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Chapter 8: Synthesis of Asymmetric Spectral Lines

8.1: Adapting the Plane-Parallel Approximation

With the parametric granular cdl model (as discussed in chapter 7), the
emergent spedrum can be found by using plane-paralel spedra synthesis methods.
Although the granulation results in the plane-parallel approximation kre&king down in
a global sensg, it can still be used locdly, in regions which are gproximately plane-
parallel.

It is desrable to have & few regions as necessry, both to reduce
computational requirements, and to keeg the number of free parameters in the
granulation model aslow as possble.

The basic procedure is then quite smple for the upflow and downflow regions
which are plane-paralel regions with verticd velocity gradients (and possbly
microturbulence gradients). The only region presenting any difficulty is the transition

region between the upflow and downflow regions.

8.1.1: TheGranule-Intergranular Space Transition Region

Difficulties arise in the treament of the transition region asthere is a horizontal
variation in the verticd velocities in this region. This, coupled with the verticd
gradient of the vertica velocities, resultsin a plane-parallel treament, strictly speaking,
being incorred. The plane-paralel cdculation is desirable, so the importance of
deviation from plane-parall €lism should be determined.

The deviation from plane-parallelism is the variation of the verticd gradient of

the verticd velocity with horizontal position (seefigure 8-1).
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Figure 8-1: Horizontd Variation of Verticd Vdocity Gradient

The verticd velocity gradient is proportional to the verticd velocity, so the
variation of the gradient aaossthe transition region is proportiona to the variation of
the magnitude of the verticd velocity (seefigure 6-2).

Where there is no verticd velocity gradient (where the verticd velocity is zero),
the verticd velocity gradient will have no effed on the spedrum emergent from this
portion of the trangtion region. Where the verticd velocity gradients are greaest (at
the alges of the region), the spedrum will be dfeded by the height-dependent
Doppler shift of the line absorption profil e.

There ae two smple tedhniques that can be used. Firstly, line broadening due
to the verticd velocity variations within the region can ke treaed as non-Gaussan
microturbulence  The opadty at a particular depth can be cnvoluted with the
distribution of Doppler shifts due to the flow velocities. Seandly, the emergent
spedrum can be found, and then kroadened by the Doppler shift distribution.

The first of these techniques is preferable, as the second cannot adequately take
the height dependence of the flow velocity into aceount. The sscond, howewver, can be
used in order to estimate errorsintroduced by thefirst method being used.

A dmilar problem arises when considering the variation between granules,
represented in the parametric model by the maaoturbulence. As the maaoturbulence
affeds the velocity gradients, rather than simply broadening the lines, treaing it

identicdly to traditional maaoturbulence is an approximate method only. Errors
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introduced by this approximation will be greaer for strong lines than for we& lines,

which are lessdependent on broadening processs.

8.2: The Granular Cdl Modd

The parametric granular cdl model was developed in chapter 7, using
observational data on granulation whenever possble. The granular cdl is represented
by sixteen parameters, not al of which can be fredy chosen. The model has eleven

freeparameters, some of which are reasonably well determined by observations.

8.2.1: The Granular Cdl Modd

The model consists of three regions. the upflowing granular centre, the
downflowing intergranular space and the transition region between them, denoted
respedively by the subscripts U, D, and T. There ae five parameters describing ead
region, and one global parameter. The five locd parameters are the aeg the
brightness the flow velocity, the microturbulent velocity, and the maaoturbulent
velocity.

The aeaparameters A, A,, and A; are the fradions of the surfaceoccupied by
the regions. The brightness parameters By, B,, and B; are used to weight the
contributions from the different regions to acount for the differing continuum
intensities emergent from these regions. The dfed of the brightness parameter
depends on the wavelength (see @uation (7-8) ), so the contribution of aregion to the

spedrum is proportional to

| agiuges = A @"' @( Baooo ~ 1)ﬁ)n ' (8-1)

The other parameters affed the formation of the spedrum within the region.
The global parameter is the velocity scde height V., with which the flow velocities (and
the microturbulent velocities if depth dependence is assumed) are asumed to vary

exponentialy. The flow velocity for an upflow region i a aheight his
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h

V, =Ve " (8-2)
and the upflow and downflow velocities are related by the aea parameters using
equations (7-10) and (7-12). The flow velocity in the transition region will vary from
the upflow velocity to the downflow velocity. |f depth-dependent microturbulence is

being used, the microturbulent velocity is

h

§ =&e ™. (8-3)
The maaoturbulence parameters AV, AV;, and AV, acount for the variation
between granules, and are used in the same manner as maaoturbulence in the

traditional maaoturbulence-microturbulence convedion modd.

8.2.2: The Modd Parameters

The initial values adopted for the granular model parameters are shown in table

81
Table 8-1: Initial Granular Modd Parameters
Parameter Upflow U | Transition T | Downflow D All
A 0.45 0.4 0.15 —
B 1.07 0.97 0.87 —
Vo —~ —~ —~ 0.577kms*
V. — — —~ 368km
depth dependent | 0.95kms™ | 4.27 kms* 4.27kms* —
¢
depth independent | 0.3kms® | 1.35kms™ 1.35kms* —~
¢
AV 0.25kms™ | 0.3kms* 0.5 kms* —~

The initial parameter values have been determined from observations of the
solar granulation. There ae large uncertainties in a number of them, particularly the

microturbulence and the maaoturbulence mrameters. Theclosenessof thefit between
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the observed and computed line profiles can be used to adjust the values of the
parameters. This is done by adjusting the desired parameters until the squared
deviation between the observed and computed data points

2= (1) &)
isaminimum.

It is expeded that this will prove necessary for the maaoturbulence
parameters. It may prove impossble to fit some of the parameters acarately, as a
number of the dfeds of different parameters may prove difficult to separate. For
example, both the aea ad brightness parameters have smilar effeds, and
distinguishing between microturbulence and maaoturbulence is difficult unless

acarate damping constants and oscill ator strengths are available.

8.2.3: Comparison with other Convective Cell M odels

Purely plane-parallel convedive cdl models, despite their limitations, have been
used in the past. Such models typicdly use ahigh velocity gradient when reproducing
the asymmetry present in solar lines. The value of such models is examined in sedion
8.3.3 wherethe effea of the \docity gradient on asymmetry isinvestigated.

Multi-stream models (of which the model used here is an example) have aso
been used. Simple multi-stream models which do not properly acount for the
structure of the granulation fail to reproduce observed spedra. A multi-strean nodel
with a sufficient number of columns and free parameters will, given appropriate
parameter values, be ale to reproducethe observed spedrum.® If such amodd hasan
excessve number of free parameters, the values obtained by such a fit are unreliable.
For this reason, care has been taken here to have & few free parameters as posshle in

the adopted granular model.

IFor an example of such a model (a four-column model similar to the model used here, but with less
detail ed modelli ng of flow velocities and microturbulence), seeDravins, D. “Stellar Granulation VI:
Four-Component Models and Non-Solar-Type Stars” Astronomy and Astrophysics 228, pg 218230
(1990. As ddlar granulation cannot be diredly observed, it is necessary in such cases to oltain all

parameter val ues by fitting observed and cal culated spedra.
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Granular motions diredly cdculated, such as the numericd granular
simulations by Nordlund and others, can adso be used to cdculate spedra. As the
behaviour of such smulated granulation is time-dependent, the cdculated spedrum
must be averaged over enough spatial points and time points soas to producea reliable

average spedrum. This procedure is demanding on computational cgpadty.

8.3: Spectral Synthesiswith the Convective Cdl M odd

8.3.1: Comparison between Predicted and Observed Spectra

The granular model was used to cdculate anergent spedra for a number of
gpedral lines. The initial parameters were aljusted as required to produce the best
agreament between the observed and computed spedra.  The depth-dependent
microturbulence model was found to give a ketter fit to the observed spedrum than the
depth-independent model. Accordingly, the depth-independent model was discarded.

Examples of the agreament between the observed and cdculated spedra ae
shown in figures 8-2, 8-3, 8-4, 8-5 and 86. (Plane-paraléd fits for the same lines are
showninfigure 5-9, 5-10, 5-11, 5-12and 5-13)
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Figure 8-6: Co | at 56472383

The spedra cdculated using the granular model fit the observed spedra more
closely than the best fits obtainable using the purely plane-parallel microturbulence-
maaoturbulence model (see sedion 835 for a quantitative anaysis of the
improvement). The asymmetry in the observed spedra lines is reproduced by the
cdculated line profil es.

The doseness of the fit between the observed and computed spedra shows
clealy that the granular motions are esponsblefor the asymmetry of solar lines.

Other lines can be redily cdculated with smilar acaracy. The difference

between the observed and computed spedrais examined in 8.3.4.

8.3.2: Final Parameter Values

The fina parameter values for the modd (with depth-dependent

microturbulence) are shown in table 8-2.
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Table 8-2: Find Parameter Vaues
Parameter Upflow U Trangtion T Downflow D All
A 0.45 0.4 0.15 -
B 1.07 0.97 0.87 -
Vo —~ —~ —~ 0.577kms*
V, - - - 368km
& 1.58 kms™ 3.67kms* 3.67kms* —
AV 1.6+02kms* | 1.6+03kms™ | 35+ 1.1kms* —

The parameters modified were the microturbulence and maaoturbulence
parameters. Substantial increases were made to the maaoturbulence parameters. The
other parameters were not modified as the initial estimates of their values were more
reliable, and it was not necessry to modify them in order to produce a tose fit
between the observed and computed spedra. The erorsin these parameter vduesare

discussed in sedion 8.3.4.

8.3.3: The Effect on the Spectrum

The oontributions to the spedrum from ead of the regions are shown in figure

8-7. The mntributions $own are not adjusted for the aea ad brightness of the

region.
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Figure 8-8: Contributionsfrom Regionsfor Fe | at 5849687A

The aymmetry in the resultant profile is predominantly due to the red- and
blue-shifts of the components. The velocity gradient, which affeds ead of the
individual components, has only a smal effea on the overall spedrum. The
contributions from the individual regions, as expeded, resemble observed high spatial
resolution spedra2 Both the upflow and downflow region spedra show the

asymmetry observed in spedra emergent from upflows and downflows.

2See Kisdman, D. “High-Spatial-Resolution Solar Observations of Spedral Lines Used for
Abundance Analysis’ Astronomy and Astrophysics Supplement Series 104, pg 2377 (1994 and
Handmeier, A., Mattig, W. and Nesis, A. “High Spatial Resolution Observations of Some Solar
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The asymmetry due to the velocity gradient (such as the asymmetry observedin
the upflow contribution) cannot acount for the asymmetry observed in the spatialy
averaged line profile. The asymmetry in the upflow due to the velocity gradient is, as
expeded, the opposite of the asymmetry in the mean spedrum. Therefore, any model
of granulation using only the velocity gradient to produce the observed asymmetry is
inherently unphysicd, and will not yield useful information an granular vel ocities.

The importance of the upflow region is reaily seen from the individual
contributions. Weighting the contributions by the aea ad brightness parameters will

increase the upflow contribution and decrea® the downflow contribution.

8.3.4: Errorsin Parameters

The values for the maaoturbulence and microturbulence parameters are
difficult to separate, as they have smilar effeds on the spedrum. The line strength is
affeded by the microturbulence and not by the maaoturbulence so if acarate
oscill ator strengths and damping constants are known for a number of lines, they can
be individually determined. The gf-values available for the lines examined here ae not
sufficiently acaurate for such adetermination to be reliable.

The gproximations inherent in the model must also be wnsidered. The three
major approximations in the model adopted here ae the smplistic treaments of the
temperature variation between regions and the variation between individual granules,
and the modelling of the transition region. The first of these, where the temperature
variations are represented in terms of a brightness parameter, can be removed if
separate model atmospheres are constructed for ead region with different temperature
profiles. As the smple model produces good synthetic spedra, such an undertaking is

not overly useful.

Photospheric Line Profiles” Astronomy and Astrophysics 238, pg 354362 (1990. Asthe alculated
contributions represent the average spedra emergent from all upflows, al downflows, and all
transition regions, the @lculated spedra should be broader than observed spedra from single small
elements. Howewer, if the observed areasare larger than single flow regions, the observed gpedra will

be broader. However, a qualitative comparison readily shows the simil arity.
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The smple treament of intergranular variation of velocities as Gaussan
maaoturbulence would require acarate measurement of velocities of different
regions. While velocity measurements of this nature have been carried out,? they fail
to separate measurements of granular centres and intergranular regions. With velocity
measurements of different regions not separated, it is difficult to determine the range of
velocities present for a particular region.

The modelling of the transition region can be improved by dividing it into a
number of smaller regions. This is condderedin more cetal in sedion 8.4.1

The doseness of the fit between the observed and computed spedra can be
investigated. The difference between separate observations of the line profiles can be
used as an estimate of the acworacy of the observed profiles. Figure 8-9 and 810
compare the difference between the computed and observed gpedrawith the differernce

between two sets of observed spedra
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Fiqure 8-9: Errorin Fitfor Fe | at 58148147

3Bumba, V. and Klvana, M. “Doppler Velocity Measurements Made with a Scanning Photoeledric
Magnetograph” Solar Physics 160, pg 245275(1995.
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The cdculated spedra match the observed spedra to approximately the
acaragy of the observed data. Thus, there is little gain in attempting to further
improve the fit between cdculated and observed spedra. The parameter values used
can therefore be used with a reasonable degree of confidence If necessary, the
microturbulence and maaoturbulence parameters can be ajusted for individua lines,

but the other parameters should require little change, if any.

8.3.5: Goodness of Fit of Lines Compared with Standard Mode Fits

The acaoracy of the best fits obtainable between cdculated and observed
gpedra for the lines gudied can be measured quantitatively. A suitable measure of
goodness of fit is the tota squared deviation (defined by equation (8-4) ). The
maximum value of the squared deviation measured at a single wavelength point is of
interest. Using abundance values giving the best fit for ead line?, the resulting

deviations are shown in figures8-11and 8-12.

“4Negleding the potassum line at 7698974A, which is expeced to require afull non-LTE treatment
and isnot well fitted by either model.



Chapter 8: Synthesis of Asymmetric Spectral Lines 193

Total Deviation o asymmetric, + symmetric
5000 . . . . . . .

N
o1
o
o
T
1

40001 + T
5001 + T

w w
o
o
o
T
+
1

Total Squared Deviation (Continuum = 100)

Wavelength (A)

Figure 8-11: Totd Squared Deviation Between Observed and Calculated Soedra

Maximum Deviation 0 asymmetric, + symmetric
~200 T T . r . . T

[EEN

(=]

o
T

+
1

A O
o O

Maximum Squared Deviation (Continuum
N (o]
o o

O Y 4 e (ks B i .
4000 4500 5000 5500 6000 6500 7000 7500 8000
Wavelength (A)

Figure 8-12:. Maximum Squared Dewvation Between Observed
and Calculated Spedra

The improvement resulting from the use of the full convedive cdl model can ke readily

seen. Numericd results are summearised in table 8-3.
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Table 8-3: Improvenmentin Goodnessof Fit

Mode

Total Squared Deviation

(continuum = 100)

Maximum Squared Deviation

(continuum = 100)

micro/maaoturbulence

7336

23.02

convedive cdl

287.0

10.38

It isalso of interest to compare the deviations for the lines as a function of line

strength or the excitation energy of the lower level. A comparison is diown in figures
8-13, 8-14, 8-15and 8-16.
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The improvement in fit can be seen at all li ne strengths and excitation energies.

8.3.6: Asymmetric Abundance Analysis

An abundance analysis can be performed using the convedive cdl mode to
match observed and cdculated spedral line profiles until the dosest match is obtained.

The results of such an abundance ardlysis are show in table 8-4.
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Table 8-4: Photospheric Abundances
Element | Lines | Asymmetric | Standard Standard Solar Meteoric
Model Model

2 6.71 6.80 7.55+ 005 7.55+0.02

K 1 5.30 5.49 512+0.13 5.13+0.03

Ti 15 |5.01+0.11 5.02+0.12 499+ 0.02 493+0.02

\% 7 4.10£0.08 410+ 0.08 4.00+0.02 4.02+0.02

Cr 9 5.73+0.11 577+0.10 5.67+0.03 5.68+ 0.03
Mn 1 5.49 5.48 5.39+0.03 5.53+0.04
Fe 63 | 7.55t0.04 7.62+ 004 7.67+0.03 751+001
Co 5 4.78+0.06 476+ 0.05 492+ 0.04 491+0.03
Ni 17 | 6.24+0.15 6.30+0.14 6.25+0.04 6.25+0.02
Mo 1 201 1.94 1.92+0.05 1.96+0.02

The results obtained are similar, but not identicd, to those obtained using the standard
microturbulence-maaoturbulence model. A significant difference is the lower value
obtained for the aburdance of iron, whichis dose to the meteoric abundance

If further improvements in acaracy are desired, either more acarate f-values
are required or more lines can be studied. Some of the lines do have acarately
measured f-values® and an abundance analysis can be performed on these lines aone.
This results in a smaller number of lines being used, but with more reliable f-values.
The dements for which very acarate f-values are known for the lines gudied here ae

titanium and iron. The results are shown in table 8-5.

5Seetable C-2 in Appendix C. The most accurate f-val ues are those measured by the Oxford group
(by Blackwell et al.) and Milford et al.
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Table 8-5: Photospheric Abundances with Accuratef -values

Element | Lines | Asymmetric | Standard Standard Solar Meteoric
Model Model
Ti 6 4.97+0.03 499+ 0.02 499+ 002 493+0.02
Fe 12 | 7.46+0.05 7.55+0.04 7.67+0.03 751+001

An improvement results from restriction of linesto the acarate f-valuelines. Theiron
abundances using both models are now in agreament with the meteoric iron
abundance If it was possble to use alarge number of lines with reliable f-values a
better result could be obtained, but the number of available reliable f-values falls dort

of the number of useful solar lines.

8.3.7: Useof the Cell Modd to DetermineLine Parameters

In principle, the mnvedive cdl model can be used to determine unknown line
parameters. For aline parameter to be found acairately, acairate values for the other
line parameters and well known microturbulence and maaoturbulence parameters are
required. The acarate determination of the microturbulence axd maaoturbulence
parameters is discussd in sedion 8.3.4. Accurate dement abundances must also be

known.

8.4: Extensions of the M odd

8.4.1: Improved Modeling of the Transition Region

A simple improvement of the granular model is to divide the transition region
into a number of separate regions. If the brightness flow velocities and
maaoturbulence of the transition regions are found from those of the upflow and
downflow regions, no new free parameters are introduced. The only cost is an
increase in computationa requirements. Results obtained using a multiple transition

region model are shownin figure 8-17.
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Improvements from the use of a multiple transition region model are most

likely to be seen for strong lines. The strong Fe | line & 5883823A illustrated in

figure 8-17 shows very little diange & the number of separate regions into which the

trangition region is divided isincreased.

Given the dose greament between spedra cdculated using the single

transition region model and observed spedra, a multiple transition region model is not

necessry.
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8.4.2: Horizontal Motions

The threedimensional flow velocities for a granule can be readily found. The
interdependence of the horizontal flow and the gradient of the verticd flow was
considered in sedion 6.2.3. The velocity of material flowing out from a radialy
symmetric region with a constant upflow can be found from equation (6-4), giving a
velocity V., dependent on the radius r of

_-r@v, V, dpt
Vil T2 Bﬁ Jo o dnf] (8-5)

The term in bradkets can be expressed in terms of the velocity scde height V. and the
density scde height p. as

(v, V, dold L AE

Fan p dh B: T o.H (8:6)
The velocity scde height is assumed to be constant in the granular cdl model, and is
equal to 368 km. The density scde height in the Holweger-Muller model atmosphere
isshown infigure 8-18.
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Figure 8-18: Dendty Scale Heightin the Holwecer-Muller Moddel Atmosphere

At greaer depths, the higher degree of ionisation and the resultant increase in the
eledron presaire strongly affeds the density. As the density scde height deaeases as

the height increases, this will tend to increase horizontal motions with height. The
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verticd flow velocities deaease with height (in the region where spedral lines form),
so thiswill tend to deaease horizontal motions with height.
The horizontal velocity as a function of postion within a drcular rising

granular centre (an upflow region) with outer radius R, is

V()= Mgt L 8-7
T L e

When the upflow is not at a constant velocity with resped to horizontal position (i.e.
when the transition or downflow regions, or portions thereof are included), the tota
upflow contributing to the downflow must be found through integration.

For a drcular granule of radius R, with outer radii of R, and R; for the upflow
and trangition regions respedively, the horizontal velocities in the transition region (R,
<r<R)ae

o lOL, 10
ST AN
-V,

[ V,
S AL LY
T

=

(8-8)

[ [ |
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_25/_ pB<
Vy -V,

VR
+
u''T RT RU

O

C(3RP-RRZ+IR, )V (r - R ?)

[ [ |

(8-9)
in the downflow region (R <r <R).

For a granule of radius 500 km (and thus with R, = 340 km and R, = 460 km),
equal to the mean solar granule radius, and the verticd velocity parameters used in this
work (seetable 8-2 for the parameter values), the horizontal velocities are shown in
figure 8-19.
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Figure 8-19: Variation of Horizontd Flow

The mean outward flow velocity (weighted by areg and the pe& outward flow

velocity at different heightsin the photosphere are shown in figure 8-20.
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Figure 8-20: Outward Horizontal Flow

From figures 8-19 and 8-20, it can be seen that the horizonta flow velocities
deaease with increasing height. The mean outward flow velocity can be compared
with the upward flow velocity (see figure 8-21). As the height increases, the

horizontal velocity becomes larger compared to the verticd velocity.
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Figure 8-21: Ratio of Outward to Upward Flow V elocities

The overal flow velocities (combining the verticd and horizonta flows) in the
photosphere are shown in figure 8-22.
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Figure 8-22: Granular How within the Photosphere

The distribution of line-of-sight velocities is also of interest. The line-of-sight
velocity distribution at theextreme limb at a height of 200km is shownin figure 8-23.
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Figure 8-23: Vdocity Distribution of Horizontd Flow

The distribution of line-of-sight velocities due to horizontal motions is far from
Gausgan. The wings of the distribution are quite strong, and it can be expeded that
gpedral lines observed nea the limb will be broadened relative to lines observed closer
to disk centre. This distribution is the velocities observed in a single granule;
intergranular variations (which are gproximately Gaussan) will modify the
distribution seen acossalarger areaof the solar surface

So far only the horizontal motions asciated with circular granules have been
considered. If a complete treament of the problem is desired, it will be necessary to
consider the distribution of granule shapes aswell.

As the microturbulence is isotropic, the dfeds of microturbulence will be

identicd whether horizontal or verticd velocities are being considered.

8.4.3: Spectral Synthesiswith Horizontal M otions

With the horizontal motions known, spedra dfeded by horizontal motions can
be cdculated. Spedra emergent from positions other than the centre of the solar disk
can thus be found. In pradice, this involves sgnificant difficulties not encountered in
the verticd velocity disk centre cae. The smplicity of the granular cdl model used in

this work was only possble due to the passage of emergent radiation through relatively
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uniform regions alowing dvision of the granular cdl into a small number of regions.

Thiswill no longer be the cae avay from disk centre. (Seefigure 8-24.)
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N N N N N N
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.transitiorll transition / ) transition /
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(note that emergent radiation (note that emergent radiation
passs through singe regions) passs through multiple regions)

Figure 8-24: Radiation Emergent Away from Disk Centre

With the radiation no longer emergent from single regions, the various
combinations of regions through which the radiation passes must be conddered. There
are alarge number of such combinations, particularly if the variations in granule size
and geometry are mnsidered. As aresult, if a multiple-region plane-parallel method is
to be used to cdculate the emergent spedrum, a large number of regions must be
considered. This is particularly important for strong lines, as the low correlation
between the velocities in the regions the radiation passs through will result in an
increase in the equivalent width of the line, independently of other increases in the
equivalent width.

As the amergent spedrum away from disk centre depends on the size of the
granulation, a suitable granule size parameter must be introduced into the model. This
is not necessary at disk centre, asthe sizeof the granulation does not diredly affed the
gpedrum. Asthe d9ze of granulescan fe diredly observed, this $iould not present too

grea adifficulty.
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Although the cdculation of spedra from arbitrary points on the solar disk is a
difficult procedure mmpared to cdculation of the disk centre spedrum, for a few
cases, suitable approximations dl ow calculations to be performed.

At positions away from, but close to, disk centre, the emergent spedrum can
be cdculated using the disk centre model, but with sight modificaions to the velocity
fields to acount for the line-of-sight component of the horizontal massflow velocity
field and the effed of horizontd motions on the maaoturbulence parameter.

For very we& lines, the intensity of the emergent radiation is almost constant
aaossthe spedral line, and is close to the continuum intensity. As a result of this, the
equivalent width of the spedra line is dmost independent of the velocity fields.
(Unlike strong lines, where the equivalent width depends on both velocity gradients
and the microturbulence) A multi-stream model is not necessary in this case @ the
velocity distribution can be used to broaden the line profile atany depth without regard
to the wrrelations between flow velocities and microturbulence dong the line-of-sight
for the emergent radiation.

A smple scheme to cdculate emergent spedra avay from disk centre that uses
elements of both of these gproximations is to use the standard three-column model
used in this work, with the dfedive microturbulence & any depth given by combining
the adual microturbulence &(7) and the line-of-sight component of the horizontal flow

field, assumed to be Gaussan, with amean of V.(1), giving

)= &(r)* - 1?) (8-10)

where 1 = cos 6. The mean horizontal flow speed can be found from the verticd flow

spedd, using equations (8-7), (8-8) and (8-9). Nea the limb, it will no longer be an
adequate gproximation to use the microturbulence for a particular region, as the
emergent radiation will pass through multiple regions. The microturbulence & the
extreme limb will effedively be the mean microturbulence
= 2 ABE(D). (8-11)
regions

The dfedive microturbulencein aregioni can be found by a weighted combination of
the mean microturbulence ad the region microturbulence giving an effedive

microturbulence (considering horizontal motions as well) of

)= &) P+ E () (1- p?) +V, (1) (1- 12).  (812)
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Similarly, the maaoturbulence can be found from the line-of-sight component
of the verticd maaoturbulence and the line-of-sight component of the horizontal

maaoturbulence giving

=y =V K +E 1 1), (8-13)

The horizontal maaoturbulence can be found from the mean verticd maaoturbulence,

increased by the outward:upward velocity ratio (seefigure 8-21), giving
=, = ) ABS, (8-14)
regions
where A and B, are the aea ad brightnessparameters for the region i. The results of
this procedure ae cmpared to observations of the ceitre-to-limb variations (CLV) in
sedion 8.6.1.

Related to the problem of cdculating spedrum emergent from positions away
from disk centre isthe calculation of the spedrum averagel over theentiredisk. A full
treament requires the cdculation of spedra from a number of separate positions on
the disk, and, after taking rotation of the sun (or other star) into acmunt, combining
these into an average spedrum. This isnecesary for afull calculation of the spedrum
of a star for comparison with the observed stellar spedrum. In view of the difficulty of
such a procedure, the stellar surface is often approximated as a disk centre

atmosphere.®

6This was done by Dravins in Dravins, D. “Stellar Granulation VI: Four-Component Models and
Non-Solar-Type Stars” Astronomy and Astrophysics 228, pg 218230 (1990. This allowed a smple
model similar to the disk centre model used in thiswork to be used.
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8.5: The Granular Cdl Modd and Granulation Simulations

The granular cdl model adopted in this work is based dredly on observations
of the solar granulation. Numerica simulations which reproduce the gopeaanceof the
solar granulation can be cmpared with the model. Unlike the actud solar granulation,
smulations permit detailed knowledge of the @nditions in the (simulated)
photosphere, including velocities not readlily observed in the sun.

The difficulty in comparing results of the adopted parametric model with
simulation results is that emergent spedra from simulations must be cdculated over a
aufficiently long time period to give astable arerage spedrum. Instantaneous edra
from smulated convedion show a wide variety of profiles, including profiles with
asymmetry opposite to that usually seen. As longer time periods are taken into
acount, the average spedarum moreclosdy resemble the solar spedrum.’

How closely smulated granulation agrees with the parametric model used in
this work is more a question of how closdy such smulations agreewith the convedion
observed in the photosphere. As smulations reproduce the solar granulation
reasonably well, the agreement between the alopted parametric model and simulations
is quite good. As the parametric granular model is independent of granule size (as far
as other properties of the granulation are size-independent), the agreenent can be een

closer than that between smulations and the granulation.8

7 Dravins, D., Lindegren, L. and Nordiund, A. “Solar Granulation: Influence of Convedion on
Spedral Line Asymmetries and Wavelength Shifts’ Astronomy and Astrophysics 96, pg 345364
(1981).

8 Gadun, A.S. and Vorobiyov, Yu.Yu. “Artificial Granules in 2-D Solar Models’ Solar Physics 159,
pg 4551 (19995 where discrepancies in granule size between simulations and observations are
discused.
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8.6: The Granular Cdl Modd and Observations

As the granular model used in this work was derived from observations of the
solar granulation, it reproduces the major charaderistics of the granulation. Other
observational evidencecan fe used to evduatethe successof themodd.

The magor tool for comparison is the solar spedrum. The granular model
closely reproduces the asymmetry seen in solar photospheric lines, as £ in sedion
8.3. Attheveay least, this dhows thatthe granular cell madd is suitable for calculating
the profiles of solar spedral lines and fitting observed and computed spedra to
determine spedra line parameters. The cdculated and observed high-spatial
resolution spedra emergent from different regions are dso very smilar (see sedion
8.3.3).

It should also be noted that depth dependence of the microturbulence is often
found uwsing dgngle-strean  microturbulence-maaoturbulence  models. The
microturbulenceis usually (but not always®) found to deaease with increasing height,10

asistheca= here.

8.6.1: Centre-to-Limb LineVariations

As discus=d in sedion 8.4.3, the spedrum emergent at disk postions away
from disk centre can be cdculated using the horizontal motions. Fraunhofer lines in
the solar spedrum increase in equivalent width and FAWVHM as the limb is approacded.
This is expeded duwe to the increased importance of horizontal velocities, which will

ada to broaden spedrd lines rather than shift them, unlike verticd flows.

9Kostic found an increase in microturbulence with height in Kostic, R.I. “Damping Constant and
Turbulencein the Solar Atmosphere’ Solar Physics 78, pg 3957 (1982.

10seg as an example, the microturbulence (which deaeases with height) in the original Holweger-
Miller model atmosphere in Holweger, H. and Miller, E.A. “The Photospheric Barium Spedrum:
Solar Abundance and Collision Broadening of Ba Il Lines by Hydrogen” Solar Physics 39, pg 1930
(1974.
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The difference in wavelength shifts of spedral lines emergent from disk centre
and nea the limb is reaily reproduced by the alopted granulation model. The
horizontal motions are symmetric, and will not result in a wavelength shift. The
wavelength shift observed at disk centre is due to the strength of the contribution to
the amergent spedrum due to the large, bright, rising granular centre. The wavelength
shift of this contribution deaeases as the limb is approadied as the line-of-sight mean
velocity of the region becomes smaller.

As the velocity distribution becomes more symmetric as thelimb is approached,
the asymmetry of spedrd linesshould decrea®. This is confirmed by observations.11

As discus=ed in sedion 8.4.3, the spedrum away from disk centre can be
approximately cdculated. The results of such cdculations can be mmpared to
observations of the ceitre-to-limb variations of spedral lines. The ceitre-to-limb
variations for the Fe | line & 5930182A was cdculated. The disk centre speadrum of

the line is shown in figure 8-25.
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Figure 8-25. Disk Centre Spedrum of Fe | at 59301824

The cdculated and observed centre-to-limb variations of the Fe | line &

5930182A are shown in figures 8-26, 8-27 and 8-28.12

11 Marmalino, C., Roberti, G. and Severino, G. “Line Asymmetries and Shifts in the Presence of
Granulation and Oscill ations: The CLV of the K | 7699 Resonance Line” Solar Physics 108, pg 21
33(1987).
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Figure 8-26. FWHM CLV of Fe | at 59301824
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Figure 8-27: Residud Intensity!3 CLV of Fel at 59301827

120bservations of the CLV for this line are from Rodriguez Hidalgo, |., Collados, M. and Vazuez,
M. “Variations of Properties of the Quiet Photosphere along the Equator and the Central Meridian:
Spedroscopic Results” Astronomy and Astrophysics 283, pg 263274 (1994. The observations have
been normdised to match the clculations at disk centre.

13Theresidual intensity is the intensity minimum of the line (i.e. the central intendty). It isgiven

here as afraction of the mntinuum.
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Figure 8-28. Eguivalent Width CLV of Fe | at 59301824

The observed and cdculated CLV curves for the FWHM and residual intensity
agreewell nea disk centre. The observed and cdculated values diverge a the limb is
approadied, where the gproximations employed in the cdculation brea&k down. The
observed equivalent width falls off much more dowly than the cdculated equivalent
width. The cose ageement between theobserved ard cdculatedresidud intensity and
FWHM lead oneto exped asmilar agreement between the equivalent widths.

The cdculated equivalent widths dould be too low nea the limb due to the
approximations employed. The high velocity gradients through which the emergent
radiation must pass which are not acwunted for in the gproximate cdculations, will
result in a strengthening of the line, particularly for a line @& grong as the line
cdculated here.

The ceitre-to-limb variations of the eguivalent widths of a number of lines
were measured by Kostic.14 Caculated centre-to-limb variations are compared to

these observationsin figure 8-29 and 8-30.

14K otic, R.I. “Damping Constant and Turbulencein the Solar Atmosphere” Solar Physics 78, pg 39
57(1982.
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Figure 8-29. Equivalent Width CLV of Ni | at 61768183
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Figure 8-30. Equivalent Width CLV of Fe | at 67868634

The cdculated variations reproduce the observations until the limb is
approadied, when, as expeded, the calculated equivalent width becomes too low.

The gpeaance of a spedra line observed in the flux spedrum (i.e. the
spedrum averaged over the entire solar disk) is also of interest. For stars other than
the sun, this is all that can be observed as the disk cannot be resolved. The flux
spedrum can ke cdculated by combining centre-to-limb spedra cdculated at various

disk positions, taking limb darkening and Doppler shifts due to solar rotation into
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acount. A cdculated flux spedral line is iown in figure 8-31 compared with the

observed flux line.15
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Figure 8-31: Flux Spedrum of Fe | at 59301827

The overal shape of the observed flux spedra line is predicted by the
cdculated spedral line. The wings of the observed line, and the asymmetry of the line
are dosely matched by the cdculated spedrum. The depth of the line @re is poorly
matched, as the calculations underestimatethe depth of the spedrd line.

The cdculations of centre-to-limb variations $ow that the horizontal motions
determined from the verticd flow in the granular cdl model acarately predict the
variation of spedral lines away from, but within a reasonable distance of, disk centre.
This lends grong support to the reliability of the parametric granular model. The
success of the gproximate cdculations performed here points to the likelihood of
obtaining acarate results if the difficult acarate cdculations are performed. As flux
spedral line shapes can be predicted, a granular model smilar to the one used here can

be used in cases where only the flux spedrum is available, such asfor other stars.

15The NSO/Kitt Peak data used here were produced by NSFNOAO.
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8.6.2: Sunspots

Differences between spedra emergent from sunspots and the quiet photosphere
should be explainable in terms of the differences in convedive flow between the two
regions. Spedra lines emergent from sunspots are less broadened than normal
spedral lines, indicaing lower convedive velocities. With high resolution sunspot
spedra and an atmospheric model for sunspots, it is possble to investigate onvedive
motions in sunspots using a smilar parametric model. With lower convedive
velocities, and smaller associated line shifts and asymmetry than in the quiet
photosphere, the required spedral resolution would be quite high.

8.7: Stellar Spectra

Convedive motions in stars other than the sun cannot be direaly observed, but
can be investigated by examining the asymmetries present in stellar spedral lines. As
would be expeded, starssmilar to the sun exhibit smilar line asymmetries6 indicating
the presence of convedive motions smilar to those in the sun. A granular cdl model
very similar to the one used in thiswork could be used for these stars.

Other (non-solar type) stars $ow quite different asymmetries in lines in their
spedra.  Sirius (spedral type Al V), for example, has a spedrum in which spedral
lines are very broad (due to the higher temperatures and high rotation speed) and
relatively symmetric. In this case, due to the broadness of the lines, it would be
difficult to determine mnvedive motions to any red degreeof acairrag/. Canopus (FO
II), on the other hand, has gedra lines fiowing asymmetry opposite to that seen in
solar lines, with a strengthened blue wing. This effed is clealy visible, and indicates
the presence of rapid upwvard motions occupying a small area of the stellar surface
Thus, in at least some stars, photospheric motions are quite different to those observed

in the solar photosphere. These motions can be investigated using models smilar to

16Dravins, D. “Stellar Granulation 1l. Stellar Photospheric Line Asymmetries’ Astronomy and
Astrophysics 172, pg 211224(1987).



216 Solar Line Asymmetries

the solar granular cdl model used here, but the results will be uncertain, as there is no

guaranteethat themodel adeqatdy describes themotions acudly present.



