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ABSTRACT

The accumulated knowledge of the influence of solar granulation on spectral lines, i.e. their asymmetry, provides
a key to analyze stellar spectral line asymmetries. In this paper, a simple line synthesis using a simple ‘model’ of
granulation was calculated. By adjusting the properties of the granule model, the observed imprints of convection
on spectral lines can be reproduced. Since we depict convective flows using a continuous function rather than using
a few components of flows (cf.Gray and Toner 1985, 1986; dravins 1990), we were able to identify which components
of convection are important in line bisector shapes. ,
The results of this study can be summarized as follows: Firstly, the intensity contrast (i-e. temperature fluctuation),
and the area coverage of up- and down-flows are the two important factors which determine the line bisector shapes.
Secondly, on the contrary to the assumption of other studies, the effect of horizontal flows is non-negligible. This
exercise provides a qualitative understanding of the effect of convection on spectral lines. This knowledge serves as
a guideline for understanding the characteristic difference in convection for stars on either side of the “Granulation

Boundary” (Gray 1982; Gray and Nagel 1989).
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I. INTRODUCTION

(a) Solar Spectral Line Asymmetries

It has been known for a century that the wavelengths
of solar spectral lines are not identical to those of lines
in laboratory comparison sources Jewell 1896). Af-
ter corrections for the Sun-Earth motion and gravita-
tional redshift, a typical photospheric line has seemed
to show a blueshift of 300 ~ 400 m sec™! (Pierce and
Breckinridge 1973). Halm (1907) discovered that the
wavelength discrepancy changes across the solar disk.
Considering that the maximum accuracies in labora-
tory wavelengths were on the order of 100 m sec™?,
Higgs (1960, 1962) emphasized that solar photospheric
spectral lines are not symmetric at that level of accu-
racy. Higgs stressed the uncertainty in the wavelength
determinations of solar spectral lines, which originated
from the line profile asymmetries. Since then, the
line asymmetry has been measured and studied exten-
sively (e.g. Magnan and Pecker 1974, Gurtovenko et
al. 1975).

To explain solar line wavelength shifts (in other
words, line asymmetries), many mechanisms have been
suggested. Melnikov (1964) and Magnan and Pecker
(1974) reviewed these various theories. It has been con-
cluded that convection causes the observed line asym-
metry (kostik et al. 1977b).

(b) Line Bisectors

A line bisector is a widely used indicator of the line
profile asymmetry. It is defined as the locus of the mid-
points of line segments which connect equal-intensity

points on either wing of a line profile, as shown in
figure 1. Therefore, the bisector divides the absorp-
tion line into two halves of equal equivalent width, and
shows the apparent radial velocity at each depth in the
line. Different parts of a stellar spectral line profile are
produced at different depths of the atmosphere. Line
cores are formed in the upper level of the atmosphere,
while wings are produced further down. As a result,
the shift and curvature at each point along a bisector
can provide information of condition at different depths
of stellar atmosphere.

The line bisector was introduced in solar studies by
Voigt (1956, 1957), and was later used for a quantita-
tive analysis of large scale solar motions by De Jager
and Neven (1967), who showed that it reflects the ef-
fects of convection in the solar atmosphere. Using line
bisectors, Kostik and Orlova (1970, 1977a, 1977b) ex-
tensively studied the asymmetry of solar lines of dif-
ferent strength and different center to limb positions.
The temporal as well as the spatial change in bisector
shapes was observed by Gurtovenko (1972).

Dravins et al. (1981; Dravins 1982) have summarized
the current understanding of the influence of solar gran-
ulation on spectral line asymmetries. The combination
of the following three effects causes the typical line bi-
sector shape to resemble the letter “C”: Firstly, the
combined effect of faster velocities and lower intensi-
ties from cold sinking convective elements, and slow ve-
locities and higher intensities from hot rising elements
depresses the red wing of the line near the continuum,
which is responsible for the upper part of the “C” shape
line bisector. Secondly, the net effect of a larger area of
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Fig. 1.— A line bisector, which is a locus of midpoints between the sides of the profile, is the observationally accessible gross

parameter of stellar convection.

hot, rising convective elements and smaller regions of
cool sinking elements is the depression of the blue wings
of absorption lines. Therefore, the bisectors are gener-
ally convex towards the shortward wavelength side in
the middle part of lines, which cause the middle part
of the “C” shape. Finally, at the solar disk center, the
core of a typical strong absorption line shows a smaller
blue shift since it is formed higher in the atmosphere
where the granulation motion does not reach. Thus,
the bottom part of the typical line bisector resembles
that of the “C” shape.

(c¢) The Granulation Boundary

More recent observations have found that spectral
line asymmetries are also present in other stars. A sys-
tematic observation of the variations of stellar line bi-
sectors was pioneered by Gray (1980, 1981). His exten-
sive survey of the line bisectors of different luminosity
classes and different spectral types stars showed that
stars have systematically different line bisector shapes,
and, therefore, different characteristics of stellar con-
vection (Gray 1982, 1988; Gray and Nagel 1986). In
the course of such studies, a ‘granulation boundary’
was proposed (Gray 1982; Gray and Nagel 1989).

The ‘granulation boundary’ distinguishes two re-
gions in the HR diagram, such that the curvature of
the line bisector is oppositely oriented on either side.
In the cooler part of the HR diagram, the bisector is
similar to the solar line bisector, which is shaped like
a distorted letter “C”, or like the top half of a “C”
(a “C”-shape bisector, hereafter). Stars on the hotter
side in the HR-diagram show bisectors of reversed cur-

vature (a reversed “C”-shape bisector). Furthermore,
the transition of the bisector curvature is continuous
across the boundary on the HR diagram (Gray and
Toner 1985; Gray and Nagel 1989). This granulation
boundary, defined by Gray and Nagel (1989), runs from
FOV to G1Ib stars.

To explain different bisector shapes on both sides of
the granulation boundary, and to deduce the character-
istics of stellar photospheric convection, only schematic
models such as the two-stream model (Gray and Toner
1985, 1986), and the four-component model (Dravins
1990), have been employed. Using a two stream model
of stellar granulation, which consists of a hot ris-
ing stream and a cold sinking one, Gray and Toner
(1985) successfully reproduced the gradual bisector
shape change among late-type stars by changing the
average velocities of the two streams and the flux con-
trast between them. When the contribution from the
cool stream is small or negligible, this model reproduces
the reversed “C”-shaped bisector shape of hotter stars
(Gray and Toner 1986). Dravins (1990) adopted an-
other description of stellar granulation to understand
the reversed “C”-shaped bisectors. At first, he has
tried to incorporate the results of the hydrodynamic
simulations, which A. Nordlund et al. has computed
(Dravins 1987ab ; Nordlund and Dravins 1990; Dravins
and Nordlund 1990ab). This effort has been applied
to a limited number of cases only. The opacity bin-
ning method and the anelastic approximation utilized
for their numerical simulations, are responsible for the
rather limited success. For more general studies, he
devised the “four-component model” of convection.
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Fig. 2.— A simple granule model is prescribed with equation (1) through (3). The shape of the cosine function F =

L

His four-component model consists of hot rising
granules, cool sinking intergranular lanes, granular cen-
ters, and average-temperature stationary ‘neutral re-
gions’. The combination of contributions from these
four components, weighted for their respective area
coverage, brightness, line absorption, and Doppler shift,
also reproduces the observed bisector shapes. The con-
vection required for the reversed “C”-shaped bisector
is characterized by concentrated, rapidly rising ‘gran-
ules’, surrounded by more extended regions of slower
downfall.

(d) Motivation and Method

It is clear that the motion of gas on a stellar sur-
face does not consist of a few independent flows. It is
a continuous flow of fluid. Both the two-stream model
(Gray and Toner 1985, 1986) and the four-component
model (Dravins 1990) assumed that only a few dis-
crete components of the motion of gas result in spec-
tral line asymmetries. Furthermore, these components
were chosen intuitively, with little justification. For ex-
ample, horizontal flows were not considered in either
model. Because the mean horizontal component of the
velocity vectors should be zero, there should be no net
asymmetry. This assumption is yet to be tested.

Therefore, we take a different approach. We have
modelled the granule itself, rather than a few discrete

o [(cos(x + % sinz) 4 n)* — n* — 1] is shown here, which resembles the second term at the right hand side of equation (1) and
(2). The shape of the function is controlled with a parameter 7.

flows. An analytical function is developed to depict the
surface structure of solar granules. Based on the sur-
face distribution of temperature and velocity vectors, a
characteristic synthetic spectral line bisector is calcu-
lated. By deforming the analytical functions, we study
the change of the characteristic bisector shapes as a
function of surface feature type. Using this approach,
we test the validity of those discrete component models.

Note that this simple granule model prescribes only
the surface fluctuations of the temperature and the ve-
locity fields. Calculating synthetic spectral lines us-
ing this granule model, therefore, is based on the as-
sumption that the spectral lines are formed at a sin-
gle surface. Even though real spectral lines are formed
throughout stellar atmosphere, line forming regions are
so thin that this assumption is reasonable for a crude
calculation like this one. The two-stream model (Gray
and Toner 1985, 1986) and the four-component model
(Dravins 1990) also used the same assumption. There-
fore, one must remember, with these simple models,
that the lack of depth-dependent variation precludes
the study of the effect of depth-dependent Doppler ve-
locities on spectral line bisector.

II. A SIMPLE GRANULE MODEL

A set of simple analytical functions is designed, with
which the observed characteristics of the Solar granules
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Table 1. Standard values of parameters for simple line synthesis

Parameter Value Description

n 2800 Number of granule per radius

Ty 5770K Temperature offset

AT 150K Amplitude of Temperature fluctuations

Vio 1.0 km sec! Radial velocity offset

AV, 2.0 km sec”! Amplitude of radial velocities

AV, 1.5 km sec”! Amplitude of horizontal velocities

n 1 A controlling parameter of area coverage of flows
€ 1 A controlling parameter of area coverage of flows

can be described. This simple granule model depicts
the surface fluctuation of temperature and the velocity
field across a granule. The velocity fields and the tem-
perature fluctuations at a horizontal location (8, ¢) on
a stellar surface are prescribed as follows

AT - -
T =Ty 5 ~l(eosb+ n)eos +n) = n* =1, (1)
AV, . .
Vo = Vigt T tl(cosd + m)(cosd ) =~ 1), (2)
Vi, = —AV, sinésin ¢, (3)
where

~ T ~ m

6 =nd + 1 sin(nd), ¢ =no+ 1 sin(ng),

T, is the temperature offset, AT is the temperature
fluctuation, V,q is the offset of the radial velocities, AV,
is the radial velocity fluctuation, and AV, is the hor-
izontal velocity fluctuation. The parameter 5, which
is an integer bigger than 1, and ¢, which is +1 or —1,
are the controlling parameters for the surface area cov-
erage of up- and down-flows. 7 changes the shape of
the fluctuations. The shape of the function in the sec-
ond term of the right hand side for different values of
n are shown in figure 2. The parameter ¢ inverts the
function. Downflows are defined to have positive V.

A cross-section of one model granule is shown in
figure 3. This simple description of granulation was
designed to have the observed characteristics of solar
granulation. For example, the mean radial velocity is
not zero when the area coverage of up- and down-flow
is equal. The temperature fluctuations and the radial
velocities are correlated, while both are anti-correlated
with the horizontal velocities. Those hot and rising
convective flows cover more area than do the cold and
sinking flows. The speed of sinking elements is faster
than that of rising ones. By changing the controlling
parameters, (To, AT, Vig, AV,, AV}, 1, and ¢), this
simple function can model different convective activi-
ties, which may arise under other stellar photospheric
conditions.

III. LINE SYNTHESIS

To a first approximation, the inverted full-disk Doppler-

shift distribution can be used for the study of the ef-
fect of this model granulation on spectral lines. This
approximation holds in the linear part of the curve of
growth, where line strength is proportional to the num-
ber of absorbing particles. Since we are interested in
the qualitative effect on line asymmetries, and since the
thermal broadening is symmetric, this can be a good
first approximation.

When the velocities of granulation are larger than
the thermal motions, the detailed thermal profiles are
not so important for this crude calculations. The model
granules, i.e. the velocity fields and the temperature
fluctuation, are distributed on the surface of a sphere.
The total number of granules is controlled by » in the
above equations. The temperatures and velocities on
the sphere are sampled at 900 x 3600 locations. At
each location (8, ¢), the thermal velocity dispersion
is calculated: ¢,% = 042 = %, where ¢, and o, are
the dispersions of the radial and the tangential velocity
distribution respectively(for simplicity, we assume o, =
o in this paper), k is the Boltzmann constant, T is the
local temperature, and m is the mass of the elements
for the spectral line we are studying (m = 55.847 for
Fe). The total velocity dispersion is

02 =0,%cos? 6 + o,*sin? 6.
The intensity from a location where the temperature is
T is assumed to be

2he/ A3
IO = he i
€exXp T
where k is the Planck constant, ¢ is the speed of light,
and ) is the wavelength of the line under scrutiny. A =
5000A is used. Taking into account the limb darkening,
the intensity from a horizontal location (8, ¢) becomes

I =1Is(1 —c+¢ecosh),
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Fig. 3.— A cross section of a model granule with ¢ = n = 1, d; = 7, To = 57TT0K, AT = 150K, V,;, = 1.0km/sec,
AV, = 2.0km/sec, and AV, = 1.5km/sec. The temperature (a), vertical (b), and horizontal (c) velocity distribution are shown

across a diameter of a model granule.
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Fig. 4.— Effect of horizontal flows on line bisectors. The solid line shows the bisector calculated with the standard values in

table 1. The dashed line shows the bisector calculated with the standard values, except AV, = 0.

where ¢ is the limb darkening parameter, ¢ = 0.54
is used (Allen 1976). Then, assuming the Gaussian
distribution of velocities V, the Doppler distribution
weighted with the intensity and the surface area is:

I —(V -Vp)?t-
[S)
2n/mo P o?

P(V)=
0=0,90,6=0,360

% sin 8 cos 0AOAS,

where Vp is the Doppler velocity which is the projec-
tion of the velocity vectors at each location to the line
of sight. The calculation of the Doppler velocities is
discussed in the Appendix. Therefore, the line profile
can be approximated as 1-C P(V), where C is a scaling
factor.

Using the values shown in table 1, which resem-
ble those of solar granulation, the procedure described
above was used to calculate a synthetic Fe line at
A = 5000A, and its bisector. For the standard pa-
rameters, 70 percent of the area is covered by upflows.
The maximum downward velocity is 3.0 km sec™!, and

the maximum upward velocity is 1.0 km sec™!.

IV. THE EFFECT OF CONVECTION ON A
SYNTHETIC SPECTRAL LINE

To study the effect of each parameter on the line
bisector shape, several line bisectors were calculated
using different parameters.

(a) The Effect of Horizontal Flows

Figure 4 shows the effect of horizontal flows. The
solid line shows the bisector which is calculated us-
ing the standard values, whereas the dashed line shows
the bisector calculated using the standard values except
AV, = 0. When the contribution of horizontal veloc-
ities is ignored, the amplitude of the Doppler velocity
distribution is reduced. Therefore, the curvature of the
line asymmetry is reduced accordingly. It is clear that,
while the general sense of asymmetry is preserved, the
effect on the amplitude of the line asymmetry is non-
negligible when the horizontal velocities are comparable
to the vertical velocities. Note that the effects of hori-
zontal flows were not included in the two-stream model
(Gray and Toner 1985, 1986) or in the four-component
model (Dravins 1990).

(b) The Effect of the Number of Granules

While keeping all the other values constant, the
number of granules was varied. Whether n was 2800,
700, or 50, no noticeable change was found in the area
coverage, and therefore in the line bisector shape. Only
for n = 5 was the area coverage of upflows reduced,
from the usual 70 percent to 66 percent, causing a line
shift while preserving the bisector shape.
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Fig. 5.— Effect of area coverage of flows on line bisectors. The solid line shows the bisector calculated with the standard
values in table 1 except n = 5. The dashed line shows the bisector calculated with the standard values, except n = 5, e = —1.
The dotted line shows the bisector calculated with the standard values, except n = 5, ¢ = —1, V,; = —1.0 km sec”™!, and

AV, = 2.0 km sec™L.

(¢) The Effect of the Area Coverage

By changing ¢, the area coverage is inverted. When
e = —1, the model convection has 95 percent of area
covered by down flows, the maximum upward velocity
is 1 km sec™!, and the maximum downward velocity is
3 km sec™!. The bisector, the dashed line in figure 3, is
not only red shifted, but also the “C” shape is reversed.
V.o and AV, are adjusted so that the model convection
is the exact opposite to the standard case (with n = 5),
i.e. the model has 66 percent of the surface area cov-
ered by down flows, the maximum downward velocity
is 1 km sec!, and the maximum upward velocity is
3 km sec”!. The reversed “C”-shaped line bisector is
shown as the dotted line.

(d) The Effect of the Temperature Fluctuation

For the three cases shown in figure 6, the ampli-
tude of the temperature fluctuation, AT, was varied.
The line bisectors for AT = 150, 1500, 4000 are shown
as the solid line, the dashed line, and the dotted line,
respectively. The temperature contrasts correspond,
respectively, to the intensity contrasts AI/I; = 0.24,
3.66, and 14.14. As the relative contribution of down-
ward flows gets smaller, the bisector shapes change
from “C” shape to reversed-“C” shape. When the in-
tensity contrast is large, observers can ‘see’ only ris-

ing flows (“Expanding star effect” Gray 1988). The
weighted Doppler distribution will have enhanced blue
wings. Therefore, the synthetic spectral line will have
the reversed-“C” shape.

(e) The Effect of Rotation

The effect of rotation is shown in figure 7. When a
rotational velocity of 1.5 km sec™! at equator is intro-
duced, the curvature of the line bisector is changed so
that the bottom of the bisector shifts blueward. This
effect arises because the rotation alters the Doppler dis-
tribution. As the effects of rotation are maximum at
the limb of a star, it effectively pushes the wing of the
distribution curve outward from line center. Since the
rotation does not affect the disk center, the Doppler
distribution is deformed so that the top part of the dis-
tribution, i.e. the bottom part of the line bisector is
blue shifted.

V. SUMMARY AND DISCUSSION

A simple line synthesis using a simple ‘model’ of
granulation was conducted. The intensity contrast, and
the relative area coverage of up- and down-flows are the
two main factors which determine the spectral line bi-
sector shape. This justifies the assumption of the afore-
mentioned discrete-flow models (Gray and. Toner 1985,
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Fig. 6.— Effect of temperature fluctuation on line bisectors. The solid line is for AT = 150K, the dashed line is for
AT = 1500K , the dotted line is for AT = 4000K . All the other parameters are the same for all three cases.
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where a rotational velocity 1.5 km sec™ is included.
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Fig. 8.— Three angles are defined for disk integration. ¢ is the limb distance. ¢ is the angle between the plane normal to
the projected rotational axis and the plane containing the visual disk center, the center of the sphere, and a location on the
surface at which one wants to know the rotational velocity component. To describe the relation between the two angles, two
more angles, « and ®, are defined as shown on the plot. From simple spherical trigonometry, we obtain the following relation
between angles: sin ® = sinf sin ¢, cosa = sin¢ cosb/ cos .
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Vo (8,0) =V, sint R(Q,‘ilyRT

Fig. 9.— Projected rotational velocity on the surface of a star as a function of the location.
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1986; Dravins 1990).

While the vertical flows are the important ones in
shaping the spectral line asymmetries, the horizontal
flows are not negligible in shaping the curvature of the
line bisectors. As a convective element moves up (or
down) it expands (contracts). This expansion (con-
traction) is one component of horizontal flow. These
horizontal flows affect the Doppler velocity distribution
as rotation does. Therefore, much care must be taken
to distinguish the effect of rotation from that of hori-
zontal flows. Since horizontal flows affect line bisector
shaping as well as line broadening, more simple models
with only vertical flows taken into account (Gray and
Toner 1985, 1986; Dravins 1990), produce less reliable
information of the effect of convection on spectral line
asymmetries.

From this exercise using a simple model of granules,
we were able to obtain the characteristic “C” shaped
bisector when we used the adjustable parameters in the
model for the Sun. The reversed-“C” shaped bisector
can be obtained when the flow pattern is opposite to
that of the Sun, i.e. downflow dominant convection, or
when the temperature fluctuation is much larger than
that of the Sun. Even when hot upflows cover more
regions (as in solar granulation), the temperature con-
trast is so large that spectral lines formed throughout
the sinking region is negligible, resulting in a reversed-
“C” shape. These results are based on the assumption
that the velocity fields and temperature fluctuations
are positively correlated. Therefore, there is another
possible way to obtain the reversed-“C” shaped bisec-
tor. When upflows are cold and downflows are hot,
the convection causes spectral lines to.be reversed-“C”
shaped. (cf. Gray and Toner 1985, 1986; Dravins 1990;
De Jager 1990)

This exercise, described in this paper, provides a
qualitative understanding of the effect of convection on
spectral lines. This knowledge can be served as a guide
line for the detailed line synthesis calculated using the
hydrodynamic convection simulations (cf. Kim and Fox
1992; Kim 1993).
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APPENDIX

When the angles, «, 8, ¢ are defined as shown in the
figure 8, the Doppler velocities along a line of sight,Vp,
are calculated from the projection of the velocity com-
ponent (V,., V,,V,) at each depth point.

o = cos-! sin ¢ cos § ’ (1)
V1 — sin? @ sin? ¢

Veot(8,¢) = Vosini \/cos2 0 +sin’fcos?p, (2)

VvV, = mjcosa—(‘/rm‘.—{_‘/:l:)Sina) 1f%§¢§ 3% )
b= Vycosa + (V,or + V..)sina, otherwise.
(3)

Vp = =V, cos8 + V, sind (4)

where Vj is the rotational velocity at the equator, i is
the angle between the rotational axis and the line of
sight, and V,,, (in figure 9) is the rotation velocity at
the horizontal location at the surface. The minus sign
in the right hand side of equation (4) is introduced to
correct the sign so that the upflows cause blue-shift
in the synthetic spectral line. ~ The above equations
are derived considering a general case. For the line
synthesis in this paper, V, =V, =V}, and V, = —V,.



