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Chapter 6: Granulation

6.1: Solar Mass M otions

The photosphere is far from datic; it exhibits a wide range of motion, with
scdes ranging from smaller than can be resolved to comparable with the size of the
sun. The velocities associated with the large scde flows are small and will have little
effed on spedra lines. The various motions comprising the large scde flows are well
separated spatially so unless a spedrum is observed over a large aea of the solar
surface only a single portion of the large scde flow will affed the spedrum. The
smaller scde motions, with higher velocities, will have more dfed and will tend not to
have their constituent motions resolved even in spedral observations of fairly small

regions of the photosphere. These small scde motionsinclude the solar granulation.

6.1.1: Large Scale Motions

The sun exhibits a wide range of large scde motions, including
mesogranulation, supergranulation, giant cdls, differential rotation, meridional flows
and torsiona oscillations.? As these motions can be spatially resolved, their verticd
velocities can be measured reliably; the velocities are generally quite small, particularly
for the very large scde motions (all of the @ove except supergranulation and
mesogranulation). The physicd charaderistics of such motions can, and have been,
investigated and are reasonably well known, even if the forces driving such motions are
lesswell known.

Supergranulation consists of cdls of about 30 000 kn acossand lifetimes of
about 1 or 2 days. Typicd supergranulation horizontal velocities are @out 0.5 kms*,

IFor a review of large scale motions, see Bogart, R. S., “Large-scale Motions on the Sun: an
Overview” Solar Physics 110, pg 2334 (1987).
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and verticd velocities are much smaller, about 0.03 kms®. The mesogranulation
pattern is snaller and faster, with cdl sizes of about 7000 kn and lifetimes of a few
hours. Horizontal and verticd r.m.s. velocities of 0.75 kmns* and 0.3 kms* have been
measured.?

As these velocities are quite low compared to typicd granular velocities, their
effeds can be negleded, espeaally at disk centre when the horizontal velocities will

have no effed.

6.1.2: Granulation

The solar granulation is the smallest motion resolved on the surfaceof the sun;
it consists of small regions of hot risng material (a granule) surrounded by relatively
thin regions of cooler falling material (the intergranular spacg. A granular cdl thus
congists of the rising granular centre and the intergranular region in which the material,
having risen, falls badk into deeper regions.

A granular cdl istypicdly about 1000 km aaoss and has alifetime of about 8-
10 minutes. Typicd vertical and horizonta velodities of about 1 kms™ and 2kms™ can
be seen. From these velocities and typicd lifetimes, it is easly seen that the
granulation does not consist of steady cyclicd flow, but rather of material which rises,
falls again, and then reforms into different rising regions as the lifetime of a granule is
too smal to dlow a stealy circulation. The overall appeaance of the granulation
pattern is typicd of convedive flow; the lak of a steady flow is hardly surprising
considering the fad that the photosphere is stable againg convedion. It is not possble
to diredly measure the height dependence of the flow velocities, as the amergent
radiation does not emerge from a unique height, but rather from a range of heights. It
is also difficult to try to predict what the height variation should be; as the mnvedive
flow proceads into the photosphere (which is gable against convedion) the massflow
should deaease, but the density also deaeases rapidly with increasing height, which

would result in increasing flow velocities for a cmnstant massflow. It is perhaps not

2See Antia, H. M., and Chitre, S. M., “Discrete Celular Scales of Solar Convedion” Solar Physics
145, pg 227#239(1993.
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surprising that different workers in this area have reated opposite conclusions, with
some deading that the velocities fall with increasing height, and others deading that

they increase.3

6.2: Fluid Dynamics of Granulation

The solar granulation exhibits two separate regimes of velocity fields - there is
the large scde flow field which is convedive in origin* and smaller scde turbulent
velocity fields driven by the granular flow.

Theoreticd treaments of granulation are difficult, as they involve highly
turbulent flow (Reynolds numbers sich as 10° are typicd, much greaer than criticd
values of 1600for the onset of turbulence). Statisticd treaments of turbulence, such
as Kolmogorov theory>(and related theories) give good results for extremely turbulent
flow but are redly only applicable to turbulence dter an equili brium distribution of
turbulent velocities is attained. It is evident that an equili brium small scde turbulent
field does not exist as high resolution observations gow that small scde turbulent
fields are not uniform, with higher turbulent velocities between the granule ceitre and

the intergranular space where the upflow meds the downflow,6 while eguili brium

3The results obtained are likely to depend on the photospheric heights that the velocities are measured
at. SeeKid, SL. and Yackovich, F.H. “Photospheric Line Asymmetry and Granular Ve ocity
Models’ Solar Physics 69, pg 213221 (1981 for an example of this. Also, even if velocities are
found to deaease in the lower photosphere, at some higher altitude the vel ocities must increase to the
observed higher chromospheric vel ociti es on the order of 10-30 kms™.

41t was originally uncertain whether the granular flow field was driven by convedive processes or if it
instead was turbulence driven by larger scale velocity fields. It is now well demonstrated that the
large scale granular flow field is not purely turbulent, but is instead convedively driven, as siown by
numerical smulations of the solar granulation (seesedion 6.4.2).

SKolmogorov, A.N. “Local Structure of Turbulencein an Incompressble Viscous Fluid at Very Large
Reynolds Numbers’ pg 312318 in “Seleded Works of A.N. Kolmogorov. Volume I: Mathematics
and Medhanics’” Kluwer Academic Publishers, Dordredcht (1997).

6Nesis, A., Handmeier, A., Hammer, R., Komm, R., Mattig, W. and Staiger, J. “Dynamics of the
Solar Granulation II. A Quantitative Approach” Astronomy and Astrophysics 279, pg 599609
(1993.
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turbulence theories predict that the small scde turbulent velocities dould be

indistinguishable spatially and temporally.

6.2.1: Photospheric Viscosity

The viscosity of a gas results from the diffuson of particles between
streanlines, with consequent momentum transfer. The viscosity coefficient will be
given in terms of the particle density, the mean momentum of a particle and the mean
freepath | by

n = 2aNmvl (6-1)
where a is a mnstant of proportionality. The mean free path depends on the particle
density and a callision crosssedion o

1
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so the viscosity coefficient can be written as a function of temperature

(6-2)

K
n= m T (6—3)

where K is a onstant. As the photosphere is composed of many types of particles,
they will al need to be mnsidered to find the total viscosity,” by finding a suitably
averaged viscosity, with the contribution of a particle spedes being proportional to the
speaes viscosity and the fradional abundance of the spedes. We can mnote that the
dominant source of viscosity in the photosphere will be @omic hydrogen, due to its
high abundance, with the next largest contributions being due to helium (about 0.05 of
the hydrogen contribution). 1n a more highly ionised atmosphere, the viscosity due to
eledrons can be important, and can dominate the viscosity, due to the low massand
consequently relatively high viscosity of eledrons.

The viscosity will vary sowly throughout the photosphere asit is a function of
temperature (and the degree of ionisation) and is independent of presaure.

Photospheric viscosities can be expeded to be on the order of 4-5 x 10* poises (dyn-

’See pg 597in Anderson, JD. “Hypersonic and High Temperature Gas Dynamics’ McGraw-Hill
(1989.
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sec an®). Thisviscosty, whichisnotmuch greatr than terrestrial gas viscosties, will
only affed very small motions (with high velocity gradients as a result of their small
size) significantly.

The smallest scde turbulent motions will be disspated by the viscosity, and
new small scde motions will be aeaed by the cacade of kinetic energy from larger
scde turbulent elements. In this way, the larger scde motions will be dfeded by the
viscosity. If anequli brium dstribution of turbulent kinetic erergiesexists, aneffedive
pseudo-viscosity can be found in terms of larger scde turbulent motions, thus
bypassng the neeal to trea the smaller scde motions in detail. Such a treament of
turbulent pseudo-viscosity (also known as eddy viscosity) will be lessacarrate if an

equili brium distribution of kinetic energies does not exist.

6.2.2: Turbulenceat Very High Reynolds Numbers

At sufficiently high Reynolds numbers, and at a sufficient distance from
boundaries, the turbulent field should be isotropic and spatially homogeneous once an
equili brium distribution of velocities has been attained. Under such conditions, useful
results can be obtained from statisticd turbulence theories. The solar photosphere
unfortunately does not fit within these conditions, so such theories are only of limited
value. The large scde flow fields cannot be predicted from statistica theories as the
boundary conditions have too grea an effea on the flow (apart from the discrepancy
between the observed flow pattern and statisticd predictions of pure turbulence, thisis
readily shown in numericd smulation of granular flow).

Some useful results from statistica theories can be obtained for the small scae
velocity fields, which are purely turbulent in origin. Namely, they can be expeded to
be isotropic and to have nealy Gaussan velocity distributions.8 The magnitude of the
small scde field will vary with position, as the small scde fields in the photosphere
cannot read a uniform distribution due to the effeds of stratification (see sdion 6.22
below). The smallest turbulent elements that can exist will be of a size where their

energy is lost due to viscosity, rather than to smaller turbulent elements. Turbulent

8These are standard results of various statistical turbulence heories.
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motions gnaller than this limiting size will be damped by viscosity and if there ae no
small turbulent elements, larger turbulent elements will give rise to progressvely
smaler elements until the limiting size is readed unlessanother medhanism interferes
with this process

Photospheric conditions cannot be dugicated in the laboratory experiments in
fluid flow and convedion due to the low densties, compresshility, high Reynolds
numbers and the strong stratification. Laboratory results therefore cainot be diredly
applied to the photosphere.

6.2.3: Turbulent Flow in a Highly Stratified Medium

The stratificaion of the photosphere has important effeds on the flow therein.
There will be dfeds on both the large scde granular flow and on the smal scde
turbulent velocities.

In the granular flow, the total massflow must be mnserved. As an upwards
moving element rises, its density drops rapidly. As the density falls, either the volume
flow must increase to maintain the same massflow, or the massflow must fall. In the
first case, either the element must expand horizontally to increase the volume, or the
flow velocity must incresse. In the second case, there must be a ©rresponding
outflow of massfrom the dement to ensure conservation. Similarly, a downflow will
either gain massor dow down, or be laterally compressed. In the photosphere, as a
granular centre rises, it cannot realily expand horizontaly, as the surface of the
photosphere is densely padked with granules, so the granular centre can beexpeded to
either increase its upwards velocity or lose massto the downflow. If an upwards
moving element is considered, the maximum horizontal flow velocity (which will occur
along the border) can be determined from the dhange in the massflow rate due to the
rising element. For arising element with crosssedional areaA and a a@rresponding
massflow rate of pAV,, where V, is the spead of the upflow, there will be ahorizontal
mass outflow of pLdhV,, where L is the length of the border of the flow along which
the horizontal outflow occurs and dh is the vertica distance involved. The horizontal

flow spead isgiven by
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_ -A d(pvv)
V, =
p(h)L dh
_—AEUVV Vvd_pD

=L Hah T pand

For downflows, the relationship is exadly the same, where the inflow spedl is

(6-4)

determined by the rate of change of the downflow speed. Thus, in the region where
the upflow stops, high horizontal velocities can be expecied.

A turbulent element in an upflow will expand. This will tend to reduce the
population of smal turbulent elements, and if the upflow is aufficiently rapid, this
depopulation of small turbulent elements by expansion will exceel their credion by
larger turbulent elements. This process will stop an equilibrium distribution of
turbulent velocities from being attained. Thus, the turbulencein upflowsis expeded to
be wek.

The reverse of this processwill occur in downflows, with turbulent elements
being compressed. If an element is compressd to a size where it will be strongly
affeaded by viscodty, its turbulent kinetic energy will be rapidly disspated. This
destruction of overly small turbulent elements will prevent the total turbulent energy
from increasing indefinitely with compresson, but the downflows can till be expeded
to have significantly higher turbulent velocities than the upflows.

Thus, spedra lines formed in downflows dould show greaer turbulent widths

than those observed in upflows. This prediction is confirmed by observations.®

9Seg for example, Kiselman, D. “High-Spatial-Resolution Solar Observations of Spedral Lines Used
for Abundance Analysis’ Astronomy and Astrophysics Supplement Series 104, pg 2377 (1994.
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6.3: The Structure of Granulation

6.3.1: Structureof a Granular Cdl

There ae anumber of problems with attempting to diredly determine the
structure of agranular cdl. Asthecdl is typicdly only about 1000km across only the
larger feaures within the cdl can be resolved. Thus, while dired measurements of
some properties of granulation can be atempted, many elements of granular structure
will have to be determined indiredly. Such indired determinations can consist of using
the solar spedrum, particularly the shapes of spedral lines, to probe granular structure,
or attemptsto theoreticdly predict granular structure.

The dements of the structure of a granular cdl are the variations in
temperature, pressure and density throughout the cdl, the physicd dimensions of the
granular cdl, the large scde velocity field (the granular flow field) and the small scde

turbulent velocity field.

6.3.2. Temperature Variation within a Granular Cell

At the depths where the granulation is driven, the rising granular centre must
be hotter than the falling material in the intergranular space In the photosphere, this
will not necessarily be the cae, as the photosphere is gable against convedion, and
such motions must be caised by deeper convedive motions overshooting into the
(stable) photosphere. As a granular centre rises, it will cool through expansion, and
due to the superadiabatic temperature gradient in the photosphere, this cooling can be
quite rapid. There will also be dficient radiative aoling. Thus, we can exped that
dee in the photosphere, there will be large temperature differences between the
upflows and downflows, and higher in the photosphere, these temperature differences
will be smaller.

That there is a temperature difference in the lower photosphere is reaily seen
from the continuum intensity. The granular centres are brighter in the @ntinuum than
the intergranular space (this brightness difference is responsible for the granulation

being visible).
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Roudier and Mullerl® measured intensity variations in wavelengths 5720 A to
5780A, with a spatial resolution of 0".25, and found the r.m.s. intensity variation to be
8.1%. This corresponds to an r.m.s temperature variation of 2%, or 130°K at Tsp00 =
1. Greder temperature differences must exist at greder depths, but the temperature
differences higher in the photosphere should be no greaer than this, and could be
much smaller. From high spatial resolution observations given by Nesis et a.ll the
brightest regions at 49125 A are 7.4% brighter than the mean intengity at this
wavelength, and the dimmest regions are 9.5% fainter. Kiselman!2 observed bright
regions at 6153 A which were 22% brighter than the mean intensity and dark regions
which were 12% fainter. This large intendty difference for the bright region
corresponds to atemperature difference of 370°K.

It has been shown that the temperature variations rapidly become smaller as the
height increases.13 Thus, the temperature variation will only need to be wnsidered for
lines forming deep in the photosphere. Linesforming higher in the photosphere will be
formed in regions of uniform temperature (with resped to horizontal varnations).

Lastly, it can be noted that the temperature variation in the lower photosphere
will affea spedra lines snce the increased continuum intensity from hotter regions
will result inagreder contribution to the total line profile from the upflows than would
be expeded from the aeaoccupied by upflows would indicate. The contribution from

downflows will be correspondingly smaller.

10Roudier, Th. and Muller, R. “Structure of the Solar Granulation” Solar Physics 107 pg 1126
(1988.

1lNesis, A., Handmeier, A., Hammer, R., Komm, R., Mattig, W. and Staiger, J. “Dynamics of the
Solar Granulation II. A Quantitative Approach” Astronomy and Astrophysics 279, pg 599609
(1993.

12Kisdman, D. “High-Spatial-Resolution Solar Observations of Spedral Lines Used for Abundance
Analysis’ Astronomy and Astrophysics Supplement Series 104, pg 2377 (1994.

135eg for example, Hansdmeier, A., Mattig, W. and Nesis, A. “High Spatial Resolution Observations
of Some Solar Photospheric Line Profiles’ Astronomy and Astrophysics 238, pg 354362 (1990.
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6.3.3: PressureVariation within a Granular Cell

Presaure variations must exist within the granulation. As there must be
horizontal flows (as the verticd velocities do not increase exponentially with height
and deaeasing density), the presaure differences neaded to drive these horizontal flows
must exist.

The horizontal presaure variations will not be & important as the temperature
fluctuations. This can be seen from the dynamics of the granular flow14 and from
observations of line profiles. The damping wings of spedral lineswill be the portion of
the line profile most affeded by presare fluctuations, and observations dow
fluctuations in the strengths of wings of lines. Such wing strength fluctuations were
investigated by Kneea and Noltel> who concluded that the dfeds of temperature
variations are much greder (by a fador of 5 or 6) than the dfeds of presare
variations. Thismakesit difficult to directly measure presaure variations.

If the temperature fluctuations were well known, their effeas could be
separated from those of presaure fluctuations, which could then be diredly measured.
This would require a better knowledge of temperature variations than is currently
availlable. The presaure can aso be determined hydrodynamicdly if the granular flow

and temperature are known, without recourse to further observations.

6.3.4: Density Variation within a Granular Cell

Horizontal variations in density will be related to variations in pressure and
temperature. The dfeds of density variations will be the combination of the dfeds of
the matching temperature and presaure variations, and the density variations do not

neel to be consdered separatdy.

14Nordlund, A. “Numerical Simulations of the Solar Granulation |. Basic Equations and Methods”
Astronomy and Astrophysics 107, pg 1-10(1982.

15K nee, F. and Nolte, U. “On the Fluctuation of Wing Strengths as Diagnostics of the Solar
Atmosphere” Astronomy and Astrophysics 286, pg 309313(1994.



Chapter 6: Granulation 145

6.3.5: TheHorizontal Variation of the Granular Flow

The granular flow velocity varies grongly with horizontal position; the upflows
move upwards and the downflows move downwards. The downflows, occupying a
smaller fradion of the solar surfacethan the upflows, have correspondingly higher flow
speads. The spedal of the upflow and downflow, or at least the differences between
them, can be gproximately measured from the red- and blue-shifts of spedral lines
observed with high spatia resolution. This only gives an approximate result as the
gpedral lines do not form at single heights, but rather over arange of heights, so only
an average velocity weighted by the @ntributions to the line from different heights can
be found in this manner.

Using Doppler shifts such as these, only the line-of-sight velocities can be
found, which, at disk centre, will be the verticd (upwards and downwards) flow
velocities. The horizontal flow speads can, however, be found from the verticd flow
using massflow conservation.

As upflows occupy a larger fradion of the surfacethan downflows, and the
continuum formed at the base of upflow (where the temperature is higher) is brighter,
the major contribution to the average line profile is from upflows. The average line
profile should then ke blue-shifted (with a shift due mostly to the upflow speed). To
acarately measure the blue-shifts of spedral lines, acairate line profiles and acarate
laboratory wavelengths are needed. The gravitationd redshift of 636ms™ must also be
taken into acount. Measurements of solar line shifts by Dravins et al.16 show that
strong lines have blue-shifts of 200-300ms™ while weék lines have blue-shifts of 300-
400ms™. Wavelengths shifts of spedral lines due to convedion should only depend on
the depth of formation of the spedral lines, but as laboratory wavelengths are often
only acarate to 100ms™ or worse, the large scatter in their results may be due to the

laboratory wavelengths used rather than any variation of the acual shifts of linesin the

18Dravins, D., Lindegren, L. and Nordlund, A. “Solar Convedion: Influence of Convedion on
Spedra Line Asymmetries and Wavelength Shifts’ Astronomy and Astrophysics 96, pg 345364
(1981).
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photosphere. The results obtained by Dravins et a. agree with ealier observation of
solar line shifts.1?

As the horizontal variation in the verticd mass flow velocity is grongly
asymmetric, it can be expeded to contribute significantly to spedral line asymmetries
nea disk centre. Thehorizontd flow will not affea speard lines nea disk centre, but
will affed line profiles nea the limb. The horizontal massflow should be symmetric.
If spedral lines are observed nea the limb, the verticd flow will have little dfed, and
the line should not be shifted by the granular flow. Spedral lines observed at the limb
exhibit only the expeded gravitational redshiftl® which is in agreement with these

expedations.

6.3.6: TheVertical Variation of the Granular Flow

As mentioned above in sedion 6.3.5, the wavelength shift of a spedral line
depends on the strength of the line. As the depth of formation of spedra lines
depends on their strength, this grongly suggests that the verticd mass flow is not
constant with height. Measurement of the variation of the verticd flow with height in
the photosphere is difficult, so it is not overly surprising that al possble conclusions
have been drawn in previous work - that the flow speeal is constant, increases with
height, deaeases with height, or some combination of these caes.

As a flow moves upwards into a region which is gable against convedion, it is
expeded that the massflow will rapidly deaease. Whether or not the speal of the
flow will i ncrease or deaease is not so clea, due to the strong density stratification of
the photosphere. This questionis readily resolved from the observations of line shifts-

strong lines, forming higher in the photosphere, show smaller wavelength shifts than

17See pg 346in Dravins, D., Lindegren, L. and Nordlund, A. “Solar Convedion: Influence of
Convedion on Spedra Line Asymmetries and Wavelength Shifts’ Astronomy and Astrophysics 96,
pg 345364 (1981 for abrief review of earlier wavelength shift measurements.

18see pg 347 in Dravins, D., Lindegren, L. and Nordlund, A. “Solar Convedion: Influence of
Convedion on Spedra Line Asymmetries and Wavelength Shifts’ Astronomy and Astrophysics 96,
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wedker lines from deeper in the photosphere. From this, it is realily seen that theflow
velocity must deaease with increasing height. The deaease is not necessarily gred, as
the line shifts fall from 300-400ms™ for weak linesto 200-300ms™ for strong lines.

6.3.7: TheHorizontal Variation of the Turbulent Veocity Fied

High spatia resolution spedra show that the smdl scale turbulent vel ocity field
(the microturbulence) is not uniform horizontally.1® This is in acerdance with our
expedations from the behaviour of fluid flow in highly stratified atmospheres. Lines
formed in the darker (and red-shifted) intergranular spaceare sgnificantly broader than
lines formed in the rising granular centre. The trangtion region between the upflow
and the downflow, where there is a high welocity gradient, also displays high
turbulence.

The difference in the turbulent velocities between upflows and downflows are
such that the blue wings of both Hue-shifted narrow lines formed in granular centres
and red-shifted broader lines formed in the intergranular region roughly coincide (see
figure 6-1 below).

pg 345364 (198]) for a brief review of wavelength shift measurements for spedral lines observed at
thelimb.

19seeHandmeier, A., Mattig, W. and Nesis, A. “High Spatial Resolution Observations of Some Solar
Photospheric Line Profiles’ Astronomy and Astrophysics 238, pg 354362 (1990, Handmeer, A.,
Mattig, W. and Nesis, A. “Sdeded Examples of Bisedor and Line Parameter Variation over a
Granular-Intergranular Region” Astronomy and Astrophysics 251, pg 669674 (1993, Nesis, A.,
Handmeier, A., Hammer, R., Komm, R., Mattig, W. and Staiger, J. “Dynamics of the Solar
Granulation 1l. A Quartitative Approach” Astronomy and Astrophysics 279, pg 599609 (1993 and
Kisdman, D. “High-Spatial-Resolution Solar Observations of Spedral Lines Used for Abundance
Analysis’ Astronomy and Astrophysics Supplement Series 104, pg 2377 (1994.
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Granular line shifts and widths
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Figure 6-1: BlueWing Coincidernce

As aresult of this coincidence of blue wings, the granulation is difficult to see

while on the blue side of aline, and easy to seewhen on the red side. 20

6.3.8: TheVertical Variation of the Turbulent Veocity Field

The verticd variation of the turbulent velocities is difficult to determine. Due
to the epansion of upflows and the compresson of downflows, the turbulent
velocities are expeded to increase with increasing depth. It may prove difficult to
extrad much information regarding the verticd variation of the microturbulence from
the solar spedrum.

It can be noted that standard plane-parallel microturbulence-maaoturbulence
spedral synthesis is often performed using depth independent microturbulence, as the
results obtained are dmost identicd with those obtained using depth dependent
microturbulence  The we& effed of small variations in the microturbulence make

them difficult to determine, but it can be seen that, as the dfed of the spedrum is

20see pg 604in Nesis, A., Handmeier, A., Hammer, R., Komm, R., Mattig, W. and Staiger, J.
“Dynamics of the Solar Granulation Il. A Quartitative Approach” Astronomy and Astrophysics 279,
pg 599609 (1993 for a summary of observationsrelating to the blue wing coincidence
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small, the variation of microturbulence acossthe heights where photospheric spedral

linesform cannot be overly large.

6.3.9: Granular Vdocity Structure

The various aspeds of the velocity structure of a granular cdl are shown

schematicaly below (seefigure 6-2 and figure 6-3).
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Only the upper portion of the flow shown in figure 6-3 is observed. Therest of
the flow will be below the observable amosphere. Flows of this genera nature ae
typicd of convedive proceses. The main feaures distinguishing the solar convedion
from other common flows are the extremely high Reynolds numbers (and resultant
turbulence) and the strong stratificaion of the atmosphere.

These granular properties can be used as the basis of a simple granular model.

Thisprocedure is discussd in detail in chapter 7.

6.3.10: VariationsBetween Granules

So far, the properties of a “typicd” granule have been considered. As all
granules are not the same, the variations between granules will need to be mnsidered.
The main consideration will be variations in flow velocities and turbulent velocities.
As the properties of individual granules are rarely measured to a high degree of
acaragy, the variation between granules is poorly known. In the dsence of reliable
data, it isliable to prove useful to assume that any variation is Gaussan.

The adual variation is quite mmplex, as the properties of a granule vary not
only between granules, but also within the short lifetime of an individual granule.
Granules aso vary in shape and size and so the variations in the velocity fields
between granules could be fairly large. Even if the variation is large, it should be
smaler than the variations within individual granules - few granular centres are

observed to be falling rather than rising.21

21Bright regions are sometimes observed to be slowly falling, and dark regions sometimes rising.
Whether thisis due to a variation in the vertical flow speeds or in the brightnessis not clear. Bright
granular centres generally rise, and the darker intergranular regions gererally fall, so the variation in

vertical flow speel isnot greater than the flow speed, and might be significantly smaller.
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6.4: Theoretical M odds of Granulation

A number of attempts to ded with granulation theoreticdly have been made.
These range from attemptsto apply fairly simple theories through to numerica solution
of the eguations of fluid flow for granules.22 Attempts to trea granulation as a smple
convedive process are investigated, and numericd smulations are examined in detail .
These smulations replicate most of the grossbehaviour of granules, and provideafirm
base for the onvedive origins of granulation. The simulations dow that the
granulation behaves in a manner smilar to that in which we ae led to believe from
observations. Both the observations and such smulations can therefore be a&ssumed to

be reasonably acairate.

6.4.1: GranulesasRising Spherical Thermals

Granulation is a @mnvedive process and the older treaments of convedion,
such as the standard mixing length theory, are smple gproximations tenuously based
on redity. The standard mixing length theory assumes that convedion involves
elements of the photosphere which, having excessenergy, rise for some distance (the
Prandtl mixing length) and then disspates delivering the energy to the surroundings.

An improvement on this approad was used by Ulrich?3 who considered amore
detailed model of the rising element. Ulrich modelled the rising element as ghericd
thermal using the Hill vortex model. This givesa reasonable cescription of convedion
in the sun which is smilar to models of convedion in the terrestrial atmosphere. This
then leals to the question of how the granulation is related to convedive energy
transport in the mnvedion zone. If visible granules can be identified as horizontal
crosssedions through such sphericd thermals, this description of convedion should

also succesqully model granulation.

22Nordlund, A. “Numerical Simulations of the Solar Granulation |. Basic Equations and Methods”
Astronomy and Astrophysics 107, pg 1-10(1982.

23UIrich, RK. “Convedive Energy Transport in Stellar Atmospheres’ Astrophysics and Space
Science 7, pg 7186 (1970
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Unfortunately, this smple model does not acount for all observable feaures of
the granulation. Observations of granules growing larger and splitting into two new
granules and two granules merging into one ae not explained by this model. The
model also predicts that granules dould appea circular. While most granules are
roughly circular, odd-shaped granules are dso reasonably common. Since there is a
minimum size to rising sphericd thermals, the model also predicts the existence of too
few small granules.

The sphericd thermal model is therefore not an adequate model for
granulation. As granulation is poorly modelled by such a model of convedive energy
transport, it will be necessry to approach the problem in more detall. The
hydrodynamics of highly turbulent flow in a highly stratified medium will need to be
considered. The highly turbulent convedion comprising the granulation is liable to

behave quite differently from convedion asociated with much lower turbulence

6.4.2: Numerical Simulation of Granules

Given a sufficiently powerful computer, it should be possble to numericdly
solve the equations governing the fluid flow in the photosphere, and thus smulate the
behaviour of the solar granulation. Although the sufficiently powerful computer which
could be used to trea the problem fully does not yet exist,24 suitable gproximate
smulations have been performed by Nordlund.2> Using a two-dimensional Fourier
series representation of the horizontal fluctuations giving rise to the granulation in
order to ded with the dfedively infinite horizontal extent of the photosphere, and a
cubic spline verticd representation, Nordlund obtains a suitable grid of points for

deding with the problem. If the equations of motion for the photosphere can be solved

24The difficulty of completely solving the problem can be readily seen. The viscosity is only effedive
on lengths of the order of 1 cm, whil e the photosphere alone (ignoring the deeper regions which are
responsible for the formation of the granulation) is sveral hundreds of kilometres thick. A large
horizontal extent will also need to be mnsidered. The full model atmospheres problem (a major

undertaking in its own right) involves dealing with a very large number of spedral li nes.
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for reasonably closely spaceal points in time, a picture of the evolution of granulation
should be obtained.

These simulations reproduce the overal appeaance of the solar granulation.
Rising granular centres surrounded by a more rapidly falling intergranular space ae
formed. The granules tend to grow in horizontal extent with time until they breg up
into smaller ones. Exploding granulesdso form in the smulations.

Such smulations, although they reproduce the observed granulation well, are
not well suited for determining space ad time averaged spedra. The smulation, at
any time, only gives an instantaneous picture of the granulation, from which an
instantaneous fedrum can be obtained. The anergent spedrum would have to be
cdculated for a large number of horizontal positions within the smulation to dbtain a
gpatialy-averaged spedrum. This would have to be performed over many time steps
to obtain a tempora average. The aitire processwould need to be repeaed in order
to obtan aspedrum ugng diff erent line parameters.

Due to alimited number of grid points available, the smulation cannot diredly
ded with small scde motions. ldedly, the smulation would extend to a sufficiently
smal scde so that the viscosity of the fluid dredly affeds the flow. Nordlund
estimates the dfed of the smaller scde terms by treaing them as an effedive viscosity
asuming an equilibrium distribution of small-scde motions. As the small scde
velocity field does not necessarily read its equili brium kinetic energy distribution, this
treament of small scde motions could be the gredest source of error in these
smulations. Errorsin such viscous effeds could lead toincorred boundary conditions
being nealed for the simulation results to match the observed behaviour of the
granulation. Unfortunately, this smplified treament of the small scde motions is

unavoidable; it iswhat makes the problem computable atall .26

25Nordlund, A. “Numerical Simulations of the Solar Granulation |. Basic Equations and Methods”
Astronomy and Astrophysics 107, pg 1-10(1982.

26t would be difficult to find a less computable problem in fluid dynamics. The viscosity and the
length scale for which viscosity is important is smply too small, and photosphere too large for the
entire small scale through to large scale omponents of the system to be included dredly in the

computation.
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Simulations such as these ae perhaps the best window on understanding the
basic processs involved in granulation. The amdl scale phenomena canot be diredly
observed dwe to limits on resolution of observations, and the flows are sufficiently
complex to defy exad solutions. To apply such smulations to the problem of spedral
line formation, high resolution (in space time and frequency) spedra ae needed. |If
the spatial resolution is insufficient, the spedra will be averages acossrelatively large
areas of the photosphere, and if the time resolution isinsufficient, it will not be possble
to observe the evolution of the flow or to obtain suitably stable time averages of
spedra. Such a spedral movie should also cover alarge aea ad along time. Then
there would be the problem of time, with granular simulations currently taking the

equivalent of several CRAY -1 computer hours.

6.4.3: Recent Developmentsin Numerical Simulations

The results of various granulation simulations have been compared with ead
other and with the observed properties of the solar granulation. Gadun and
Vorob'yov2’ show that reasonable results can be obtained using two-dimensional
simulations, which allow a denser grid of points to be used. They also show that the
results obtained depend on the treament of radiative transfer in the amosphere, which
is not unexpeded, given the dominance of radiative processs in the photosphere.

Brummell et al. have receitly reviewed numericd smulations of solar
convedion, including large scde motions.28 Improvementsin both the dgorithms wsed
and in the size of grids used have given improved results. The largest grids used in
cdculations are now about 512 or 1024 points in size, thus covering threeorders of
magnitude spatially. This, while still substantially smaller than the Sx (or more) orders

of magnitude desired, allows awide range of motionsto be represented.

27Gadun, A.S. and Vorob'yov, Yu.Yu. “Artificial Granulesin 2-D Solar Models’ Solar Physics 159,
pg 4551 (1995.
288rummell, N., Cattaneo, F. and Toamre, J. “Turbulent Dynamics in the Solar Convedion Zon€’

Science 269, pg 13761379(1995.
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Better treament of the smaller scaes of motions has been obtained through the
use of the piecavise-parabolic method to solve the Euler equations for the flow (at the
cost of a substantial increase in required computation, as compared with the spedral
tedhniques used by, for example, Nordlund). Asa result, motions unresolvable in solar
observations can be cdculated. This presents obvious difficulties when it comes to
comparing the theoreticd results with observations. Some properties of these small-
scde motions can be measured from the solar spedrum (microturbulence), but their
gpatial structure cannot.

Although further improvements are required before the full dynamic range of
motions can be properly treaed, numericd smulations are airrently yielding useful
results, and can give theoreticd predictions for motions inaccessble to observations
(either through inadequate resolution or the depth of the motion).  Numericd
smulations are apowerful todl to study motions in the photosphere, but the range of
motions avail able in the simulations must be extended to the smallest adudly occurring
scdes of motion before full confidence can be placed in the quantitative results of such
smulations. The results for the larger scde motions, which are less affeded by the
small-scde motions and any errors in their cdculation, are more reliable, both

quantitatively and qudi tatively.
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