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ABSTRACT

The chromospherically active G8 dwarf £ Boo A has been monitored

spectroscopically for'four observing seasons. A total of 121 high

resolution, high —signal-to-noise Reticon exposures (representing ~ 300
hours of observing) were obtained at the University of Western

Ontario’s 1.2 m telescope.

<

R

The data were analyzed for variations in the mean line asymmetry,

‘line strength, and line broadening, using a combination of 1iine

bisector and Fourier techniques. Systematic variations tn all

-

quantities were found, which repeat ‘with a perio® of 6.43 +0 401 d’é‘ys.

The line broadening variations show nec .evidence of wt:ve!.ng magnetic- in
v s ) ”

nature, and there is no evidence of a change in pet/{od or phase shift
heY . -

over. the four seasons. ¢

A self-consistent model is presented, which is found to be very._.

successful at explaining the observations. The model consists of a

. A M [} ’
single surface feature, carried across the stellar disk by rdtatiom, &
The characteristics of the feature have been determined thrdugh

extensive use of numerical ‘experiment. . The featurefe most
L ; ) .
distinguishing characteristic 1is a velocity dispersion which 1is

——

enhanced by a factor of 1.5 - 2.0 relative to the :surrounding

photosphere. The feature is found to cover 10% *5% of the visible

—

disk (2.5% of the total surface), and is ~ 3.7% cooler (~ 200 K), and
158 fainter than the rest of “the star. The feature lias at 4

relatively high latitude (_55° $+10°),” and has remained essentiially

v

A, . >

111 ) .




unchanged for at least the four years of this investigatien. .

The deduced characteristics of the feature CI;\!\O?. be teconéiled
" with the classical sunspot or pl-age. Theféfore. it is believed that
this 1s an entirely hew type of stellar feature, quite distinct from

both the classical .sunspbt and plage. The name’ "Starpatch® is

suggested in order to distinguish it from its solar cousins., -
ugs , .

t & note is added in warning for tilose who .u:'a attempting to use

single e sures of solar:-ty[:ve stars tuv obtain .information on their
ng 1;?0 . et .

' granulation -properties. " .The exigstence of  ‘starpatches makes
conclusions based on a small &ﬁount of data very uncertain, since one

canmot determine from such data yhether or not a‘starpatch 4s in view.

- - -
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CEAPTER 1

) Introduction

. s

. Any discussion of solar-type stars necessarily begins with a
review of the solar case itself. The properties of the observed solar
line asymmetries have'been traced back to small-scale inhomogeneities
in the solar photosphere (see for exhuple Dravins et al. 1981; Dravins
1982). High spatial resolution photographs of the sq}ar'photosphere
reveal a pattern of bright gr&hules,-surrounded by dark jntergranular
lanes. Spectroscopy has shown that the bfight granules correlate with

local blueshifts, and The darker inéergranular lanes correlate with

local redshifts (e.g. Richardson and Schwarzehild 1950). - The

-

generally accepted interpretation of these observations is that we are

seeing Hx material rising in the granules, and cool material sinking

*

in the 1ntergfanu1a; lanes. Therefore, it is believed that we are
observing :he\grper layer of the sclar convection zone. - '

Thi properties of the solar gramulation lead readily to an an
explanation . of fhe observed line asymmetry. “Consider first, the
contribupion to the égtai flux coming from the rising hot granules
alone.” These produce a profile which is blue—shi%ted relative to the
loc#l rest frame of the star. If we next consider the contribution
from the falling.éool material in the intergranular lanes, we see that
these ptoduco’ ="§rof1}e which -16 red-shifted. When vn/ add the

profiles from the hot and .cool regions over the entire surface of the

star, and weight them by their relgtive areal coverage and contrast,
.




-

we obtain- an asymmetric profile, as shown in Figure 1.1. Bec@use the
totaL‘flux is dominated by the light from the bfigh&‘granules, the
observeé profile has a net blueshift. The exact amount of asymmetry -
and.blheshift depéﬁds on the detailed spectral line properties, and on

the characfiristics of the granulation (i.e., the granular/

o -

intergranular, contrast, the hot and cool stream velocities, and the

-

relative areal coverage of the granules compared to the intergranular

lanes). If oné were to measure the'same spectral lines as a function

of time, or location on ‘the solar disk, any differences in the-line
asymmetry would imply a modification of the granulation.

Livingston (1982, 1983a, 1983b) has reported both spatial and

-

temporal variations of the observed solar 1line asymmetry and

blueshift. (See also Brant and Schroter 1933; Cavallini et al. 1983;

Kaisig and Schrdoter 1983; and Raisig et al. 1983.) By measuring the
bisector of lines formed in magnetic regions, and comparing this cﬁ
the bisector of liné; formed in non-magnetic regions, Livingston found
that the Q;gnetic line bisector almost always has a reduced curvature

and'snallef displacenenc telatgye to the non-mdgnetic bisector (see

Figure 1.2). His {interpretation of this 1s that the convective

motions are being inhibited in regions of high magnetic flux. .Further

?

observations, this time of the disk integrated line -bisectors, show

L]

that the mean line asymmetry changes with time, and that the changes

may be related MWehe 11 year solar cycle (Figure 1.3). However, the

i~

-t .. :
asymmetry changes are found to be out of phase with the sunspot cycle.
Based on the sunspot nunbef,tsolgr maximunm oécptrad ig late 1979, but

the line asymmetries indicate a dininio.hlﬁg convection well past the

4
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Figure 1.1 Origin of the spectral line asymmetries and wavelength

shifts caused by granulation. Lefﬁ: * Idealized white-light i?:ge of

solar (or stellar) granulaéion,~ In this model illustratien,
the surf;ce is covered by bright granules with an upflow ef 1.2 km s

_that is balanced by a downflow of 3.6 km s ' in the ‘dark intergranular

——-lanes. Center: Spectral line profiles observed under high ¢patial

resolution (tes?}vgng individual granules). The top- profile is for
granular regions and the bottom ¥or intergranular ones. Right: The
solid curve gives the resulting profile for observations under low
spatial resolution (averaging over many granules.). The "C"-shaped
line bisector shows the asymmetry and the blueshift of the line. The

dashed curve shows an "undisturbed" profile from a static atmosﬁhere

or one without org;nized velocity patterns. From Dravins (1982).
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_sunspot maximum. Livingston suggests' timt, the magnétic flux which

emerged at paximum, and was then confired largef); to sunspot umbra,

‘ may slowly be getting redistributed jover the entire surface. This

-~ * - - p—
results in a larger fraction of the surface being covered by magnetic

+

fields, and consequently leads to a reduction in the net granulation

signature. : ’ -

. e

There is other evidence of a cgupling ‘between granulation and
b 4

magnetic fields on the sun. Schrb;er...(1962) finds the diameter of a

, . 2 .
typical granule to be¢ appreciably smaller near sunspots; and.!acr:ls

(1979) finds that the granule diameter varies inversely to the

' magnetic ‘field strength of the spot, Cixanges in granulaclon cell size

during the solar cycle have been docunented by Macris and R3sch (1983)
and, Macris et al. (1984).

It would appear .that, at least for the solar case, changes in the

'ma'gneti‘c activit.y. ‘and/or the redistribucion ot'\-agnecic flelds over

L]

the .sutface, ].ead to observable changes in the granulation —This
. suggests the pos,sibilicy that changes 1n the line asymotry ¢>£1 other
_solar-type; s_cars may occur in response to changes in .the star’s

o maEITetic characteristicé \ RL e .. 3 \

Let us now. revie’ the sone ps the evidence in support of che

-

exi‘stence and vari.abili.ty of aagﬂecic fields -~on ooher cool'ltnrl Ve
- N
know thgt on the sun regions’ of ngnetlc activity cortelatic wvell with

.fegions of~ enhanced emissiop .dn the cores of the Ca II H and K
resonance lines (e.g. Babcock and .Babcock 1955; Frazier 1970; and

Skumanich et al. 1975), and that ;fpo integrated ‘HK emission varies in
4 N - - “ -

- phase with the 's:unapo: numbsr (White agd Livingston 1981). Thus, the

-
. -




measurement of the amount of HK emission is often been used as a proxy
indicator of magnetic fields. Measurements of the Ca II H and K-line

emission indicate that cyclic changes in, magngtic activity, similar to

the solar cycle, frequently occur in other‘gélar-type stars (Wilson
e

1978, Vaughan 1980, Vaughan and Preston 1980, Vaughan 1984, Baliunas

and Vaughan 1985). Unfortunately, the dirgct measurement of magnetic

fields on late-type stars has proven to be exttéﬁely difficult. The
traditlonal method of studjing the line displacement; in circularly
_'polatized light has ylelded essentially null results (e. g Boesgaard

1974; Vogt 1980 Brown and Landstreet 1981 Eprra et al. 1984), most

“

likely because the complex field geometries ptoduce 4n o&erall
caqqellaﬁion of the polarization. Techniques utilizing :he suhtle

. excess lime broadening from the Zeeman effeqt have been more -

successful. Magnetic field measurdments using this method have been

- 3

. reported for numerous cool dwarfs (Robinsonm 1980; Robinson et al.

1980; Marcy 1984; Gianpaﬁg et al. 1983; Gr#y-19BAA;‘Gondoiﬁ et al.
1985; Sagr et al. 1986, 1987;  Saar 19873; 1?87b). The typical field
strengths‘ara found to be ~ 1-2 kilégauss, with qﬁe,fieids covering
anywhere from ~ 108 ‘to ~ 80% of the stellar disk. . Howev;r, a
sufficient time base has yet to be acquired for direct cqﬁpar}son of
the noasurgd magnetic parameters w}th the activity cy;l;s 1nferred”'
from the H and K-1ine measurements. iiu o s

A similar situation axists in the area of line bisector research.‘
Because the accurate neanurenent of spectral line asynnetries tequirel
bbth high signal-to-noise (~ > 300) and high spectral tenolupion

) &

(A/a) ~ 100,000), ~ it "has only been with the advqﬂt of modern
, » )

- i

- ) : .
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detectors, such as Reticons and CCDs, that “studies of the -line

»

-

asymmetries in solar-type stars have become possible. Fer %hts .-

i P

reason, line asymmetries have been measured for only a handful of éOol'

-

stars (e.g. Gray 1980, 1981, 1982, 1983, 1986a; Gray and Téne; 1985, .-

1986, Dravins 1987a, 1987b), and these investigations have deélt

primarily with delineating éhanges in 1line bisector shape as %

- -
o e

function of po;ition in the HR diagram or with dependence on physical
variables such as excitation potential, line strength, or rotation.
No investigations of bisector time wvariability exist, except for

. . Arcturus (Gray 1983), where no detectable changes were found. An

. -
interesting result to emerge from these studies is that not all stars

*+

of the same spectral type exhibit the same bisector shape (éray 1983).

Could the differences be the result of observing these stars at
5ifferent phases in their respective'actlvity cycles{

¢ The present study was b;iginally designed to look for the
long-term Lisector changes expected to- occur on stars exhibiting
‘solar~1£ke activity cycles.. A handful‘of bright solar-type stars was‘
selectediand monitored speccroscopically using t Coudé'specttograph
and Reticon detfector attached to the 1.2 m teléscope ;; the University
of Western Ontario. About midway through the second observing season,
it becdiwe apparent that sog; of” the program -stars were showing '
bgsectot° changes above the noise level on a night-to-nighc basis.
Apéarentiy, rotational modulation was making ic; presence known in the

data, thus suggesting the _existence of surface inhomogeneities

unevenly distributed in longitude “around the star. Using the sun as

an oxanple.‘ﬁe'would expect such fQACUrQ; to be magnetic in nature




o
.9 '
(like sunspots). The focu§ of ;he projeét was therefore shifted in
mid-stream, in order to s'tudy these short-term bisector variations,
and to see if they could be ‘linked’co varjiations in the magnetic
parameters,

The spot phenomenon itself seems to be quite common among
late-type stars. Spots hawe been used to explain the .brecad-band
phot:ometric‘ variations seen for many stars (e.g. Kron 1947, 1950,
i952; Evans 1959, 1971; Torres and Fez;raz-!(ello 1"973; Friedemann and
Gurtler 1975; Oskanyan et al. 1977; Eaton and Hall 1979; Vogt 198la,
1981b; - Radick et al. 1982, 1983a;,b,; L?ckwood et al. 1984; Poe and
Eaton 1985; Rodond et al. 1986 and many others).,, and the spectf@scopic
variations (e.g'. Vogt 1979, 198la; Ramsey and; Natiqn.sz 1?80; ,Fekel
198_6. 1983; Vogt and Penrod 1983; Gondain ;]:986;:.Vogt.: et al. /1987 and
others). Short-term modulations of the Ca I1 emission have also been
attributed to spots (e.,g. Vaughan et al. 1981; B#liunas et al. 1981,
1983)‘ However, little is known ;bout the structﬁre.and dynamics of
these features. fhey are bel{éved to be magnetic in AACure. because
sdnspoté are magnetic, but no one has yet measured theimaé;;tic field
within a st;rsﬁot. In general they ;te égnsiderably darker than the
surrounding photosphere, being -~ 1000. K cooler on awegﬁgé (a
temperature similar to suilspots), but';hey show other characteristics
vhich ara'narkedly unsunspot-like. For example, th; fract%onal area
of the apparent stellar disk covered wéth spots- is of&pﬁ ligge.'
ranging bet:we:r_x— ~ 20% and - 40%, _cénpared to the t?'pil;é.nlly ‘< 1s
coverage found for spots on the sun. Also, lifetlneg’oﬁ'individuil

starspots are inordinately long compared to their solir,cdhntlrﬁart-,

< h
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often lasting for several hundreds of rotation cycles. One is left
wondering if starspnts ;re indeed just extreme examples of the sunspot
pheriomenon, or whether they are in fact something entirely dlffer;nt.
Siﬂce line bisectors p;?vide a sensitive diagnostic of the conditions
in a star’'s photosphere, it was hop;d that their study would provide

clues to answering this question.

. -
Of the program stars monitored, the G8 dwarf § Boo A (HR 5544, HD

-131156A) shows the largest bisector variationms. These were later

found to be accompanied by changes iIn the line strength and 1line

broadening. [For these reasons { Boo A was selected a;/;he’fbpic of

L4

L
this thesis.
The chromospheric activity of £ Boo A 1is known to be above

average, and the strong H and K emission has been monitored for many

years. The rotational modulation of the H and K emission shows a

period of about 6.2 days (Noyes et al. 1984; Baliunas et al. 198571:

meaning useful information can be obtained in a single observing o

season. The surface mignetic field may also be variable %Robinson
1980; Gray 1984a; Marcy 1984; Saar 1987b; Saar et al. 1987).

.The secondary component of this binary system is a K4 dwarf, and
it is widely separated from £ Boo A in both physical dimension (g -
31.5 a.u.) and apparent position on the sky (7" durinhg our epoch of
observation). Orbital,iolutions have be;n éiven by Strand (1938) and
Wielen (1962).  The: inclination of the orbital plane is 140°,

therefore, if the rotation axis of £ Boo A is aligned with the orbital

pole, its angle to our line of sight is 40°.

-

.
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Equipment and Observationg

(4
2.1 The Speétrosragh

A schematic of the coudé spectrograph is shown in Figur_e 2.1. I.t:"
is operated in a near Lithrow configuration, én:i is fed by the £f/31
beam from! the U.W.0. observatory 1.2 m telescope. This beam is
brought to a focus at the 4entrance slc;t of -a Richardson image

4

.slice; {1] (Richardson 1968, 1972) located just outsi;de the coudé
rqom'. The projecf:ed dimeqsions of' the entra-.'nce slpt are-‘- 7" x 4",
thus allowving for typical seeing condi:tions found at the observatory.‘
The spectrograph siit is ‘set to a w;idth of 200 ym. Beyond the image
slicer, the beam passes ;hrough- an order sorting filter [2] and ‘is
then collim';lted by a 6.96 m ,focall length mirror [3] and dispersed by a
154 x 306 mm grating ruled at 316 lines per mm. The grating is
mounted on a motorized table, 'which permits its rotation via c_c»m:\rols .
in the observer’'s room. A 5.59 .mm focal length camera ‘[‘6]; which isr
equipped with a corrector lens [5]: to remove spherical aberr.:atfi_on,
then focuses the beam back along' the optical axlis. BefoFe 't:he
c;nverging .beam c.an come to a focus it 13. deflected upwitrds by a
small, flat pick-off mirror {7]). Above the pick-off mirror, the beam
is fimily focused on the face of the Retic;n detéctor (8] (see next

section). The pick-ofhnirror is mounted on a rot\atable axle which

" permits translation of the image perpendicular to the Reticon

'

- * -

11
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Figufe 2.1. A schematic af the Coudé spectrograph.
This is a top view showing:
1) the image slicer; 2) the filter;
3) the collimator; 4) the grating; T

S) the corrector leéns;
The inset is a qggz'CTéu of
camera. It shows: '

7) the' pick-off mirror;
’

the area between the lens and the

6) the camera mirror.

<"
*a

8) the detector.
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detector. The detector and picic-off girror’are. in turn, mounted on a
- * precisien .scigw table which _ailows the whole assémb]-y to be moved
aldng the optical axis. Rotation oé the image relative to the Reticon
';, . can be accbnp.].'lshed by rotating the screw table. .Stepping motors

| *onnected to the screw table and pick:off mirror allow these to be
. . . ¢

adjusted using éontrols in the observer’s room.

Z.é The Detector System

At the heart of the detector system is an RL-1872/F Reticon chip.
This 1is a linear array of 1872 silicon photodiocdes, each diode -
measuring 15 um wige b)'r 750 pm long, with effectively no dead space

' between adjacent diodes. Associated with each diode is a small

A

. . capacifance. To carry opt an integration the diodes are first charged

to a voltage of ' S V to erase any residual signal left from the

previous exposure. To ensure complet:e‘ erasure, three charging cycles il

.

13 —_ , ' .
are performed. -.Depletion of the charge on the diode cifcuit oc¢curs
through either ‘thermal "].ehkage or the , absorption of 'ph tons\ To
[ * - e ’
- minimize thermal leakage the Reticon chip is refrigerated with liquid

. + nitrogen. At the end of an 111tegr:a-ti.on the accumulated signal is read

out by a shift register scanning circuit built into the Reticon chip.

Iﬁedlately-thereafter, a serles of ten second dark exposur‘ls are

taken, ‘and subtracted fron ‘the ‘stellar si.m in order to xrdmove the

-

.o fixed pattern signal (see Vogt, 'Tull, and Kelton 1978). Fout gdark |

'expoa,ux’u are taken in order: to teduce .the component of ‘the readout
S R - o ST o
{n them by a factor of-tio. - 7 L e

[ ' . R -

. %) noise occﬁrgi
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The signal passes from the array to the preamplifier -and
» I

mpg.ifier c:ircuiéry along four video lines. '.Once amplified, it goes
through a multiplexer, which-convérts the four lines to two. It is
then 1ncegrateq and sh;ped by circuitry on the DISH (DIfferential
Efmple and Hold) board. The integrat:d §ignal continues to an
éha!bg-to-digital converter, 'wﬁich reduces it to a digital form
acceptable to the controlling computer (a Nova 3/12).) The Nova 3/%2
runs the program GRARET 1.0 (originally ¢eveloéed by Phillip kelton of
the University of Texas, and later modif}eé by D.F. Gray) which
controls integrétion ciies. and start pulses, and allows the
manipulation, dlsplay,' and storage of the data: The data are
displayed on a Tektronics 602 display. -

The dynamié raﬁge of the system is approximately 3000 - 3500.

.Linearity is assumed over this entire range. .

[N

2.3 The Flat-field Lamp and the Instrumemtal Prdfile . .

\

. > Y
~
I3

Amplifier gain differences on the- four video lines produce a

perlodic signal in the data. 'By dividing the "raw': stellar data h& a

s

flat-£field l?ﬁp_spectrun. these diode-to-diode gain'differences can Po.
. removed. ’The flat-field lamp is measured ﬁy'taking a sﬁogt exposure

%~ 1 s.) of a ribbon ianﬁ placed on the optical bench in front of the.
image slicer. A measurement is tak:n at.the beginning of'each night

and again after any chang;s to the grating angle and/or ft%ter.

Figure 2.2 'shows a typi?al flat-£181d lamp exposure.

Exposures of the A54614jine of petcurj are made to determine the

14
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Figure 2.2 A ctypical flat-field lamp exp&sure.i The ordinate is in
discrete units corresponding to individual diodes, and the abscissa is
the maximum signal normalized to wunit height. The inset "is an
enlarged view of a small regton-of the spectrum showing the diode-to-
diode_ variations, caused by amplifier gain differences on, the four

video lines. .o .
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width .and shape of the instrumental profile. A microwave-excited,
alr-ﬁ led, single-isotope mercury lamp ig used as the source. At a
temper:tu;e of ~ 27° C the thernal}y broadened line has a half-widcth
of- ~ 5 mA (Gray 1976). Since the spectrograph rpsolugion is much
lower than'.this, the instrumental profile is essentially glven by the

observed line profile, without correction for the natural line width.

18

# A representative measurement is showh in Figure 2.3. The resplution, :
-

as measured by the half-width of the mercury line, is -~ 70 mA
J(corresponding to -~ 2 diodes FWHM). The shape of the instrumental
ﬁrofile is found to be highly symmetric.

~

2.4 Observational Procedure

‘An observing session begins by filling a 1.8 litre dewar with
liquid nitrogen, and turning on the support electroniqs. Several

hours (2 to 4) are then needed for the system to stabilize.- Once this

time has passed, the readout noisé of .the system is measured by taking

a s'eries (usually 6)-_o‘f one second dark exposures. The standard
deviation of'diodes 200 through 1600 (representing the portion of the
arr;y over which one finds usable data) is determined for each of
these exposures. The mean standard deviation is taken as the readout

noise for that session. Typically, this is - 1.1 analog-to-digital

" units (ADU) pef readout,

Next, the camera focus is checked by measuring the spectruam

. ! 4
produced by an iron hollow cathode tubé placed on the optical bench in

\
front of the image slicer. This spectrum consists of a serias of
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Figure 2.3 A represe'n_tati_ve instrumental profile measurement. The

The zero of the otdinate has been

axes are as in Figure 3.2,
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arbitrarily taken to correspond to the peak of the curve.




emigsion lines '?.f various strengths. The grating is rotated to
position a medium strength line slightly off center of the array. The

position of the detector assenﬁly relative' to the camera is then

adjusted by means of a control box in the observer’s roem. At each

position a 5 second exposure is taken, and the image of the line

examined. W‘h‘en the line is in shaxrpest focus, 2 - 3 diodes FWHM, the

N

procedure is stopped. i

.

Fiﬁally. t@ position of the imaged speci:run across the fac® of
the Reticon 1is checked by taking a ‘series of exposures of the
fhkat-field ribbon lamp. etween each exposure, the angle of the

pick-off mirror is adjusted. Propef centering of tge‘ image  1is
" indicated when the sign;I per diode reaches a maximum. A flat-fleld
lamp exposure is recorded prior to the' first observation and again
after any changes made to the grating angle'an&/or filtgf.

A stellar exposure is pérformed by centeripé the image of £ Boo
on the entrance slot of the image slicer.A Under favourable conditions
the entiFe seeing disk of the primary passes through'the slot,.while.
the secondary is clearly visible above the slot. Guiding is performed
by vieging the face of the imagé slicer with an ISIT camera mounted
off to the side. The TV monitor and telescope control; ;re located in

the observer's room. A partially silvered mirror, placed directly

behind the image. slicer, deflects -~ 10% of the light into a standard
GaAs photomultiplier. By monitoring the accunuiated number of counts

recorded by the photomultiplier, the signal being built up on the .

Reticon can be estimated. Counts in the range of 2 - 3 million are

needed.




Exposure times depended ‘on the seeing conditions and the degree

of cloud cover. On clear nights, with good seeing, integrations of

-

- 2 hours ve;e sufficient to gfve data having 'a signal:to—noise of a

. few hundred. When the seeing was less than ideai. or when*there were

clouds, integration tines would have to be increased, somet‘mes up to
~ 3.5 hours. There were nights “When deceriorating weather conditioms

) forced an exposure to be cut short, and this resulted in d;\\\ﬁaving
less than the.preferted quatity. In June of 1987 -the coudé train
pirrors were overcoated to lncrease their reflectivity. This yielded
a gain of a factor'aof ~ 1. 5 - 2 in the overall efficiency, and
exposure times were cortespondingly reduced.

\

2.5 The Data

~
- - N
a, -

All observations were made with the coudé spectrograph and
Reticon detector described previously Working in ninth orde; allowed
some 65 A of speetrum to be recorded. By, far the majority of the
observations.were made in the spectral region surrounding 162561 This
wavelengsh interval was chosen because it cont:!:; several reasonably
unbleeded. medium strength lines. ~Si=m observetions' in the A6150.
region were recorded in the -1987 season in ordee to neasure- the
magnetically seesitlve line 126173.34, and to check that the observed -
asymmetry varlations are not an artifact of the original choice of
;pecttnl lines. The dispersion was ~ 0.037 A eer diode in the X6250
.region and ~ 0.039 A in the 16150 region. The resolution was

~3.5kms ' (A/ar ~ 90,000).
J
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The 121 exposures of £ Boo A listed in Appendix 1 re-ained“after
culling out.thdse having a signal-to-noise (S/N) less than about 100.
Data from the four observing seasons of 1984 thgough'1987 are included
in this list. When possible, more than one exposure was made per
night. fhe Julian Date for the midpoint of each ;kposure is given in
column 2, whila column 3 lists the 'S/N (calculated using equation
2-7b, see section 2.6). The S/N ranges from ~ 100 to -~ gOO. v;th the
mean for the 1986 ané 1987 deasons being somewhat higher than that of
the 1984 and 1985 seasons. The remaining columns will be explained in
the next chapter. The si* A6150 exposures taken in 1987 are indicated
by asterisks next go their éntr; in the table:

A typical spe;trum for € Boo A in the 16250 region i{s shown in
Figure 2.4. The ordinate is in discrete units ’correaponding to
individual diodes. The abscissa is the maximum signal normalized to

. \ .
unit height. A number of spectral lines have been identifiea in the

© figure.

2.6 Sources of Noise in the Data and the Derived S/N

There are thtee.princiba} sources of noise in the data: 1) photon
nglse arising from the 1rregula; arrival times of the photons;
2) readou; noise arising from several ,séurceu within the Reticon
system and representing the inherent uncertainty with which signals.
can yo extracted from the array; and 3) thermal leakage. ihc total

noise is then a combination of theseé. If n is the total nmumber of

photons collected per diode, r is the readout noise in equivalent
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photons, and n  is the thermal leakage, then ‘the total noise, &n, is

given hy . -

Snﬁ\/rzi-n-:nw 2-1

‘As a means of checking the thermal leakage; ~ 60 diodes at each

- <

end of the Reticon array are masked with aluminum foil. This prevents
photons from striking these diodes, and so any signal found theré is
due to thermal leakage, rather than the capture of photons. In
general, this signal is found to be < ~ 18 ®f the maximum, and

- ther‘_efore, thermal leakage is not an'iupof'tant source® of noise in
these data.. Henceforth, the thermal component of the noise will be
omitted.

Since the signal returned from ;he Reticon is given in analog-to-
digital units (ADU), as opposed to the number of ph‘o,tbns captured, we
must determine the conversion factor between ADU and photons. I§ we

» &efine the quantities N, R, and 4N -as the equivalent quantities given
| earlier (with thermal leakage omitfed), but 1in ADU, then the

conversion factor, u, (in‘ ADU pér photon) can be defined such that éhe

- » ’
following relations hold:
§N = uén 2-2
> ' ) . N = un 2.3
! L)
R = ar . 2-4 .

The total noise in ADU then becomes, .
sNsuv ?®+n ' 2-5a
) i ; . . >
- -V R+ uN 2-5b ,

- and 'solving for u we get,
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u = (6N - BPy/N 2-6

Ail éuantities on the right of equation 2-6 can be determinea with a
fow simple measurements. The readout noise, N, is measured nightly as
explained in section i.&, and is gypically -~ 1.1 ADU per readout. &N°
is found by gaking two exposures qf the flat-fieid lamp (both having
the same signal per diodg), and dividing one inte the other — SN is
immediately theined from. the variance of the quotient. The mean
signal per didde is N, and from equation 2-6, u is found to be in the
range 1/600 - 1/700- (D.F. Gray, private communication). A value of
1/700 has been adopted, meaning that the readout noise is equivalent

to the absorption of ~ 700 photons.

The signal-to-noise ratio of the data is therefore given by,

S/N -N/V R* + uN 2-7a
« N R + N/700 2-7b

At low signal levels the readout noise dominates over the photon
noise, but for signal levels greater tham ~ 700 ADU the photon noise

begins to become important. Since the typical siénal-to‘noise ratlios

for the data used here are in the range of ~ 100 to -~ 600, photon
< ’ :

noise makes up ~ 15% to ~ 40% of the total noise.




CHAPTER 3 : .

Analysis of the Data’

3.1 Preliminary Treatment of the Data

A common, and undesirable, trait of Reticon data is the presence
of an 8-diode instrumental signal, which is seen in these data as a
4 + 4 diode square wave, superimposed on each spectrum. The signal is
found to be most pronounced 'in che‘first exposure taken during a night
and also in low S/N d&ta which required long exposure times (due to )
poor séeing and/or weather conditions). ip-éenefal, tﬁ; i;mmtumﬁntal
square wave has an amplitude less than -~ 1% of the maximum signal.'and
in the worst cas;s is ~ 2% ) 3%. The signal is removed from the data
by calculating its mean amplitude across the entire array, and then
dividing a square wave of this amplitude from the data. Since
spectral lines influence the‘ calculation, these are removed b;
excluding any diodes with a signa].: level below 0.95 c;f thi‘o;rrounding
.continuum.' In this way, the amplitude of the instrumental square 'wave
i?ureduced to less thaﬁﬁ~ 0.10% of the maximum signal. Figure 3.1
showsia region of a typical spectrum before and after correttion for
the instrumental square wave.

The linear dispersion across the array is determined by f};ting a

second order polynomial to the line positions and their wavelengths.
L} - - .

The spectraf lines are identified with the aid of "The Solar Spectrum

2935 A to 8770 A (Moore, Minmasert, and Houtgast 1966), and. "A High
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Resolution Spectral Atlas of the Solar Irradiance From 380 to 700

Nanometers"™ (Beckers, Bridges, and Gilliam 1976). The diode value of
the line center, estimated to abogt two tenths 6f a diode, is,used as

its position.

-

3.2 The Line Asymmetries

“n

. \ -
For this\séaﬁy‘the line asymmetry is defined in

terms of the line’

bisector. The bisector has several characteristics which make it very

useful: 1) it provides a simple means of visually presentfng the line
. \ . —

asymmetry, while being easily understood; 2) it allows averaging over

-

several lines; and 3) it can be edited when the line wings are

blended. A line bisector is constructed by computing the midpoints of

—horizontal line segments bounded by the sides of the line profile.
For each poiht on the left of the profile, the maﬁcbing point on the .
right is found using a modification of the cubic-spline interpolation

routine by Hill (1982). To improve the definition of the bisector,

the number of points-on the left side of the profile is increased by a

factor of two, using the same interpolation. The velocity error for

each point on the bisector is . determined from the photometric error

and profile slope following Gray (1983). €A discussion of bisector
errors~can also be found in section 3.2.4.)

-

Line biends are, and will probably remain, a significant source,

of uncertainty when calculating the intrinsic® line asymmetry.

-

However, in this study, it is the variation of the bisector shape

which 18 of primary interest; and so consllteﬁcy in the treatment of

-




. ,
-y . . .

. blends is the wmost important concern. This is not to say that any
: -

.

line’ can be used in the analysis. Strong lings are preferred because

s : they contain a r;elatively large number of Rodnts (which is needed when

~ - -~

caiculacing the bisector), and because their steeper slopes mean

¢ & b

‘smaller bisector errors. Additionailly. the lines should be as

blend-free as:possibie, since the intrinsic bisector shape provides

e 3

3 L ) ~
important information about stellar granulation. This also
& . - A

necessltates . averaging over several lines in order to reduce the

efféct.s ef unkown blends (and, of course, to reduce the noise). Wwith
. ‘ - >
these considerations in mind, the eight lines marked with an astewisk

-

- in Table 3.1 were selected as the ’dst: suitable in the 16250 reglen.
Bisectors_are calculated for each ‘*of the éight lines, and used to
N . . -

sposite plot. Since there 1% no information on the

center of mass motion of the star, and hence no absolute waivelength
reference, thg individual bisectors 1n' the composite' .ai'é shifted

-~

horizontally so tﬁe?\oyerlap. The blseotors which are gffected-by

known blends are .betnted ar;, this poi;nt by removing the \;pber portion of

s - .
the Pbigettor. . The amount removed depends on the severity of the

~——

blend. '.O‘ccasionally‘, 'spurious noise causes g normally well be.haved

bisector to disagree with the compos;ice., and in sich cases the

v v

o &ffectad h‘iycﬁt is omfctted. ‘ The remaining bisectors and bisgector

portions are then used to calculate a weighted mean line bisector for

A, R !
. . ‘c'm exposure, Figure 3.2 shows an example of '‘a composite plot and its
S .. . - -~ - - ) B .
. . ! mean.. . 1 ‘. ) _
N : ‘s ' Figure 3.3 shows theyeffect of ren.;ving the 1nstruﬁental.prc;filc,

.”  and the effect of applying a low-pass Fourier filter (B;'ault Jnd White
] . g -

..ll"‘ / © )

av
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Table 3.1
The Spectral Lines’ /,,_ )
“f (26250 region)
a b
b Ion X RMT -3
A (eV) ‘ .
- L 4
*t

6219.29....Fe 1 2.20 62 1.67

6223.99....N4 I  4.10 228  1.00!
6226.74....Fe I ~ 3.88 981 1,38 -

6232.65....Fe 1 3.65 816 2.00*T

6233.20....V I 0.28 20 1.491
R 6240.65....Fe 1  2.22 64  1.00"
6246.33....Fe I  3.60 816  1.58 .
. 6247.56....Fe II  3.89 76 1.10f
" 6251.83...V I 0.29 Rt 1.59!
6252.57....Fe'l  2.40 169  1.08"
y 6256.37....Fe I  2.45 169  0.92°!
6258.11....TL I  1.43 104 1.00" ~‘~)

6265.14....Fe 1  2.18 62 1.58°1

1

—— -
-

‘ from Moore et al. 1966
— b from Beckers 1969 ) S

* lines used for bisector analysis (section 3.2)

t lines uded for line broadening analysis (section 3.4)




g

. 29
R SRS L LS ] A 1T ¥ T I—ri L] L] L] I L4 L L4 T l T« T ¥ v ] L) L R ]
L d
1.8 4
.8 }
F L
Fe
s | g
.4 F
.2 F . 4
r -
."’A
.e ILILILALI l;lLJ lLlel LllLlLl l 'l i 1 A
-.5 .8 ) . .5
A km/s

2

-
- -

F{gure 3.2 The line bisectors are shown for a single exposu”re of
€ Boo A. l‘:/i’c is the flux expressed as a fraction of the continuum
flux. On the left is a_;onposlte of cthe lndlvi:dual bisectors, while

on the Eight is the mean bisector.
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1971; Gray 19-76}. Composite plots are shown for three cases: case a)
inqtmgptal profile not rewmoved; ‘::ue b) fstrumental profile removed

an@ a low-pasé Fourier £ilter applied; and case c) only a low-pass
filter applied. The wame line asymmetry is reproduced in all cases

(within exrrors), but the scatter between. the individual bisectors is

at
¢ a—

smallest for case\ This i-provenent is due to the fact that thei
line bisectors have no physlcally real high frequency conponents in

them, so that filtering away the high frequehcy ndise improves che

overall noise figure. For this reason a low- p&SS» Pout-ier £filter was
-. f- -~ .
applied to the data, without removing the inscrueencal brpadening ‘
- ._-

g

3.2.1 The Line Bisectdr Variatioms

A time serles of mean line bisectors was generated by calculating

N

a mean bisector for every exposure. Because each biséctor ia a multi-
valued function, such a time series® is not easily analyzed for

padicitles. Several classifications schemes were tried to reduce

. . H
the line bisector variattons to a form more amenable to periodogram

analysis. The method finally adopted was $o classify each bisector in

terms of its "velocity span”. ’

The velocity spdn. is calculated by taking t:hr difference in
velocity between a poi.r.u: near the top of the bisector and a point near
the b.ot:t:on. The ?oin:s are optimized for this data set in the
following manner. A first approximatfon f'r the upper point |is

selected, and heid fixed while a series of points near the bottom of

the bisector are tried. For each pair of points the velocity span and

30
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its error are calculated for all of the mean bisectors. Summing the
individual velocity-span errors over the entire data set and dividing
the sum by the length of the lever arm (i.e. the difference between
the upper and lower points) ylelds a ™“goodness of choice*” parameter
(GOCP), i.e.,

) : : Y svs

‘ GocP - : : 3-1.

[ GBrF)y =~ (F/F)

¢’ upper ¢’ lower ]

In Figure 3.4a we see how the GOCI" behaves when the upper point is
held fixéd q.c F/Fc- 0.90, and CE' lower point is varied. We see that
the GOCP decreases rapidly as the lower point is’ moved down the
bisector. This Is due to the increasing length of the lever arm. At
(F/Fc)h"rﬂ 0.55 a minimum is reached and £he GOCP begins to increase
due to the increasing velocity errors found in t:his part of the
bis‘ectors. The value F/Fc - 0.55 is taken as the optimm for the
lower point. The upper point is determined in a similar fashion
except that the lc;w;r point is held fixed at- F/Fc- 0.55 while the
upper point is varied. The minimum in this case occurs at.F/FcH 0.57
(Figdre 3.4b). The velocity gpans, and their errorsf are given in the

fourth column of Table A-1 (see Appendix A).

The velocity .spgns vere then Fourfer analyzed using the method

1See section 3.2.4 for a explanation of how the veloclity span

errors are calculated. The mean error 1s found to be: 30 t 15
-1
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Figure 3.4 Optimizing the points used to calculate the velocity span.

(a) shows the behavior of GOCP vhen the upper point is held fixed at

F/F « 0.90, while the lower point is varied. (b) shows the behavior
. of GOCP vhen the lower point is held fixed at F/F = 0.55, and the
‘ upper point is varied. (GOCP is defined in the text. )
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described by Matthews and Wehlau (1985). As with the often used
Scargle method (Scargle 1982), this method treats unequally spaced

data without bias, but it is computationally faster. Individual

-

seasons and the entire data set were exanined. Of the 1individual
seasons, only 1986 hAas a complete enough data set for an accurate

period determination. The amplitude spectrum for 1986 is shown in the
- )

upper panel of Figure 3.5. _The most s!gniflcanc peak gives a perlod

of 6.40 days, with an amplitude of 64 = s ! (meanipg a peak-to-peak
change of 128 m s '). ' The lower panel of Figure 3.5 shows the

. b . )
amplitude spectrum for the entire data set® The most si_gni.:f_ican? peak

. . . : L
re gives & period of 6.43 days, with gn amplitude of 45 m s ', The

.

‘& fterence ‘in amplitude and period between these two cases ‘?ight
epsily arise from incomplete phase coverage in ‘the 984, 1985, and

1987 seasons. . . ‘ q

L

Undoubtedly, the period measured here is :l,e Same one detected in

't:he rotational modulation studies of the H and K-line emission (Noyes
iét al. 1984; Baliunas et .éli. 1985), where che'puﬁlished values range
from 6:2 to 6.7 days. ' One infers from this that the underlying cause

of the bisector variations must also be s'ome type of surface feature,

X

carried around the star by rotation. g

There are or:he'r apparently significant peaks in both spectra, but

they can be explained as harmonics produced by the nonsinusoidal shape

of the velocity-span cutve (see Chaptof S). The r.m.s. noise level is

L T I
estimated from figure 3.5 to be ~ 20 to 25ms ', which is in
excellent agieement with the calculated mean error of 30 + 15'm s '.

The Fdurier spectrs of the sampling windows are; shown in Figure 3.6.

34
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‘ f-‘igure 3. 5 The Fourier amplitude spectra of the velocxty spans ﬁb'k.
a) the 1986 season, \and b) the entire data set. The amplitude is in

The most sign} icant peak in (a) gives a period of 6.&6 lays,

with an amplitude of 64 s'l'(128 m s-l, peak to-peak). The most

significant peak fér the entire data set gives a period of 6.43 days

-1
m s
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Figure 3.6 The Fourieyr spectra of the sampling windows for: a)’ the .
198§6 season, and b) the entire data set. They .have beeh'shifted_to
the periods found from Figure 3.5, in order better compare their
sh&pe; The " triplet nature of the peaks in Figure 3.5 is seen to ke

due to’'the window function. . ) .

A
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The triplet nature of the peaks 1is seen to be due to the window
t:unction..

The periods found above were used to generate phase .diagrams of
the mean line bisectors. These are presented in Figure 3.7. At the
top are the mean bisectors for the 1986 season alone, and d-j.rectly
below this are the means for the entire‘ data‘*set.. Zgro phase has-
arbitrarily been taken at Fhe time of the first 19;6 og/s;erira'tian
(JD 2&46523.686).' In order-to make the diagram as uncluttered as

-r

possible only the phase averaged bisectors are shown. The phase means

. -

" were calculated using the fqllowing procedure. First, the bisectors
are phased tog‘ether using the period ge.termined previously. These are
than grouped by prhase i*5bins of width 0.1 in ph;ase, and finall'y the
bisectors within each bin are averaged. Since the noisk increases
fapidly as the continuum is approached, and again near the cores of
‘the lines, the upper and the lower ~ 6% of each bisector has been
regoved: Goiﬁg from left to right across tixe di‘agram there is a
continuous and systematic change in bisector shape. ‘ At phase ~ 0.0
the bisector is curved slightlj to the right. Moving to phase ~ 0.25
ch_e'{‘bisector becomes nearly ve;tical, then the curvature increases
again, raaching 'a maximum near pha.se 0.55. The bisector returns
almost to its o;ﬂginal_shape by phase ~ 0.8. The remaining two tenths

* -

of " the cycle shoy very little change, with! the bisector remaining

|

The six observations of the A6150 region obtained in 1987 were

curved slightly'rightward.

also examined for asymmetry changeg. The lines used for this spectral

‘ ;agion are ﬁ.sted in ’Ifablb 3.2. They were picked using the same
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' . . .
: . Tabie 3.2 ) )
. . —_— -
®
‘ ! The Spectral Lines
- (26150 region) ‘ 3
= , Lo
. : ’l b
, . . - . A Ion - x! . RMT g.“ .
(A) _ (eV)
6122.23...,Ca I 1.8 - _ 3 1.75
- 6141.73....Ba II- 0.70 2 1.10
7 6151.62....Fe 1 2.18. 62 1.83 °
- / 1 . N ) .
. 6162.18%....Ca 1 1.90 3 1.25 .
. T ' 6165.36....Fe 1 4.14 1018 1.00
. ’ , 6166.44....Ca.1 2.52 20 0.50
- - - 6173.34...Fe 1  2.22 82 2.50
617§§37.”..N1 1 4.09 217 1.25 .
] < _ .
. . 2
e Y . .
* from Moore et al. 1966
‘ . . % from Beckers‘1969 o »




crite;ia?as for the 26250 region set, ;nd their mean bisectors were

; - . calculated following the same procedure as before. For comparison
' with the 16250 region bisectors, the meah bisectors from the 16150

- region lines are plotted along the bottom of Figure 3.7. The

progression of bisector shapes seen here is consistent-with those of

the 16250 region, even though the data are far fewer.

3.2.2 The Precision and Constancy of the Derived Periods

-

)

The precision of the period values was estfmated by computing a

series of velocity-span phase diagrams using different periods. ' The

.
range in period which produces a noticeable deterioration in the phase.

diagram is taken as the error on the period. Figure 3.8 fllustrates .

the process for the 1986 data alone. A period near -~ 6.40 days gives

the. best phase diagram and a significant deterioration is observed for

periods deviating by more than ~ 0.08 days from this. The full data
- -
«set, on the other hand, shows a 6.43 day period, with a range of only

- 0.01 gays.' Figure-3.9 shows the phase diagram for‘the.éptire data
set using a 6.43 day period. - .

Now, 1if we assume the period has remained ‘constant, its
ppecision, as determined from‘the fuli data set, compared to that

[ g} .
s determined from only one season, should approximately match the ratio

of the, time span used in each case. Here, this time ratio is - 8, so

.  .the full-data set should yield a period '~ 8 times more ‘precise than

’ %he 1986 season alone, and this is éxnctly wvhat was found above. The

’

period has therefore remained constant to within ~ 0.2% over the four
. . . »

-

-
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Figure 3.9 A phase diagram for the velocity spans of the entire data

set over one and a half cycles. At the top are the individual
measurements. Squares are for 1984, triangles for 1985, diamonds for
1986, and X's for 1987. The phase means are shewn along the bottom.
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seasons, and the variations have remained phase cgherent. The
stability of the period and phase rule out differential rotation and
evolution of the proposed surface feature in longitude.

<

3.2.3 The Constancy of the Velocity-span Curve

Now the constancy of the anplitu&;. and shape, of the
velocity-span curve is fnvestigated. Because of incomplete phase
coverage in all but the 1986-season, the data were éivided into two
groups. The 1984 and 1985 data were included in one group, and the

» 1986 and 1987 data in the other. Phase means were calculated for each
* group following the same procedure ;sed earlier for the bisectors.
The results are shown in Figure 3.10. The amplitude during 1984 and
1985 is marginally less than that seen in 1986 and 1987, but the
difference 1is small, and well 'within the calculated errors.

) gz;ilarly, any difference in shape is lost in the noise.
- It would appear that the sutf;ce feature has remained nearly

unchanged for the duration of this investigation.

- - 3.2.4 Discussion of Errorg on the Measured Velocity Spans

o~

Gray (1983) has argued that the observed random bisector etrors

A

LR

. can be conpletely'accounted for by conisidering only the photometric
errors. =~ His expression for the bisector error, SAa; arising ‘from

éhoconotric noise is . .

' \ 63, - 1 sF/(aF/a) " 3.2
T -
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where, §F is the photonetrlg_error, and dF/d\ is the slope of the
profile in units of fraction-of the continuum per km s '. We see that
the bisector error is a function of depth along the bisector, with &
becoming large in the wings and in the core, as dF/d\ becomes small.
By averaging the bisectors from several. lines, this error can be

reduced. The error on the veldcity span, §VS, is then given by

2 2 .
§VS = kasxb)u + (s.xb)l 3-3 ,

where (6Ab)u and (sxb)l are the velocity errors on the upper and lower
bisector points used to calculate the velocity span. Since the
bisectors entering the mean have a range of depths, (Skb)u and (SAb)l

must be calculated explicitly.

‘The behavior of the velocity-span errors, as a function of

signal-to-noise, has been investigated by generating a series of

47

synthetic bisectors using the two-stream granulation model outlined in °

Gray and Toner (1985). (See also Chapter 4 and Toner 1984.) For the

experiment being considered here the parameters listed in Table 3.3

v

are used:

Table 3.3

Parameters used to generate asymmetric profllesz

s gin 1 | - ¢ o, o . Fc/Fh-

1 1 1

3.0kms ' 5S0kms®' -l1.4kms'® 4.0kms ' 0.15




P

.

The exact choice is not critical for the preqpnt.sispation as long as
the observed.‘profile sﬂape is approximately reproduced. The disk
integration was convolved with a. variety of thermal profiles h&ving;_
equivalen.t widths ranging from 0.06 A to -0.14 A (to simulate the
observed fange). Bisectors, and ;Aeir error functions, vere
calculated assuming different signai-to-noisg fatios. The velocity
span be;weeh 0.87 Pnd 0.55 of the continuum, and its attendant error
was determined for each line bisector, and also for means of four and
eight bisectors. The bisectors entering the 8-line mean were
calculated from profiles having approximately the same distribution of
line strengths as in the observations. Figure 3.11 shows the results.
We see that the predicted errors, for a mean S/N of ~ 300 to 400, and
four to eight lines, fall in the range og - 18 to 30 ms™ ', in
excellent agfeement with the observed r.m.s. noise level estimated
from the Fourier spectra (~ éO - 25 m s°1), and the calculated mean

1

velocity error (30 £ 15 m s ). Therefore, tﬁe observed errors can be

-

-

. i
completely explained b{ photometric noise.

. - -
3.3 The Equivalent-width Varjations

The relative temperature of the proposedlfeature was determined
from small changes in the equivalent widths of some of the speq;;:l-
lines (see Chapter 65. The most temperature sensitive lines in the -
A6250 fieia‘are th; V 1 lines, wi&h an,axc}taf@o? poéentlal ofva few

tenths of an electron volt.” The strongest and least Blended of these

lines is 36251.83. The equivalent width of 16251.83 was divided into

.-
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were calculated as explained in the text.
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that of the nearby'fe I1 line X6247.56, which has a lower temperature
sensitivity, but in the opposite sense. Minor blends were corrected
for by using the opposite side of the profile as a guide. Consistency
‘in the treatment of and discriminatioﬁ against known blends ensures
that the time variations should not be systematically affected.
Fourier analysis of the V I/Fe II equivalent-width ratios
revealed a period of 6.47 days for the 1986 and 1987 seasons. \ No
periodic wvariations above the noise ‘were apparent for the other
seasons. The precision on this period was determined follbwing the
same procedure described in section 3.2.2, Because these data have a

somewhat lower S/N compared to the velocity spans, the precision of

the period is also somewhat less. The error on the period is found to

be ~ 0.10 days, making it effectively the same as the 6.43 day perioa
foﬁﬁd from the velocity span. Thg fact that the equivalent widths
vary with the same period as the bisectors is completely consistent
with the hypothesis of a sg?face feature carried across. the disk by
rotation.

A phage diagram of the V I/Fe 1I eqqivalent-width ratio for the
1986 season, expressed as a percentage of the mean, is given in the
Eop panel of Figure 3.12. .Below this is the mean curve, which was
obtained as follows. The dé;i vere binned, as done previously for tbé
bisecéors and velocity spans, but because of- the lower S/N in this

case, the resulting curve was rather ragged and ill-defined. To

smooth out thé:raggedness, and inpfove daflnitibn, a series of binned

phase curves, using slightly different periods (AP = 0.02 days) was

-,
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calculated, and then these were averaged together? The imgortant

- *

features to note are 1) the Tomparatively marrow peak and 2) the wide,

flat minimum. The peak-to-peak -amplitude of the variation 1is 7% .

-

+1.58. . ‘ ®-
The 1985 V I/Fe 11 equivalent-width ratios are presented_ in a

phase diagram in Figure 3.13a. No wvariation is apparent above the

noise, which is not surprising since'thése data are of poorer quality,

: ehén the 1986 and 1987 data. The 1987 results (see Figur; 3.13b) show

~

a-cféar variation,‘ﬁhich is'in full agreemenc‘with_those'o§.1986.

-

3.4 Magnetic Fields . . .

- - - -
.
L

As mentioned in Chapter 1, we might expect surface features on

other stars to be magnetic phenomena, similar to sunspots. Under this

by

assumption, we might expect to see variations. in éh; deduced magnetic
parametérs as the feature is carried arodnd-thé star by rotation.
Indeed, some evidence for temporal variations of the Zeeman broadening

for ‘late-type stars has been E?End. by Marcy (1984), - Saar (1987a?

.- 1987b), and Saar et al. (1987). Additional evidence that a Qagnetic
field may be apsoéiated ‘with the feature on §{ Boo A comes from

ﬁodu#qtions of the Ca H and K-line emission.. Several investigators

(e.g. '&oyes er al. 1984; Baliumas et al. 1985) have used such

’

. . .
“ . .
. ar-
Y

ahy using a range of periods the data are rebinned slightly for

each period value, thus smearing the individual data points over a

finite phase interval. . . . )




measg.memen‘ts to estimate the rotational -period pf € Boq A, l;ut the
stu‘dy which is of greatest use to us here, was published by Saar et"
al. (1987). These latter investigatars obtained H and K measurements
for $ Boo A over a time span of - 36 days, beginning about June 1986.
Figure 3.14 shows their H and X measurements, transformed td the ep-och

used in this study. The data for Figure 3.14 were taken from a ph#sa
diagram Vhich vas generated using -a 6 2 day period. Slnce the time
span covered by the da.ta ds-~ small (only -5 rotatibnal cycles), the
maximum phase error should be -~ 0.10 - 0.15 .compared ‘co the phases
from a 6.43 day period. This might cause some distortion of the
. ' curve, but 1t will not destroy ‘the val:iation. Indeed, ‘a clear
vafiation’g.s seen, which is i phase: with Fhe equi.yalené:-width changes

presented earlier. Therefore, there is a strong expect:atioh that :_he

‘magnetic paraneters'for € Boo A will va wizt:h\,_t:ime.

re

+ "~ . The problem of detecting magnetic fields: was approached from

three directions.. Firstly;- the residual Fourier transfoms of the
» - ' line profiles were compared, followiﬁg che basic 1deas outlined in
'Gl':ay (1984a).° " The general nethod 'is . as, follows Th:a Fburier_-‘.-“ :

transforns for sevetal linés are calculated and the thermal component

o of the line broadening is divided e of each tiansform. "What' remains

: is A conblnation of”rotation nacroturbulence and Zeeun broadening.
The mean residual :ransfom for. the. %l:eas:fmghetlca-lly sensi.tivd 1isies
] . R 9 . - .

is then used as a_ first guess for a line lacking all u“gnatic

» ~"
.....

. semitivity, and this Ls ‘divided ‘b.ut of “the lia.l with- high ugn.tic

peﬂalti’vity. 'rhis yields a first ' approxiution fox the cog:o'nont of

.the hxoadening due to the Zeelnn effec; alonc ‘ The next sup il“
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o

apply this as a correction to our first gu'esS for the magnetically !
insensitive line above'.‘ The .process is repeated until convex:gence is
achieved. The -‘exposures were analyzed individually and also grouped
t:Oge't.het. b:',rph.a-se. In all cases no significant variations were found.

The second approac.h also made use of the Fourier transforms: of
the profiles, except that this ti\ne each 1line was considered
separately. The transforms' were calculated and the thermal t.aroadening
removed, as was done above. '!;he process was repeated f;ar the same
line in ‘each of t}‘me 1986 exposures, thus giving a time series of
residual transforms. Teo improve the S/N,.these were binned by phase,

and means were calculated for each bin., To test for changes in the

line broadening, a "mean of all of the residual transforms was

calculated and divjded from each of the phage averaged residual
- transforms. An example is shown in Figure 3.15. Deviations about the *
- o
line of Fourlier amplitude equal to unit; indicate changes in the line
" :
broadening. The " m§15e dominated regime is clearly visible at the
higher Fourier:  frequencies.. o .
, .
) As a measure of the chan\gde in line ‘broadening, the following
integral was calculated for each residual transform ‘(d(o)).
o 0.05
- ALB = /f. (d(e - 1) *do.
— - . g=0 ‘

‘Values of ALB less fhan -zero indi.cal:e that tﬁ.&ine broadening is

-

above the average, while values greater than zero indicate that the

“line blfoa&ening- is below the average. ALB was ca_llculaccd as a

function of pt;asc for the lines marked with a t in Table 3.1, and the .
_' ‘ ' nlulting. curves a'rell plotted together ‘ln Figure 3.16. A small
o v L, ] ' v ‘
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Figure 3.15 The residual transforms of 16251.83 after division by the
mean transform. Deviations from the: line of unit Fourier amplitude
indicate changes in the line broadening. The noise dominated regime

is clearly visible at frequencies above ~ 0.1 s/km.
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variatioqiis apparent, yhich is- in phase with.the aquivalent-width
variations (refer to Figure 3.12). 'Now, if the observed changes in
line broadening are due to variations in the Zeeman broadening, one
fwoul& expect the amplitude of the individual ALB vs. phase curves to
b; proportional to the magnetic sensitivity of the line, i.e., the
Landé-g value. Figufe 3.17 shows the amplitude of éacﬁ curve plotted
against 8rc There is no obvious correlation. Apparently the
observed changes in line broadening do not result from magnetic
fields, but they are consistent with an enhanced macrobroadening, as
is used in Chapters 4 and 5.

The final_approac? for searching for magpetic effects makes use
o% the line bisec;ors themselves. Assuming that the observed bisector
modulation stems from a magnetic -f;atute, we .would expect the
amplitud; of the bisector variations to be & function 6f the’ magnetic
sensitivity of the spectral lines. The lines were therefore divided
into two groups by their effective Landé-g value. This gives (fouf
lines in each group, with the low magnetic sensitiviiy lines having a
mean g 1.0; and the high u;gniéic sensitivity lines havieg a mean
éott“ 1.7. Mean bisectors for both sets of lines were constructed for
the four seasons, and the wvelocity spags were ‘calculated. Phase
averaged plots of the velocity spans from the high g, ,, and low-g.
lines are shown in Figure 3.18. The amplitudes are gensibly the s
. Again, there is no evidence r&: a uagnet}c fleld assoéiated with

-

surface feature on £ Boo A.




59

- 3
A a
. 2
1
-]
-
< 0
~1
P
2 L

s

PHASE
Figure 3.16 ALB is plotted here against phase Along the top are the.
N curves for several different sﬁectral lines. The bottop curve is a
weighted mean. Values below zero'indicate that she line broadening is

above the average, while values greater than zerc indicate that the

. line broadening is below the average.
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. A Numer@al Simulation

4.1 Introduction oo

When we examine the observed line bisectors in Figure 3.7, we
see that they oscil%ate around a mean which resembles that found by
Gray (1982) for'late G dwarﬁs. In this earlier work (and pthers; see
Chapter 1), the lire asymmetry has been interpreted.in terms of
gramular flows. Therefore, it is logical to postulgte tﬁat the same
process 1ls operating in this case; and to assume t;at, basical}y. the
entire stellar surface is covered by a solar-like granulation pattern.
This results in a 1line asymmetry characteristic of the glob;1
granulation properties. The observed variations are then vie;ed a; a

_perturbation on the basic granulation signature, caused by the
presence of an active patch.

The characteristics attributed to the patch represent a mixture
of assumptions jﬁd’ deductions. Naturally uniqueness ;nder such a

‘situation cannot be established, but at this time there seems no.
better path'to follow: Numerical ;xperinenc is ysed extensively to
establish the 1nportanc§ of each of the variables. The f{nal model is
self-consistent, and is found to be very successful at explaining both
the obsé?vad line bisector and line strength variations for £ Boo A
(see.Chap:er 5)." The model give; the size an& posfition of the region
responsible for the observed variatlons. as well as information on
s

condicionm. within the region.. No attempt is made to explain’ the

A
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physical origin of the patch.

" 4.2 The Model

4.2.1 The Bisectors

Following Gray and Toner (198%), a simple two-stream granulation
simulation is used as the basic model (see also Toner 1984). This
model has hot material with an average velocity of rise, © . and cold
material with an average velocity of f£fall, u;. Placed around each
stream velocity is a Gaussian velocity distribution with disperéion ¢.
The tela;ivé ’sérength of the two 'streams' is specified by Fc/Fh.
(repres:nting t relative contributions to the continuum flux). To
1nc6rporate rotation (and i§s interaction with the velocity
distributions), integration over the apparent disk of the star must be
performed.

A unit circle represents the apparent stellar disk. It is
divided 1ﬁco many small areas of approximateiy equal radial and
azimuthal dimension, as shown in Figure 4.1, Tyﬁicuiiy; theiradial
step size 1s set to 0.05, leading to 1252 small areas. The vélocicy

distribution given in equation-4-1 below is placed at the center of

each area. This' distribution represents the sinpiified two-stream

picture of the granular flow pattern, mentioned above.




r

6 4

«—Projected Rotation
AXxis

-

|

Projected "\ . - -
Equatctr ,

~

: - ' »
Figure 4.1 - The apparent disk of the star, is d{vided into many small

.areas of approximately equal radial and azimuthal dimension. In this -

———

o
example a radial step size of 0.10 has been used, leading ta 312
areas. The disk integration is obtained by adding together the .

velocity distributions at the center of each small-area.
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1.0
. . V= ¢ cosé

( F_/F, )
+ e

vV x ¢ cos #§ . . .

= For each small area on the model star’s disk, the Gaussians at ub

N
e and s are projected onto the 1line of sight, as are 8 and s

themselves (through cos §, where & is the angle between the normal to

the small area and the line of sight). The distributions are shifted

by the rotational Doppler shift appropriate to the small area's

L)

pgsition on“the disk (through A, whefe A = A - (r o sin i cos ¢);
an@ r is the ftac;ional radius eof \the area's position, ¢ 1is the
azimuthal angle wiqs zero gt the projected equator, and & sin i is the
projected rotation velocity). After wgigh&ing by xh; 1}mb darkening,

the contributions from the small areas are summed. A standard limb

- darkening law, ° : - .
AN

1 - ¢+ ¢ cos 6§ ,

-

is used, with ¢ = 046. The disk integration is then convolved with a

specific intensity profile ’comﬁﬁted at disk center in 'order to
-~ ) approximately allow for the ghearing by the ‘thermal ﬁrofile.

The Basic ;ranulacioq'nodel is now modified slightly by placing a

paich onto the surface of‘ the model star. Because of .thh low

rotational values typical, of most late-type dwarfs (~ <5.0 km s !,

Smith-1979; Soderblom 1982;"Gr§y 1984b), we cannot hope to cbtain any

y




great spatial resqQlution. Thérefore, it is assumed that there is only
one patch, and that it is circular iﬁ shape. The center of the patch
is lgcated at the position defined by the ﬁatch latitude and the phase
angle. Zero phase‘ is defined to be when the patch transits, with the
-phase increasing in the direction of rotation. '
If we consider the reference frame in which the ﬁatch is located

at the center the disk, its projection will be a circle of radius
- v A N

where A is the fractional area covered by the patch. As we integrate

-

patch

over the apparent disk, we must test to see if tht small area under
X \ - ‘
consideration (see, above) 1is within the boundary of the patch. If

,
this conditien {s met, equation 4-1 must.be modified to reflect the

conditions within the patch. 1In Section 4.2.2 the results of a series

of numerical experiments are presented, which establish the important

characteristics of the patch.

Ih the observer’'s reference frame the coordinates of the small
area are given by:
X = r cos ¢
[+]
y° - r sin ¢
. zo-cosﬂ -~

These are now transformed to the patch’s reference frame following
. . ‘~
three Binple steps:

1) rotate around the x-axis by the st&r's inclination ({i):

X - X - |
1 o
y; - ycos. i+ 2z sini

z, =z cos i, -y sin i

LN
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.2 ' - .
2) rotate around the‘yl-axis' by the phase angle (¥): Q
xz-x1 cosﬁ;r_zl sin ¢
zz-z1 coav.i».-x1 sin ¢ : )
and finally, .
3) rogat"back arom{d the ){-axis by the patch latitude (¢):
X =X
-] 2
y, = ¥, cos (-8) + z, sin -0 |
‘zp -z, cos -8 - y, sin (-2). ‘
1f v ¥ +'y2 < R the small area is within the patch =

P . °p patch’
boundary. '
.; .
When computing a phase series, ¢alculations are performed at ten

phases within the rotational "eycle. For the e_xpe'riments presented

© below i(Sec_:t‘.:!.on 4.2.2) the phagses are cl'}oseﬁ to be equally spaced. A

typical ‘calculatio'n of a single phase series requires apprOximat:ely

one \;te of CPU time on. a VAX 8600, and ~ 45 - 50 minutes ‘on an
.IB‘ compatible (with a numeric coprocessor). | Most o.f the
calculations are done on .either a Compaq Portable II, or a l}iyg;erion
microcomp\.;ter. )

The bise'::tor is calculated for each 'of the modeled profiles, "and
the spa_n is obtained. Since the modeled 'bisectors tend to show a

L4

small redward curfvature near the line core (see Figure 4.2), the span
is cemputed betﬁ'een I"/j-"t2 = 0.60 and 0.87 rather than the 0.55 and 0.87
values u.aed.witii the observations. This puts the lower bisector point

above most ‘of the redward curvature. The resulting sygtenat.fc

1
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difference in velocity span’ is -less than 10 m s ', and is neglig'i-ble
! - .‘ . \
cpmpared to™the,eyrors ang uncertainties.\

r. ~ r "e
. aracteristics Assighed to the Patch oS- . . \

~a

* The most logical -approach to ‘determining the characteristics to

>
be assigned tc* the patch is to try to use our knowledge of surface

. N ~ >
-

feat\;;ef on the .sun. ~Howe'ver! this tack fail_‘s' almost immediately.

.-Y Solar surface features (e. sunspots and plaée) are es?e‘ntially
. sare !

raagne-Ei:c phenomena, and we saw in the {Tas chapter that the patch on

. - - . < - - 3

€ Boo A shows no evidence for being: agnetic.in.natﬁre. We have no

recourse theg but to look for guidance from other quarters.

In the literature there ‘are numerous accBunts of what are usually

.

< called starspots (see Chapter 1) While l'ii:t}:e is lénown_ concerning

t,he cg\d'iti@ns withi.n these spbts . there 'is one feature that is
generally‘ agreed upon — the spots are dark. If we assume the same to
L ] K * ' -

" be true 6f'the:' pat;:h' én EtBoo.A\, can the darkness aloge reproduce‘ the

\ o_bsq;‘ved’ bisector variations? ‘ To answer this, the _following
L ]

- - ., &
1 . . [ 4
- ‘e

g 9xperfnet;t wagq, conducted. ,

A mtqh covetin& 19! of the visible disk i.s'placed onto tHe
. \h > - .
surface Jof the}odel star. The brightness _assigned to the patch is

k conaiscent “with the typical p:hotonetrlc,-Variations found for

.‘l - . - * - -

' lato-type dwarfs ~ 0.01 _ 0.02 magnitudes (Jerzyki'ev'dcz and Serkowski

€

196‘5) ] A rehtive btight'ness of 0.90 i.s wused, leading to Am/ of

‘!
.'

0 Olb.ugnltnde-; ' The. ' values assigned to ;he remining variables

: '. Ari ll&;&d g.n io.b:l. Equation 41 11:.u,soa within the .patch axea,




Table 4.1

» 4

*>
The Basic Model Parameters . -

—r——

.

s sin-i = 3.0 km s * . o = 4.0 km's ®

]
1 @ = -1.6kms !

<

¢C=50kn s

' A~0.10 ¢ ‘F JF = 0.10
. c h
- ¢ - 55° ' ¢ =5.0 km s
. - Ph - 2
. i - 40° - . /1 - 0.85
. Unless otherwise stated in the text, the model parameters were
N . -

set to the values listed in this table. - .

.« .
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| . . ‘1
\ . ‘ ". |

< .
\ -
except that its contri&qtion‘ to the sum is reduced W the relative

»

brightness assigned to the pasch. Calculations are performed for ten
- <+

-

ually spaced phases:. The resulting velocity-span phase diagram is

shown in Figure 4.3. We see that the computed bisector variations are
]

" a full order of maénicude smaller than the observed-ones (compare with
Figures 3.8 and 3.9). Therefore, simply reducing the brightness of
the patch 1s. completely inadequate. -

Our original expectation in Chapter 1 was that granulation would
be mdi}ied within an active ({.e. magng‘:ic) region. So, even though

there is no evidence for a magnetic field associated wjith the.patch on

Y

€ Boo A, -let us now investigate the effect of changing the patch's

granulation parameters. Figure 4.4 show.s the ®odeled velocity spanms

when the granulation velocities, o, and s , and the granulation
, <
contrast, §‘C7Fh. are scaled relative to their ~values in the

; surrounding photospherae. We see that the varidtions produced by

-~

modifying the patch granulation are, once again, considerably smaller

- than the observed variations. | -

. -

Where do we go from here? Recall that in section 3.4 we found
that the observed line broadeni.ng varies along with the bisectors and
- 'Y -

equivalent widths. So, lacking any Zeeman broadening, we now try

.

changipg the ucroturbuléncc w.ithin the patch, {p, and sete what the

*

resylts are. Figure 4.5 shows the effect of using different values o‘

. ') .
(‘p. We see that the macioturbulence vitliin the patch hag a very

. ” . .
pronounced effect on both the shape and the mplituda’ of the computed

. ) . - . ]
. velecity span curve — chn_gh.\g the dispereion, from’ reduced to,

enhanced, conpletély Yaverses the sensa of the a’syt_-etry variations.
. : < ‘® *
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Figure 6.4 The effect of scaling the patch’'s granulation parapeters
relative to their photospheric- values. In (a) oh. uc are scaled, and

in (b)lF;/Eg is scaled. We see that chapging the granulation alone

i . PHRSE '

cannot ‘éxplain the ‘observations.. (The parameter values are as

labeled.) )
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“Note that only* an ephgnced velocity dispersion reproduces the same
“ type of asymmetry variations found in the observations (compare to
. ¢
Figures 3.8 and 3.9)! Because the velocity dispersion produces such

large effects, it will be called a "primary" variable.

Similar experinehts reveal that the patch area, and the latitude

4

of the patch, also have significant effects on the shape andlanplitude .

Q

of:the veléaity-span curve (see Figure 4.6). We can thus divide the

model variables into two -groups: 1) the primary variables §p. A, and

)

¢, and 2) the secondary variables ob, ® and F [F . The complexity

[ .

of chq problem is reduced by ignoring the influence of the secondary

variab}gs. and concentrating only on fitting the primary variables

Byv sgar'g:hing parameter space, we can optimize these, and find the

domain whidh best reproduces the observatigns.
. Lo
It must be kept in mind however& that although it is true that

-

the relative briéhtness-qf_the_patch has very little direct affect on

the bisectors themselves, it is intimately tied to the patch area
, ;

through thg V I/Fe II equivalent-width ratio variations; and sé fixing

the patch area will automatically determine the patch brightnehs.

.
L]

4.2.3 The Patch Brightness‘and Temperature

5 '. - . )

N :
‘The V I/Fe II equivalent -width’ variations "(see secclon 3. 3) are
¢

used to os:iuate the tenperature and ‘brightness differences of the
I'd -

\
pafch conpared to the rest of the photogphere. VI is quite sensitive

to even sni!l tenpgracure ‘changes, with {its strength increasing with

. P . 4 . ;
decreasing temperature. Fe II is less temperature sensitive, but its
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Figuré€ 4.6 The effects of the remaining primary variables.

-

The area

of the patch controls the amﬁlitude of the curve {(A), and the patch

\

-4

latitude determines the extent of the flat portion of the curve (B)-.
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(K}

strength decreases with decreasing temperature. Therefore, if we are

. dealing with a cool, dark patch, we would expect the ratio of the V I

to Fe Il equivalent widths to reach a maximum when the ‘patch presents
its gr;atest area. If <the patch is warm and bright, the V I/Fe II
ratio will reach a minimum at this poine——— |

The necéssaty. calculat_ic;ns for this st;; of the modeling- were
performed by D.F. Gray. His basic procedure is as followg. A se.riesh
of model pho;ospheres are computed for a“grid of temperatures, and the
flux within the compur:ed line profil‘es is altered 'by replacing the
speci-.fic intensity over the’ area of the patch with the specific
intensity for the Hotter or cooler model photo‘sphere . The; observed
amplitude of the V I/Fe 11 equivqient-widtb ratio variat‘i(on constrains
the possible temperature (and hence brightness) of the patch, given

its size. The relation found by Gray for £ Boo A will be presented in

the next chapter. ' .

.




CHAPTER 5

Hodelithhe Patch on € Boo A

5.1 The éasic Solution
<4

The first step in the modeling procedure is to determine the.

« global granulation parameters: @, ® , and F /F . This means that ve

" -

must find the observational phase over which the patcﬁ is behind the

- -

‘ ~
star. We have seen from the experiments: presented previ?usly (see

v

also Appendix 2§, that as the patch passes around the far side of the

star, the "bisector remains ‘nearly constant, ‘and the velocity-span
phase curve is almost flat. Referring back to Figures 3.7 and 3.9 we

see that this occurs in the observations over the phase range ~ 0.8 to
. ' : - ~ '
~ 0.9. Therefore, _the mean bisector over this phase interval is used -

to deduce the basic granulation parameters for ¢ Boo A. Since the

_ most complete phase coverage was obtained for 1986, modeling is

e 2. oo :

' restricted to observations‘obtained during this season.
»

. - The major line broadeners, i.e. the rotation (¢ sin i) and the
macrot:.urbulent t:lispersion (¢), are chosen to be consistent with the

observad li.ne b!’:oadenlng (Soderblom 1982, Gray 1984b). The values:

osinf ~ 3.0kms ' and ¢ = 5.0 kw s°' are used. A grid of disk

integrations with a range of 8,8, ard Fc/Pb is ealculated, and the .

*

. bisectors are computed. The observed mean bisector over the phase

interval 0.8 to 0.9 is co;lpared to ‘this grid of synthesized bisectors, ’

. ” '
and -.the best match feund. There is some degree of nonuniqueness in

)




.
. - A

this process (see for example Gray and Toner 1985), and the center of -

the domain of nonuniqueness is adopted as the combinatidn most likely

to beée. correct. The result, eh - -1.4 km s'l. uc = 4.0 km S—l. and

I-‘/l’-‘h = 0.10, reproduces the observed bisector shape ratfr well:
c . ;

(Figure 5.1). .

-

We are now in a position to begin modeling the bisector

-

‘variations. It is assumed that the rotation axis of £ Boo A’,is

pgrpendiculai': to the orbital p(a\ﬂ'e\. This sets the inclinatiom to our
line of sight at 40°. It is also assumed that the patch 1is darker

than its surtoundings? The ;:elocity span is used as the dia'gnostic to

¢

compare the model with the observatidns.

The phage relationship between the obsérved bisector variatioms
. . [ -

and the modeled ones is determined by comparing the observed velocity-
span curve with synthesized ones. The relation is found to be weakly

dependent on the mor:lel parameters used to generate the synthesized

-

curves, in +the sense that different combinations of patch area,
) . A3 .
latitude, and velocity dispersion, are found to introduce small phase

shifts between the calculated curves. For this reason, a small grid

.
L]

'Photometry of & Boo for 1986 and 1987, kindly provided by
: W. Lockwood (private communication), confirm that the patch is
~ indeed dark. The photometry clearly shows the same 6.43 day '
-porl-od founa for ‘the 1line asymmetry and Iine strength
variations. The brightness is found to vary inversely as Ac}}e
V I/Fe II equivalent width .ratio, and ‘speclficilly, minimum
« light occurs at the same phase as maximum V I/Fe II ratio. )

]
-

.ne
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Figgire 5.1 ‘The\sy‘_x;\theslzed line bisector (solid line). is con;apéred to

the mean observed bj.s'ector (circles) from the phase range 0.8 to 0.9.

.
,

— ~

The;g;:anulation param;te‘rs are: .- -1,4, o - 4.0, and 1=‘£/I-‘h - 0.10. .
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™—alculated. ‘A value of xz near unity means. an excellent fit, while

-

.
of syntheétic velocjty-span curves, which approximately reproduce the
shape of the observed curve, }s generated, and the mean phase relation

is determined through comparison with this grid. Phase errors of

81

~ 0.01 may exist becauée of this effect, but considering the‘

approximate nature of the calculations, this is not a significant
source of error. The observed phases and the corresponding model

phases are listed in Table 5.1.

The patch modeling now proceeds in a trial and error fashion. An

initial set of patch parameters 1is chosen. The selection is guided by

the experience gained during the model development and experimentation

«»
stage of the project. Only the primary variables, patch area,

‘laﬁitude, and velocity dispersion, are adjusted in the modeling

process. Calculations are performed for the ten phases listed in

Table 5.1. The bisectors are calculated, and their spans détermined.

The computed velocity-span phase curve is then compared to the

observed omne, -and a reduced x2 measure qf the goodness of fit is

4

larger xz values indicate poorer- agreement. Contpur§ of xz axe used
to establish the domain of the optimum values of the parameters.
Initially, the patch is assumed to have no brightness difference

compared to the surrounding photosphere. A trial patch size 1is

chosen, and a series of calculations are performed for a range of
~ . :

latitude and velocity dispersion. Since the calculations are very

-
-,

computer intensive, a télacively coarse grid 17 the ¢ - latitude'pigné

is used 1ﬂzt1ally. The grid spacing is 0.5 km s”! in ¢, and 5° in

. N \
latitude, which allows the approximate domain of best fit td be found.

-
-

& )

. . . - \




» . fable 5.1 . o

The Mean Relation Between the Observational Phase and

' the Model Phase

-
* Observational ‘ Model
Phase- Phame
© 0.03 0.69
Y 0.14 + 0.80
0.24 0.90
. >
-. # :
® 034 0.00 j
. Q.46 0.12
.
0.57 . 0.23
/0.66 . 0.32
0.75 - 0.6l , :
0.87 0:53 ’
¢ . 0.95 . 0.61
‘.
2
o~
< B -
- - ‘ / * ’, .
. - L
- ‘ o

» -
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‘. ' — ‘
— Additional cafculations are. then performed in this region of th'

’ ¢ - latitude plane using a finer grid spacing, and the xz contours are

found by interpolation\
Contours of best fit are found for a range of assumed fractional
disk area. For the first cycle, a fairly coarse grid ofipntch areas

is used (A=0.06% 0.10, 0.15, 0.20, 0.25). Of this sample, only the

A = 0.10 patch size yields xz values near unity. This roLgh estimate

— ~

for -the paich'area is used in the next leg of -‘the modeling process,
~_ As explained in section 4.2.3, the observed variation of the
L

V I/Fe 1II equivalent-width ratio is used to constrain the brightness

of the patch, given its size. Figure 5.2 = shows the possible

brightness contrast for the patch as a function of patch size,
assuming the 7% V I/Fe II equivalent-width ratio variation found ihn
section 3.3. A brightness contrast of + 0.85 i{s indicated, giver the

patch size of :~B.10_found above.

A second series of calculations is now performed using a contrast

\ of 0.85, and :a finer grid of patch Ssize, centered around 0.10.  The
contours of xz are shown in Figure 5.3. x° values near unity are

found for patch sizes of 0.08 through 0.14°. The domain of best fit

is seen to be largest for a fractional paEEh.atea of 0.10, and 1t
.-

’For this patch area the stellar disk is dlvided into a finer

grid. .

_sThe lower limit of 0.08 was set for pxjcqicn-l reasons. When
smaller patch sizes are used, the stelldr disk must be divided
more finely, thus leading to very significant increases Iin

calcul)tidh times.

at
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Figure 5.2 The relative brightness of the patch.~1/10, is related to

‘the’ patch ,area, assuming a 7% change in the V I/Fe Il equivalent.

" widths.
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Jécredses in extent when goi;ng to gther patcix sizes. The conclusion

drawn from this is that the patch on § Boo A covers an area of 10% 5%
2 < hd -

3 - . . . x
of ‘the visible disk (2.5% of the total surface area). Since this

patch size is the same as the rough estimate fdund above, ctomnvergence

has been. obtained after just one iteration, and no further iterations

are ndeded. The remaining parameters are estimated from Figure 5.3 to

be: velocity dispersion, gp- 8.5 *1.5 km s-I.Jand latitude = 55° +10°.

—

The 0.85 contrast value leads to a temperature for the patch which is

- 3 7% (~ 200 K) cooler than the surrounding photosphere.

-

The final model is conpared to t:he observat’ions in Figure 5. a

. Plctures of the model star showing the position of. the patch are

™ presented a'long' ;l;é toi:. Below this are phase diagrams: of the

bisectors. and the velocicy spaﬂs " The agreement is excellent.

Since the 1nt:egrated temperatute (and brightness) of the star
1]

'.follow the *dffective" patch area, the V I/Fe I equivalent-width

ratio variations are compared.to the -modeled areal variations in .

'Fi‘gure 5.5. CAfrections for projection effects and limb daﬂteging

have . been included when calcyiacing the patch area. We again £ind

.o -

excellent agreement.

e
——

Another confirmation of the gaoc_ines.s of fit of the model is seen
in the Fourier don'ai.n.“ 'n.\e modeled velocity-span phase curve is usecf
t':b generate a qy:nthecl'; time series of ;ralocity s;)ans. The tir; of
the 1986 obaeryhtio:vo first converted to phases, and the veloc‘it);

a!hn §pprepriate to each phase is read f‘rron tﬁe synthesized curve.

These values are placed at the observed times, and the resulting time

‘series is then Fourier anal{rze‘d, l'-‘igure 5.6 Jhows the amplitude

.
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. . : s.pectrun, which should be compared to Figure 35a, All of the major
peaks seen in Figure 3.5a are rep'.;oduced in Figure 5.6, thus
confirming that. the secondary peaks "are harmonics caused by the
nonsinusoidal shape of the curve, and not real periodicities; and also -
showing again how well the model reproduces the observations.
- . —_— . »
5.2 Uniqueness of the Solution
"5.2.1 The Secondary Variables,
- ' It was just shown that the model can reproduce observed bisector
b variations remarkably well. However, assumptions were made in the '

interest. of producing a more tractable’ problem, and these should be

Al

. _investigated in greaters detail. " For éxanp}e, can changes in the

hat}

seqondary variables, 'o\hf'to;; and F;/l-"h, be made? 1In sectiom 4.2, it

™~ . . ! . -
was shown that changing these variables alone within the patch cannot

N — reproduce the amplitude or shape of.the observed'velociﬁy-span curve,

.Therefore, lt:hey vere a;:bi'trarialy_ fixed at the values used for the

surrounding photésphere.' This ‘sinplified the modeling process
. . . L i . ] . R . .
. .3 . considerably Yy reducing the number of free parameters. Now we allow,
. -the secondary'pgrmters‘t.o vary.

Numerical experiments are pcrfomed‘ with fthe patch’'s area,
. ' ° . B e -

/ latitude, c.om:ras: and velocity dispetsion, and the model star'’'s

L] N - \
inclinatlon, héld fixed, while L uc', o F_/F, within the patch are




X
allowed to vary. Table 5.2 lists the basic model parameters used'. ¥

First, the effect of scaling the granulation velocities within

the patch is investigated. Values ranging from zero (no granulation),

- . - »
to twice the undisturbed photospheric value are tried. The resulting

curves are shown in Figure 3.7, wheré they are displayed in two vays.
In the upper panel thé—ve}ocity spans are plot?ed against phase, and
in the lower panel the same curves are aligned such that their shape
may be easily compared. We see that thQ’I:rgest.effect of scaling .
and o is a modification of the relative amplitude between the maximum
and ainimum in each curve. The Fenter of the flattest portion of each
curve is now used a§ a refegence polint, and the amplitudes of the
maximum and nininuq aré neasurg§ relative to this 6oint. These
anplituées are ratio;d. and plotted in Figure 5.8 against the factor
by which s, and o have beeﬁ'sgaled.. We see that the relZflon is
approximately linear. As the granulation velocities are scaled ué,
the .amplitude of the naxiﬁun decréases relative to the amplitude of
the nini‘hn. This same ratio, measured from the observed curve, s
1.0 10.36:' Referringrko Figu;e 5.8, this su;gests an approximately

258 reduction of the granulation velocities within the patch. -

Now, the influence of Fc/Fh is investigated. Phase curves, with

Fc/Fh'scaled by zero (only a hot column) through three (a relatively

- large cold stream contribution), are computed, and shown in Figure

$S.9. Again. we see a change in the relative amplitudes of the maxima

s
- . - —-

S

‘Note that the bc:ic-pg;anetcr'vcluos used iy 'this experiment
are those of the final model found in section 5.1,




Q
' ' ’ Table 5.2
The Basic Model Parameters : ) -

for Investigating the Question of Uniquenéss

?
.

The Fixed Parameters: ‘The Variable Parameters':
s sin | = 3.0.kn,s'} o ~4.0 km s}
JE— h ¢
A-010 —% 6 = -1.4kms ',
. ———— .
t - 55° F /F =D.10 ‘ )
N c” h

. I/I° - 0.85 . _ )
¢ - 8.5 km s ! ] B .
£=60® - L

1
o

"These are the u&ﬁcaled values of the variahle parameters.
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relative to their photospheric values (A). The scale factors are
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and minima. The ratio of the maximum to the minimum is shown plotted
against scale factor in Figure 5.10. 1In this case, comparisén with
the observ?tions indicates an approximately 25% increase?for Fc/Fh.

Neither of these effects are large compared to the experimental

errors. So, although ~ 25% changes in the secondary variables cannot
be ruled out, there is no compelling evidence in favour of including

such modifications in the-modeling process.

5.2.2 The Inclination

. ‘ -
It was assumed in the modeling that the rotation axis of § Boo A

is perpendicular.to the orbital plaﬁé: thus leading to an inclination
of 40° to our line of sight. Is this a reasonable assumption?’ If we
. .

. us‘\:he measured period of 6.43—days, combined with a © sin L of 3.0

) km s°' and a stellar radius of 1.0l RO (Gray 1967), we arrive at an

inc%idation of only -~ 25°, Can the choicg of 40° be justified in

light -of ¢this. c#lculation? To "answer this, let us examine the

. quantities involved. Both the néasured o=sin i and the stellar radius

are rather wuncertain. If the uncertainties are taken into

consideration, the best estimate for the inclination turns out to be

K 30°" #15°. This is a fafrly large range, but it does }nclﬁda the 40°
1nc1£nation'actually used. .

——— -

To test how différent- inclinations modify the solution,
B’ .

calculations are performed using a range of inclination. Three values




are considered, 20°, 30°- and 50°. Because of the large amount of

computation involved, only a fractional disk area of 108 (is .

Q
considered, and only the xz = 1 contours are found. The results of

-

tgﬂse calculations are shown in Figure 5.11. (The xz = 1 contour for
’ ’QL inclination of #0° has been included fer comparison.) We see that
as the 1nc11nation.is decreased (i.e. as *the star is. viewed more

‘nearly pole-on), the douatin of best fit moves to lower latitudes and °
1

decreases in extent. For an inclination of 205, the domain of best /
fit has become quite small, and so extra.polating to lower

inclinations, it is estimated that no _Solut_:ions will be possible for
L I - b .
. . . . Y.
inclinations less than ~ 15°. This is simply because the patch’'s

3 -

projected area and its effective radial velocity will no longer change

sufficie}ltly to produce the observed variations. At this poinl, the
patch cannot be below ~ 40° latitude. Higher inclinations cause the

domain ofabest fit to move towards the pole. This is because there is

.

-no flat portion in the observed velocity-span phase diagram,

indicating that the patch can never completely disappear behind the
- 4 \‘
star. .

-— -

It should be noted at this point that the minimun xz value (xz -

> 0.75) is found when using an inclination of 30°. This minimum occurs

- N \

1

at a latitude of 46° and a velocity dispersion of 8.2 km s~ This is

on1)‘6t smaller than the next smallest minimum (x2 - 0.81 , at { =~

1

_lpO°, =53, ¢=-8.5kms , and A = 0.10), but it could be taken to

4 )
indicate that a lower Ln’climcion might be preferred. However, we see
from Pigure 5.11, that decreasing the 1ncuna't:ion‘to 30° does 'not

change the results significarcly.

r - ..




\ Latitude

Figure 5.11 The incdlination (i) sensitivicy i! illuscrated The
x2 = 1 contours for four #nclinations are shown. As che model star is

viewed more nearly pole-on, the region of best -fit moves towards the

‘equ@tor'and decreaséds in extent. Extrapolating to lower inclinations,

no solutions will.be possible for inclinations less than ~ 15°.




$5.2.3 The Rotation

\y

-

. Th® study of the rotation sensitivity of the solution {is'-
— - .
complicated by the fact that changes in the rotation require changes - N
. N . .
\ in both the macroturbulent dispersion and the, global granulation. "The
macroturbulence changes in respons? to the rotation because the total \

observed line, broadeniog must be conserved. An increase in the

assuned rota(';ion, requires a corresponding decrease in the u'ac;o-

turbulent dispersion. The granulation chariges with ‘rotation becaiise
. i

of a redistribution of the velocity distributions. . In’creasi;\g the
’ [ 4

rotation requires a decrease in-the granulation.
4

For £ Boo A, increasing » sin i from 3.0 to 3.5 ks’ requirea a

-1

:.~, L decrease in the maeroturbulence. from 5.0 to 4.5 km s The new i

granulation parameters for "this combination of macrobroadeners are

o~

found to Be:-ﬂrb - -0.9 knm s'i. 8 - 3.5 kms-i. and F‘:/Fh - 0.10.

) -
- Using a patch area of 0.10, a patch contrast of O. 85, and an -
. . N -
. inclination of 48, .the x = 1.0 contour is found, following the,,,
~ procedure outlined in section 5.1. This contour is, shown in E;é;ut/f J
; + 5.12, conpared to the corresponding contour from Figure }‘3 é‘l'he
t)‘" ’
/-:\ differences are small, and wlthin the quoted errors. t')ne goncludeo .
SN A i
é . that snall changeés in the assumed rotation do no't: se‘z%uhiy modify ghe
G
c solut:ion //\
.&— / - . . v - ,'. o
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-Figure 5.12 The xz = 1 contour assuming a o sin i of 3.5 km s ' is

compardd to the corresponding contour with s sin i = 3.0 km s '.

There is only a small. difference between these two contours, well

within the'qugce/d errors. The other parameters- used for' the

calcilation are given in the text.

L] -




2
Sumgary and Conclusions

Variations in the spectral lines of § Boo A have been documented
fo; tﬁe\198h_through 1987 observing seasons. The line asynneiry and.

the V I/Fe II‘equiQalent-ﬁi&gh ratio are found to vary in phase, with.
. AR s
a period of 6.43 days. Thls period matches the known rotational

' period- of the star, ahd it 'haAs remained constant to within ~ 0.2% over

s~ 4
the four years of the study. The constancy of the period is taken as
— M °

evidence that there is no differential rotation. The anplifude of the
variations may have been smalier in the 1984 and. 1985 seasons, but the

. -
evidence for this 1is slim. A search for changes in the Zeeman

broadening produced ﬁegati@e results.

The . observations - have been explained in terms of a surface
feature, carried around the ‘star by rétation Thé'nost‘histinguishing

characteriscic of the feature is a velocity dispersion which is

‘ enhanced by a £actor of 1.5 - 2 .0 relative to the "innaculate
s -

-

photosphere.- The feature covers apbroxinately 10\ of the visible disk
o : ‘e

. (2.5% of the cotel sqrﬁpce), and is ~ 3.7% cooler (15% fhin:er) than
A 5 T -
the surrounding photopphere Other iupOttent aspects of theé daduced

feature are that it-lies at relatively. h!gh letitudes (~ 55° %10%),

.and that' it has .remained’ essencielly uachenged for at least four

. <

years. Conbini%g all of.this with the apparent lack of any Zeeman

-

broedening aesocfeted with ) feetuie, one i{s led to the conclunlon.

that it is qulte digfetent from a classical sunspot. Therefqre. the

\ -
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name 'Statpa‘tch' is suggested for this’ type of feature in order to -
distinguish it from the traditional (mgnetic) sunspot

We cannot, however, rule out the existence of nagnet:lc fields

entifely. Fields may reside in small, _very dark regions scattered

about within the patch boun@ary. kB’eing so dark, these regd'.ons would

not contribute signific_antzly to she ‘incegrated iight, and hence the

- signature of the magnetic field:vould be co&espbndingly diminished.

- e Under this scenario, the observed contrast_ is an average over the -
. entire patch area, including brighe and dark regions However, such a

] L3

- conglomeration of dark, magnecic regions, contributing.little to the

L

»
R ]

observed light from' the ' star, would wnbt modify ‘the deduced

- L]

nacrobroadening for the patch; but we saw in section 3.4 that the 11ne

broadening does 'indeed change, and in-Chapter 4 it \qas shown that only .

, an enhanced macroturbulence withir; the patch can reproduce the

observed line bisector beh'gvibr. Turning this around, t:he existeme

* P A )

of enhanced macto-velocities can be used as an argument against the

- . presence of magnetic fields; for we see that on the sun, magnegic

o " fields are quite effective at inhibiting convection. Therefore, '

although magnetic fields cannot be cou{:?_let:ely ruled out: cheir
s Y -~ -

presence in the patch seems unlikely \ > . ', .
Apparently, ‘the patch on £ Boo A has a. bright region * in -the .
chromosphere above it, as inferred from g:he Ca II H and K neasurteu‘e'nts o
of Saar et al. (1987). This might be used as a counter -argupenite in *
-/‘ favor of magnetic fields. However, the enhanced velocity dispersion
within the patch might easily give rise :;: a bright chromosphere

through acoustic-wave dissipation. -

Ny
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KY

When we compare' the d ced characteristics of the starpatch on
- .

£ Boo A with our knowledge of starspots, .we find-;¢ number of

-
L3

similarities. Both the starpatch and ££arspots.sovér IQEge fractions

of the stellar surface, both are found at high latitudes, and'both

- L]
-

have long lifetimes. These are the same features which hake’sﬁapﬁpdts
;nd s starpatches stand apart from the traditional sunspdt.' " One
speculates that, maybe, starspots -are just e;tremp cases of the
starpatch pﬁenomenon, and that perhaps, they have been misnamed.

Unfortunately, there are no measurements of velocity dispersions’

-

within. starspots, nor have starspot magnetic fields been measurad, - so

such speculatios-may be~premature..~Fu;ure studies must be designed to

-

settle this question. '

..
Ep— ‘' °

Continued monitoring of a number of late-type stars is needed to
determine how common ™ the starpatch phenomenon really - is. " . The
existence of starpatches also complicates the study of stellar

- .
granulation, because a single expdsure can no longer be relied upon t¢

hive an accurate measure of the granulation characteristics. Futyre

-

fnvestigations of stellar granulation - must take this" info
consideration. A series of 'obse:yﬂfi;:; will be needed to first
establish if the star has one or more patches, and if there is so‘;~

phase when the patches are- hidden from view. Granulatlsn--

characteristics within starpatches will be of enormous interesi 4n

their own right. ‘ T e .

—_—




v " APPEMDIX A

Journal of Observations and Basic Results

The following table lists the observations.and the basic results

of the data analysis. Only those exposures having a S/N gréatet than

)
- 100 have been iricluded. The date of the observation s given in

column 1, while column 2 gives the Julian Date for the midpoint of the

exposure, and column 3 is the approximate signal;Fo-noise (calculated
using ‘equation 2-7b). The remaining two columns give the velocity
span of the mean line bisector and the V I/Fe 194 equivalent-width

ratio, respectively. The 6150 region exposures are indicated by an

asterlsk next to the entrj in the table. )




TABLE A-1

S

Journal of Observations and Basic Results

L4 .

Date of J.D. - S/N Velocity . V 1/Fe 1I
Observatipn Ratio Span (m s ')
1984 June 26-27  2445878.647 320 T - _
1984 June 30 2445882.607 350 .32 + 28 —
] ®984 July 11-12  2445893.681 230 11 + 38 —
1984 July 13-14  2445895.615 400 84 + 23 —
1984 July 18-19. 2445900.610 310 38 + 30 ] —
1985 apr 15-16  2446171.734 290 7232 0.636
1985 Apr 16-17  2446172.839 140 116 + 53 - 0.699
1985 Apr 28-29  2446184.714 200 106 * 47 0.590
1985 Apr 28-29  2446184.801 210 72 + 50 0.606
_ 1985 Apr 29-30  2446185.738 250 72 £ 39 0.644 '\‘
X 1985 Apr 29-30  2446185.801 280 48 * 35 Y0672
1985 May ‘09-10 2446195.680 200 49 * 43 .\ 0.592 |
= - } v
1985 May 09-10 2446195.765 210 76 ¥ 51 0.569 .
1985 May 10-11  2646196.768 210 .34 + 51 1 0.574
. 1985 May 12-13 2446198.639 150 238 + 65 +9.590
1985 May 21-22  2446207.649 250 7 ¢ 35 0.637:
1985 May 23-24  2666209.592 410 . 12 t 26 0.581.
1985 May. 23-26  2446209.677 370 40 t 25 0.590
1985 Hayj 24-25 2646210.675 170 124 % 52 0.4764
1985 June 03-04  2446220.599 240 60 £ 39 . 0.545
1985 June 05-06 2948222.688 280 -59 t 37 0560




. X 1 0‘ 8
~ _ . TABLE A-1
. (continued)
Date of ~J.D. ~ SN Velocity V I/Fe 11
Obgervation ’ . Ratio Spén (m' stl.) N
- y
1985 June 06-07  2446223.618 300 54 + 29 - 0.588"
) 1985 June 06-07  2446223.715 290 T 9431 0.615
) 1985 June 09-10 2446226646 250 - 11252 ° 0®§85
1985 June 14-15  2446231.665 , ‘250 4+ 45 0,636
-~ 1985 June 18-19  2446235.663 220 184 + 43 0.597
11985 June %27 ; 2446243.610 520 89 + 16 . 0.643
1985 June 26-27  2446243.675 470 145 + 18 0.582
e 1985 July 10-11  2646257.597 300 . 14 ¢ 27 0.614
1985 July 12-13  2446259.673 330 52 + 26 " 0.718
1985-Ju1y 17:18  2446264.612 240 L 65 * 49 0.490
1985 July 17518  2446264.655 . 140 -40 * 82 ' 0.589 -
1985 July 20-21  2446267.624 370 26 + 31 0.574 « =
1986=Apr 02-03  2446523.684 330 | 30 + 29 0.603
1986 Apr 02-03 * 2446523.782 280 -48 % 32 ' 0.576
] 1986 Apr 02-03 * 2446523.878 250 1 % 35 ", 0.591.
1986 Apr 12-13  2446533.675 340 137-% 25 _ 0.580 .
_ ) 1986 Ap} 12-13  2446533.772 360 109 + 25 0.636
‘ 1986 Apr 12-13  2446533.899 190 159 44 0.618
1986 Apr 13-14  2646534.676 ~ 470 - 42 + 19 0.592
1986 Apr 13-14  2446534.765 430 | '35 ¢ 20 0.573 -
+ 37, ‘ 0.593

1986 Apr \3-16 2446534 .884 260 102




‘ L _1u9
TABLE A-1
< . ' (continued)e
‘ JDate of J.D. - S/N Velocity . V 1/Fe I1I
Observation . Ratio Span (m s"'l)’
1986- Apr 22-23  2446543.757 330 46 + 29 0.650
1986 Apr 23-24  2446546.736 430 .28 + 20 © 0.657
1086 Apr 23-26  2446544.831 470 _18 + 18 0.664
1986 Apr 24-25  2646545.634 . 420 114 + 20 .0.618
?g_s,ss Apr 24-25  2446545.750 - 360 99 %23 0.621
1986 Apr 24-25: "‘2_44’6545.86‘4; 260 113 + 31 - 0.643
1986 Apf 25-26 \&aassas.sn 380 136 + 20 . 0.611
T | 1986 Apr 25-26  2446546.709 . 390 162 + 20 0.583
1986 Apr 25-26  2446546.804 340 1512370 o.ssté_,i;:."l
1986 Apr 25-26  2446546.886 160 113 % ss -o’.sorz'"
1986 Apr 26-27  2446547.631 370 113 + 22 0.549,:.;“
1986 Apr 26-27  2446547.737 420 75 + 20 0.569
) ‘ 1986 Apr 26-27  2446547.851 480 o1+17 o0 16 Fﬁ
1986 Apr 27-28  2446548.632 310 62 % 25 - 066‘% .
1986 Apr 27-28  2446548.749 490 42 £ 16 "9 5;'3'%‘;‘1 4
1986 Apr. 27-28  2446548.859 320 78 + 23 6365 '
1986 Apr 29-30  2446550.635 310 22 25 : éﬁ?’sar
. 1986 Apr 29-30  2446550.735 350 0+ 25 ‘,*“ 0.648
1986 Apr’ 29-30  2446550.848 480 4 t18 . 0.6l
1986 June TT-T8 ™ 2446599.607 450 85 + 18 'o.sn_q‘
1986 June 17-18  2446599.707 650 55 + 1F . 0.546




+ ‘ b ' *~ N t 1 0
.« : ~
. TABLE A-1 .
R .
t ) (gpntinued) .
-~ 4 . - -
. ' Date of J.D, ~ S/N Velocity V I/Fe 11
) .Observation . Ratio Span (m s¢°)
- 1986 June 18-19  2446600.591 420 -38 + 22 0.563 ,
) 1986" June 18-19  2446600.663 170 91 + 42 0.596
. o
1986 June 28-29  2446610.641 480 139 + 18 0.554
) 1986 June 29-30  2446611.639 200 120 + 42 0.620
1986 June 30 2646612.623 360 -11 £ 21 0.533
- : - 1986 July 02-03  2446614.665 270 -37 + 36 0.611
- . 1986 July 03-04 2446615.642 - 560 - 31 + 13 0.606
N 1986 July 04-05 . 2446616.643 260 : 122 + 28 0.577
‘ 1986 July 05-06  2446617.646 590 " 125 + 14 0.589
1986 July 06-07 2446618.641 560 7 +18 - 0.586
* 1986 July 07-08 2446619.672 450 2 + 19 0.569
[ ]
1986 . July<09-10  2446621.611 . 430 )8 £ 8 .« 0.651
© 1986 July 16-17 2446628.588 250 32 + 36 +0.628"
. .. 1986 July 17-18  2446629.619 500 108 + 16 0.601 .
1986 July 19-20 2446631.593 100 . S4 + 83 0.569
i ) 1986 July 20-21  2446632.623 440 31 £ 17 0.582
' ® , \k 2.
» 1986 July 2223 , 2446634.615 510 - 40 % 17 . 0.577
- . - “ - _ R .
. 1986 July 23-24  2646635.621 . 490 - 122 + 21 0.559,
* . ‘,' . PR ’ . - » N
. 1986 Aug 01-02 2446645.592 220 108 + 34 0.610
- .+ ‘71986 Aug 02-03 ~ 2446645.615 . 490" 49 ¥is' 0.580
.. . . . R - . . . - —

. ) . -
* 1986 Aug 03-04  2446646.594 *310 26 £ 32 - ~0.580




\
. - 111
. ' "" \‘
.- ‘' MBLE A-1
. C. (cgqntir‘n;ed)
, — : 4 ~ .
Date of J.D. - ~ S/N : Velocity . V I/Fe 11
, 0b§ezjvation ' Ratio, Span. (m s-x)
_ e
- . 1986 Aug 06-05'+ 2646647.600 460 27 * 26 0.613
) 1986 Aug 1112 2646654.625 370 139.% 24 © 0.601
1986 Aug 12-13  2446655.602 - 330 18 + 31 ©0.634
1986 Aug 13-14  2446656.603° 220 4 % 39 0.556
1986 Aug 17-18  2446660.605 190 11 * 61 0.624
1986 Aug’ 18-19  2446661.603 180 124 * 48 0.626
1986 Aug 19-20 2446662.601 260 18 £ 39 0.638
) 1986 Aug 21-22. 2446664.597 290 - 91 %28 0.611
1986 Aug 22-23  2648665.596 120 ° 30487 0.573
1987 Apr 26-27 2446912722 260 . 120 % 313 . 0.59
. - 1937'&ay 08-05 2446924 697 230 - 72 % 40 0.591
e . 1987 May 13-14  2446929.690 250 ' 60 t 34 o.sog*'
1987 June 07-08  2446954.668 430. 28 17 0.604
. . 1987 June 24-36 2446971.628 690 16 +13 . 0.503
2 - 1987 June 24-25  2446971.698 430 1 x22 0 0.566
. '1987 Jupe 25-26  2446972.616 - 300 25 + 30° 0.554
1987 June 26-27 . 2446973.644 550 .44 % 15 ‘ . 0.572
) 1987 June 28-29  2446975.663 480 _ -1+16 - 0.594
: _ 1987 July 04-05 2646981.610 420 -1 419 0.5%
. 19877July 04-05  2446981.682 440 -35 £ 18 0.59
1987 July 08-09  2446985.608 730 -17 £ 13 ' 0.570
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TABLE A-1
A
B - (coaclude@
Date of - J\.D. ~ S/N Velocity V 1/Fe 11
Observation i ) N tio "Span (m s %) )
. 1987 July .11-12 2aas9s§:2}\ N770 25 + 12 0.598
1987 July 16-17  2446993.600 580 25 + 16 0.614
1987 July 17-18  2446994.595 630 -2 £13. 0.612
1987 July 17-18  2646994.679 570 50 + 17 —
1987 July 18-19 2446995601 370 80 + 24 0.559
1987 July 18-19  2446995.697 390 72 *+ 26 —
T 1987 Ju1y~21-22 2646998.602 510 76 + 22 -
1987 July 21-22 2446998.673 590 10 + 17 1 0.583
1987 July 22-23  2446999.595 630 100 + 20 —
1987 July 22-23  2446999.667 210 36 * 47 0.580
1987 July 23-24 2447000.636 190 -36 * 62 -
1987 July 26-27 2447003.607 410 40 %25 B
1987 Aug 03-04  2447011.583 . 710 66 + 12 . 0571
v . 1987 Aug 05-06 2447013.611 360 -23 + 27  0.640
. 1987 Aug 10-11 2647018.594 640 98 + 17 *  0.554
. © 1987 Aug 15-16  2447023.597 " 350 53 £ 31 . 0.556
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APPENDIX B

\

Explaining the Synthesized Bisector Variations

The patch represents a region of excess 1line broadening.
Rotation carries the patch around'che star, and rotational Doppler
shifts move the patch’s effects across the observed line profile.
Because of the low rotational velocities encountered .for late-type
stars, the patch’'s influence is confined to a limited fraction of the
observed profile. Exactly what this doesl to the profile can be

undétstoo&’vith the aid'of a couple of illustrative examples.

An appropriate test case Qfs a patch with ch;,velocity dispersion
enhanced relative to the surrounding photosphere, but has no
granulation to confuse the interpretation of the line asymmetry. The
geometry of the test case is. kept simple, with the patch on the
equator of the model star, and the inciinatiop of the rotation axis
set at 90°. Figure B.l1 shows a series of pic;ures of the model star,
along with the calculated bisectors and the velocity spans. We see
fhat.the asymmetry changes arexﬁnti-syu;ecric about phase zero (l.e.
when the p;tch.transits), and that as the patch passes out of view

behind the star, the profilevbecones symmetric, and remains so until
the patch reappears at the opposite limb.

In Figure B.2 thc cnlculat;d profiles for three representative
phases, going fro- disk center to the rccedlng limb, are. shown.

~ ' 2
Included in the figurc are the velocity distributions at patch center

(caleulated using equation 4-1), and the resulting bisectors. We see




that when the patch is at the center of the disk it acts to

symmetrically broaden the line__profile; thus, the bisector is

vertical. As the patch moves away from disk center, the additional

' broadening it provides is shifted by the rotational Doppler #%hift
o A

appropriate to the patch’s position on the disk. This removes some of

the broadening from the opposite wing, causing that wing “to move
~ t;ovards the continuum’ At the same time, projection affects narrow

- the veloctety distribution within the patch, and reduce the effective

.

area of the patch. The maximum asymmetry occurs when the combination

of rotation and effective patch area is a maximum. When the patch

e —

‘feaches the 1limb, its area, and the width of the velocity
distribution, are. reduced to th: point that it no longer b;'oadens the’®
profile. The red wing now moves up to its normal, undisturbed state.
" When the patch reappears at the approachin.g limb, the process is

. * repeated in reverse, thus leading to the anti-symmetric nature of the

¢
Lo

variation. o .

) Figu.re B.3 showg wh‘;:‘happen's when ,granulation is included. This

’ plcture l\c;oks much more conpll‘cattq thd‘he one abovie, but in re;lity
it is not. What we are se.ei.ng is simply the patch induced variation

" found G;l_flie!'. superimposed onto the basic granulation induced
;gsynetry. This becomes obvicus when we examine the ve]-.oci.t;)_' span
curve in the bottom panel of'the figure. We see here exactly the same
shape found above, but a vartical shift has dbeen i;\troduced. This

shift is due to the global granulation’ The explanation for the

asymmetry changes .follows exactly as above.
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Figure B.1- A simple test case with an;ehhanceq vel;cicy dispersion
(8.5 km s}, compared to 5.0 km ¢! in the surrounding photosphere), —

and no granulation. Along the top are -plctures of the model star for

* the phases indicated. - Center are the bisectors, and’at the bottom are

the velocity spans. Note that the asywmetry changes are

enti-symmetric about phase zera.
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Figure B.2 The profiles and bisectors for three representative phases

(b.O,-O.l. aﬁd-O.Z), going from disk center to the receeding limb, are

shown. The line wings have also been plotted on an expanded scale so
Below these are the

that the changes can be seen more clearly.
velocity distributions at patch center. N

J
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Figure B.3 Granulation is now introduced (uh - -1.5, o, - 4.5, and

1'-"C/I-‘h - 0.10). The bisector shape changes (top) look much more
complicated, but the velt;city spans (bottdm) have simply been shifted

vertically. = | —
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