarkable feature of this figure is that whereas
Although Fig[® suggests that the final death of dissolvirffcagmenting granules posses# andp excess relative to their
granules is caused by buoyancy braking, it gives few cluesneighbours dissolving granules suffer fronTaandp deficit.
the mechanisms driving the earlier evolution. As Elg. 8a shows,om birth dissolvers start with a deficit it andp that is par-
dissolvers start shrinking soon after birth. Uncovering the caussularly pronounced at the highest plotted levelk: —26 km.
of this is the aim of Sedi. 415. These deficits further increase with time. Dissolving granules
Let us now discuss the horizontal velocities. These are dare, however, relatively neutral relative to their neighbours in
played in FigiIDa. The evolution ¢fv, — v4|), (dashed lines) andwv,, except towards the ends of their lives, when they ob-
remains constant over time for both fragmenting (thick linetin a strongo excess and, deficit. The time dependence of
and dissolving (thinlines) granules. In contrastx,, (|v, —vs|)  all differences is much larger for dissolving granules than for
(solid lines) decreases for dissolving and increases somewinagimenters. Nevertheless, even for the fragmenting granules
for fragmenting granules. Bothw,, —vs|),, andmax, (v, —vs|) changes in the differences to neighbours are larger than in the
exhibit the same evolution at all depths but decrease in magafsolute values of the physical quantities.
tude as: decreases. Note thaj is expected to scale with size  Fig.[I1 emphasizes that the evolution of a granule cannot be
s due to mass conservation (e.g., Steffen et al. 1989, Spruiseparated from that of its surroundings. It is always in competi-
al. 1990, Schssler 1992, Stein & Nordlund 1998). It demandsgon with its neighbours for more space. The pressure difference
that the overshooting mass passing vertically through the abeween neighbouring granules gives rise to a force pointing
covered by the 2-D granule=( v (2r), wherer is the gran- from higher to lower pressure, i.e. away from fragmenting and
ule radius) must leave the granule through its lateral boundaoyvards dissolving granules. The following comparison of the
within a density scale height pv,.(2H ), whereH is the den- horizontal velocities indicates the close relation to such pressure
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s ] to those of the adjacent granules. The same qualitative picture
E ] is also seen at other heights.
~ ] Also plotted in FigLIR is the rate of change in granule size,
ﬁ ] 0s/0t, displayed by the dashed lines. The agreement between
>ﬁ - ] Awv, andds/0t is remarkable and strongly supports the idea
> ] that the rapid outflows are responsible for the rapid expansion
< 7L : : : : of fragmenters. In order to brake these outflows a consider-
0.0 0.2 0.4 0.6 0.8 1.0 able pressure excess builds up over the surrounding downflows
normalized time t in order to break them. If this pressure is larger than over the

Fig. 12. Difference between the horizontal velocity of granules anlaelghbourlng granule then thellane moves outward, a”OW'”Q the
their neighboursAv, (solid, see in the text for a definition), and thedr@nule to expand. The opposite effect causes the contraction of
average rate of change in size of granules= ds/d¢ (dashed lines). dissolvers.
Both quantities are plotted at the level= —26 km versus normalized
tihr_nel_t. Fragmenting granules correspond to thick lines, dissolversli%_z_ Horizontal structure of granules
thin lines.
In an ideal, symmetric convection cell at rest positive diver-
gence is expected, i.e. plasma flows from the central part of the
gradients. Let.,; andz. be the left and right boundaries of these|| towards its boundary. For such an ideal graniig — v, )|
granule (i.e. of the upflowing gas). Let furthey; (z.) be the obviously vanishes whereds), — v,|) > 0. For an extremely
closest upflowing point of the adjacent granule on the left (righBsymmetric granule with a purely unidirectional, however,
Then2Av, = {vy(zu2) — Ve (Tur)} — {va(@u1) — va(zw)}is  the quantitied(v, — v,)| and(|v, — vs|)., are the same. Note
a measure of whether the outflow in the granule being studigpgiﬂ(vw —v,)| < (Jvs — vs|) must always hold. Fi§-13 shows
is larger Qv > 0) or smaller than in its neighbouv, < 0).  the temporal evolution ofv,. — v,|) (solid line) and (v, — v, )|
Auw, is plotted in FigLIR for fragmenting (thick solid lines) ang¢dashed) for fragmenting (thick lines) and dissolving (thin lines)
dissolving granules (thin solid lines). The fragmenting gragranules. Fragmenting granules start with a highly asymmet-
ules reveal a constant excess outflow. In contrast, the dissql¢-horizontal velocity, i.e](v, — v,)| is on average close to

ing granules rapidly loose the competition with their strongey, . — v, |). This is not surprising since new-born granules are
neighbours, with their outflows becoming ever weaker relative
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Fig. 13.Absolute horizontal velocity|v, — vs|) (solid lines), and ab- normolized time t

solute value of the net horizontal velocitié&, — vs)| (dashed lines), Fig. 14.Fraction of granules with different horizontal flow structures
averaged over granules at height legel= —26 km. A comparison vs. normalized time. The solid lines display the fraction of granules
between these quantities provides a measure of the asymmetry ofwith positive divergence (i.e,, — vs points outwards on both sides of
horizontal velocity flow. Plotted is the height level= —26 km Frag- the granules), while dashed curves corresponds to negative divergence.
menting granules correspond to thick lines, dissolvers to thin lines.The dotted lines indicate the fraction of granules for whigh- v has

only one sign everywhere within the granule, i.e. the horizontal flow

is purely unidirectional over the whole granule. Thick curves mark

. . fragmenting and thin dissolving granules.
fragments of the parent granule. During the course of their evo-g g 99

lution the cells seem to reorganize themselves and establish a
fairly symmetric flow ((v,, — vs)| decreases, but compare wittfrom a granule having one strong and one weak outflow. It fails
later). The dissolving granules posses a highly distorted velodherefore to reflect the true granular flow structure.
structure not just at birth, but throughout their lifetime. Unlike  The young dissolving granules have one persisting horizon-
fragmenters the smaller dissolving granules are not able to buddivelocity in 95% of the cases. This number decreases before
up a strong symmetric flow. Although, initially there is also #e final increase to 60%. One cause of the unidirectional ve-
tendency for the flow to become more symmetfe,, — vs)| locity is given by the situation at birth, where the fragment basi-
and (v, — v,|) are practically equal again shortly before theally inherits they,, from its parent granule. We investigate next
death of the mean dissolving granule. whether the maxima of temperature, upflow velocity and pres-
In view of the surprising asymmetry of dissolving granulesure and minimum density are closer to the geometrical centre
we now check how frequent granules with a completely unidif a granule or to its edges. To study this statistically a granule
rectional horizontal velocity are, i.e. we check if at a given timis divided into 4 sections of equal horizontal extent at a given
a granule possesses positive divergence (i,e-; vs changes height. The granules with maxima, respectively minima of the
sign within the granule and corresponds to an outflow), negfudied quantity located in either of the two central sections
ative divergence, — v, corresponds to an inflow into theare binned together, as are those with maxima in the two outer
granule), or a horizontal flow in one direction,(— vs does not sections. The evolution of the fraction of granules with these
change sign anywhere inthe granule; zero divergence). Note tmaixima, respectively minima lying closer to the centre (solid
this terminology of “divergence” is not strictly correct since thénes) or the edges (dashed) is displayed in[Elj. 15.
density has not been taken into account. The fractions of gran- Let us first consider fragmenting granules. The tempera-
ules with positive divergence (solid curve), negative divergenttge maximum exhibits no preferred location (thick lines in
(dashed curve) and zero divergence (dotted curve) are displafeg[I5a) below the surface. At = —26 km, however, the
in Fig.[14 as afunction of normalized time. The counts have begranules appear to reorganize themselves so as to produce a
normalized such that the sum over all three classes is unity. EentralT’ maximum. The maximum pressure (Figl 15b) tends
both fragmenting and dissolving granules the number of casede more centrally located at both displayed heights, except
of negative divergence is negligible, although a few such diclose to death. The largest upflows (ffid. 15d) preferentially oc-
solvers are present. Most of the fragmenting granules start withr near the boundary at birth which is probably a result of the
positive divergence, but a surprising number lose this propepseceding fragmentation of the parent granule. Closer to granule
towards the end of their lives. The number of fragmenting gradeath a central upflow becomes more prominent and dominates
ules having a unidirectional horizontal velocity increases canthe majority of fragmenters. The remaining 30% of fragment-
respondingly. This emphasizes that an asymmetry of the camg granules having maximum upflow closer to a lane indicate
vection cell with respect to its centre is built up and one side tife behaviour found by Rast (1995) and agree with the estimate
the fragmenting granule becomes more powerful than the othgiven in Sec{’4]1.
Note the seeming contradiction to Higl 13 (thick lines) which Remarkably, the locations of the corresponding maxima and
suggests the opposite evolution in time, namely that on averagi@ima of the dissolving granules (thin lines in Higl 15) often
the velocity structure becomes more symmetric with time. Bahow the opposite tendency, i.e. maxima or minima lying in the
note that(v, —v,)| is dominated by large velocity contributionsnner part of the fragmenting granules are in most cases found
and does not take into account the sign of the velocity. In pam-the outer part of dissolving granules and vice versa. The only
ticular, a purely unidirectional velocity cannot be distinguishegikception is the temperature. Note in particular that the pressure
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Fig. 15a—d.Fractions of granules with different horizontal structures in four physical quantities are plottedtuseight levels: = —201

(bottom) and—26 km (top). The fraction of granules in which maximum temperature (frayn@aximum pressure (franig, minimum density

(framec) and maximum vertical velocity (fram®) are reached in the central half of the granule is represented by solid lines, while those with

the respective extrema of these quantities near the granule boundaries are indicated by dashed lines. As usual, thick and thin lines distinguish
between fragmenters and dissolvers.

3.0[ RIS smaller in size than the fragmenting granules already at birth.
2 51 ] This difference then increases as the granule evolves.
© ; ] The birth of agranule (as studied here) is only possible when
= 2.0¢ E its parent granule fragments. We now compare the situation
© 15 ] before fragmentation with the properties of the fragments in
© ; ] order to learn if parents pass on some of their traits to their
2 1-0F ] children and how strongly the situation at birth (so to say the
0.5 ] genetic material) of each of the two granule twins decides their
i ] evolution. We only consider the cases when two fragments are
0.0k J formed, so that all granules analyzed in the following are born

1 2 3 4 as twins.

Fragmenting granules can be classified according to the
types of their children. The three possible groups consist of
Fig. 16.Scatter plot of the spatially averaged properties of newly born
granules (children) vs. the parent granule just prior to fragmentati¢h) those fragmenting granules both of whose children dissolve:
Only those fragmenters are shown of which both offspring either dis- Fr— (Di,Di). Approximately 25% of the fragmenting gran-
solve (marked by open circles) or fragment again (marked by dots). les are of this type;
Ea_ch child is cor_lsi(_jered separately. Display_eq is the granule’s 5@3 both children fragment: Fe(Fr,Fr), also approximately
Points on the solid line mark granules that split into two equal halves: 25% of fragmenters;

(3) of fragmenting granules of which one offspring dissolves
while the other fragments: F#(Di,Fr).Roughly 50% of the

shows a clear tendency to be largest near the boundary of dis-fragmenting granules.
solvers, whereas the largest upflow velocity is rather dominantly
located in the central part. In particular the location of the prelsigs[I6 and 17 shows scatter plots of physical parameters of
sure excess near the granule boundary agrees with the findioth children of a granule just after birth-axis) versus the
that a large fraction, even the majority, of dissolvers harboursame parameters of the parent granule just before fragmentation
unidirectional horizontal flow. (z-axis). Consequently, for each fragmenting granule orxthe
axis two corresponding entries on thexis are found. Fi§. 16
shows the two families in which both fragments either dissolve
(marked by open circles) or fragment again (marked by dots),
Finally, we consider the question of how decisive the conditio$g.[T1 shows those cases when one of the offspring dissolves
at birth are for the future fate of a newborn granule. The spataid the other fragments. Points on the solid line in frame a of
average of the physical quantities (cf. fFig. 8) showed that dBigs[16 and1l7a correspond to granules which split into two
solving granules are cooler, have lower pressure and are medaal halves. Points on the solid line in the remaining frames

s, of parent

4.6. Granule twins: are they marked for life?
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Fig. 17a—c.Frame a shows
the same as Fif.16a, but
now for those fragmenting
granules of which one
offspring dissolves and
(marked by open circles)
and one fragments marked

s, of child
max,(p) of child
<v,>, of child

] 0.90F.° ‘ ‘ ‘ by open dotted). Frame
1 2 3 4 1.00 1.10 1.20 1.30 -4 -2 0 2 4 b shows the maximum
s, of parent max,(p) of parent <v,>, of parent pressure and framev,.

correspond to cases in which the average of the parameter urad@ver 400 granules could be followed allowing us to carry out
consideration is the same before and after fragmentation. a statistical analysis, giving new insight into the temporal evo-
The comparison between the granule size before and aftgion averaged over many granules. We acknowledge that the
fragmentation (Fid_16) shows that larger granules (size abdireitation to two spatial dimensions may restrict the generality
3 Mm) tend to split into granules which fragment again. If thef the conclusions somewhat, but we expect that the main con-
parent is less thar: 2 Mm across, however, at least one otlusions regarding the physical processes controlling granule
the offspring will dissolve (compare also with Figsl 17a). Thevolution should remain valid in 3-D, although the number and
is considerable overlap between the thermodynamic quantitiekative importance of various physical processes will probably
(not shown) of the two families, although those with fragmenbe different. Also, additional aspects may need to be considered
ing offspring tend to have somewhat higher temperature aind3-D.
lower density. This simulation suggests a simple characterization into two
Properties of the remaining fragmenters and their offsprintypes of granules (cf. Figl 1jragmentinggranules end when a
of which one dissolves and one fragments, are compamelv downflowing lane forms in their interior, wheredissolv-
in Fig.[I4. This family is particularly interesting because ing granules contract until two embracing lanes merge together
promises the clearest signs of those differences at birth, whantd the intervening granule disappears. In our simulation an
could lead to the different subsequent evolutions of the offqual number of granules die through fragmentation as through
spring. The comparison of the sizes of the newborn twins cleadissolution. A few examples of a third type of granule, namely
shows that with very few exceptions the larger of these framerging granules, which end when two granules merge to form
ments again fragments whereas the smaller one dissolves. ®@hew and larger granule, may be present, but due to ambigu-
viously, the subsequent evolution is characterized by interigein identifying them we have not studied them in detail (cf.
sibling rivalry, with the larger of these winning. It generateSect[3:2). The number of possible merging granules is negligi-
larger horizontal flows, which in turn can only be produced hyle.
larger pressure, which pushes the smaller sibling away or forcesIn order to investigate the temporal evolution averaged over
it to contract. Fragmenting and dissolving siblings have othenany granules we average physical quantities (at fixed height
wise similar physical parameters, including the thermodynandad at a fixed stage of the granule’s evolution) over the gran-
quantities, with the exception of maximum pressure (Eify. 17hile and over all granules of the same type at the same stage
Fragmenting children possess higher pressure on average. Caitthe evolution. In the case of fragmenters, we additionally
pare now théwv, ),, of the parent with that of the child (Fig.117c).determine the evolution of different physical parameters along
The children with the same sign ¢b,),, as their parents arethe locations at which the new downflow lane is formed during
themselves likely to fragment. If, however, the child has the ofragmentation.
posite sign of(v,),, to that of the parent the child most likely  We are well aware that by dividing granules strictly into two
dissolves. Thus the offspring inheriting the main features of tigeoups and considering only averaged quantities we have con-
velocity field of the parent are more likely to fragment. Notsiderably simplified the often complex evolution of individual
that the fragmenters in Fig. 1L 7c lie closer to the solid line thamanules. For example, in a number of cases a young granule
the dissolvers. initially expands just like a normal fragmenter. At some point,
however, its expansion is stopped by even stronger neighbouring
granules. Eventually, the boundaries of this granule are pushed
back again until it dies as a dissolver (into which category it
We have presented the results of a 2-D, fully compressig#s0 enters in this analysis). Such an example is found, e.g., in
radiation-hydrodynamic simulation. The computational domalrig-db at time7” = 3h 10 and position 2 Mm.
(with a horizontal extent of over 17 Mm) harbours more than a The physical quantities averaged over afragmenting granule
dozen granules at any given time. In addition, the simulation hgi¥ little warning of the impending fragmentation. However,
been run for approximately 5 solar hours. As result the evoluti@h the location at which the fragmentation occurs and the new

5. Discussion and conclusions
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lane is formed the signature of buoyancy braking is clearly sedar. lane lying between the increasingly weaker dissolver and a
A local pressure excess compresses upflowing gas and decglewerful neighbouring granule.
ates it. Mass conservation then forces the horizontal flow speedLet us briefly consider some of the differences that we ex-
at a greater height to be reduced. This in turn allows the gaect between our 2—-D simulation and three dimensional real-
to cool through radiative losses, thus increasing its density fity. For one, intergranular lanes are spatially unconnected in
ther, which finally reduces its buoyancy. The process leadifgD, whereas they form a network in 3—D. This also means that
to fragmentation first starts in the highest considered layersmtereas in 2—D a small, weak granule caught between two large
the solar surface and later propagates down Hence the dgstwerful granules cannot escape and is finally crushed between
of fragmenters (and the birth of new granules) is (statisticaltiiem (i.e. it dissolves), in 3-D it may escape by squeezing out
significantly) driven by surface phenomena. to the side. If this is the case dissolution as a means of death
In contrast to fragmenting granules, the spatially avewould be less common in 3-D. On the other hand, it may be
aged pressure and temperature of dissolving granules decreasger to make a intergranular lane disappear in 3-D than in
throughout their evolution, starting soon after birth. A decreageD. If, e.g. in 2-D a strong upwelling starts below an inter-
in vertical velocity and an increase in density is only seen mughanular lane, then it will probably push the lane to one side,
later, near dissolution. This behaviour can partly be understdmat not destroy it, and the lane will in most cases survive intact.
by the decrease in size of granules and mass conservation, which reason is that since lanes are isolated in 2-D, unless the
leads to a proportional decrease of the horizontal velocity. Therizontal flows in the immediate vicinity of a lane change sign
pressure excess that is built up during the temporal evolutiengdownflow there will be needed to return that material to the
as required by the need to accelerate the matter to the maxilar interior upon disappearance of the lane. In 3-D, however,
mum horizontal velocity, is proportional to the square of theuch an upwelling can part a downflow lane from below like a
granule’s size. This makes the shrinking dissolving granulpair of curtains, effectively producing a new granule by merg-
rapidly weaker relative to its neighbours in the sense thatirig two neighbours. Such effects could explain why the ratio of
has increasingly smaller relative pressure. This pressure difféissolving to merging granules is so much larger in 2-D than
ence between neighbouring granules is crucial and relates dhserved by Mehltretter (1978).
evolution of both types of granules to each other. In fact, the Finally, we point out that in 2-D the horizontal velocities in
combined evolution of a neighbouring pair of granules, a digranules are larger than in 3-D. Hence the pressure difference
solver and a fragmenter, i.e. one granule that contracts and beéveen large and small granules may be smaller in 3-D than
that expands, can be considered to be a form of instability: A find here. This effect may also help to reduce the number of
the dissolver contracts mass conservation requires less strdisgolving granules relative to merging granules.

horizontal flows. Consequently, its pressure, required to accel- )
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