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-HaAwaii Teléscope, Mauna Kea, Hawaii.

é

High signal-to-noise coudé reticon speékra of five

-

helium-strong stars bave been ohtainéd in two spectral

regions (AA3980-4160 and A\4400-4580) at the Canada-France-'

Phase-reso

lved sets of

e spectra have been obtained for the magnetic-variable gmars o

Y

determine  the magnetic field geometries and abundance

not strong enough to cause magnetic intensification effelta_

|‘l¢ ’

Ori E; HD 37776, and HD 64740. Additional observations have

also been made of the sharp-lined helium-strong stars HD

58260 and 6 Ori C. These data,

anal

-

distfibu?
- 7/
obtained by use of a line synthes

ions ‘'of the program stats.

and additional! Zeeman - -

i1s program that

yzer observatjons, have been used in an attempt to

The models have been

. (ﬁ\

incorpo?ateé'the effects of an assumed magnetic field and

abundance distribution into the calculation of line

proftlés.

Helium line profile variations of HD 64740 may be ‘ -
= »

'modelled with two spots with anomalously high helium

abundances near the magnetic pole

p——

appears éo have a large abundancé in a.hzgh latitude band

around tHe star. The surface magnetic field of HD 64748 is
. e ” . . " <

in the Si III multiplet 2 line pr

suggest two possible helium abund

s of the star.

-

offlgs.

ance geometries

. 3

Silicon,

-\

V4

The peculiar, broad helium line profiles of 6 Ori C ' )

- [

for_ the
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star. A-helium-rich spot-near the visible magnétic pole of

an otherwise extremely helium-poor star, and a vertic

$ hellium abundaﬁce gradient are both able to reproduce the ' ¢

-

- observed proflles pf the star. The secéad'ﬁdnfyariable
program star, HD 58260, also shows marginal evidence for

such an abundance geometry.

The helium liné profiles of o Ori E are reproduced with

two spots of laige helium abundance (ege > 0.5) near ~the

-

‘intersections of the magnetic and rotation equators of the
. -

1 - » *
star. Silicon, magnesium, nitrogen, and oxygdh all appear
g . gen. ‘

- to be overabd:dant in a high latitpde-bang on the surface of
the star. Observations of the veriable.Hm emigsion of the
étar are presentedl ' |

’A theoretical model _for the peculia; longi;udinal .

- magnetic field variations of HD 37776 is proposed. The
éodel consists of colinear dipole, quadmupole, apd octupole

€ »
field components that result in a magnetic field that varies

]
between 20 and 60 kG over the surface of the star. Helium
. ) - L .
and silicon abundance geometrie$ consistent,with equatorials
, : + .
and polarrdistributions of the respective elements support

- - -

. ) o
the field model. as do the pronounced differential magnetic

. | - -

-

- N intensification.e&éects seen in the silicon dines.
Several suggestionq for interesting future

-

. LT ’ R M .
1 ’ observational and theoretical wqrk are .discussed. .

‘e - . - L. - ’ ’ A : ’
, ’ ~. - > . » “ ‘
Py .

. . .
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CHAPTER 1 INTRODUCTION -

More than thirty years ago Berger (1956) reported the
discovery of very strong helium lines and helium absorptien
discontinuity in the star o Ori E (HD 37479). After

examining the raJQal velocity, proper motion, and

interstellar lines of o Ori E, Greenstein and wWallerstein

(1958) suggested that the star is a member of .the multiple

-

system o Ori, which consists of five components, the very

close pair AB, and three companions, C, D, and the pecuﬁiar

star, E. They also demonstrated, from the star's colours

-

and absolute magnitude, that o Ori E is only half a

magnitude from the main sequence, despite its peéuliar
chemical abundances. Assuming that the helium &bundance .-

anomaly of the star reflects an advanced evolutionary state

“

then leads to an interesting problem: the unevolyed A \;/,/f
cogponent of §he system (Greenstein and Wallerstein (1658) |
classified the AB components ag 09.5 V) is more massive than
the B2 V E component. To account for the E'comébneng's

apparently evolved state but low mass, Greenstein and

-

Wallerstein adopted a scenario in which o Or&j% was assumed

to have had an unusually large mass originally ( > 100 Mg,
the total mass of the A and B components), and to have

evolved very rapidly, losing a large 'fraction of its

«?

original mass in the process.

Some years later, Klinglesmith et al. (1970) performed

-




A

a f}ne analysis of o Ori E. Their best fit model indicated §\

an effective temperature (Terr) of 23500 K, log g -.?-05.

b ?!

and hydrogen mass fras&ion X = 0.282, compared to a normal
value of about 0.70. A deriveq Myo1 of =4.7 then led to a
mass and radius of M =.9.8 Mo» and R = 4.6 Ro. They found a
v sin I of about 150 s-1, but no additidnal abundance ‘
anomalies.

Since then, several spectroscopic surveys have resulted
in the discovery of some two dozen objects similar to o Ori
E in many respects (e.g. H}ltner et al. 1969, MacConnelllet
al. 1970). A list of known members of the helium-strong
class is given in table 1.1. The visual magnit;de,'v. the
galactic longitude and lqtitudé, radial velocity, and
cluster or association membership, if known, is given for
each object. Several membe}s 6{ the class have been found
to demonstrate-a rich variety of‘phenomenaﬂ Many of the
investigations of these stars were stimulated by Wélbérn's
(1974) discovery of broad, variable Ha,emission.in o Ori E.
Emission has alsé bgen obgerved in HD 37017, HD 37776,

HD 64740, and CPD " -62° 2124 (Qalboqp 1974, Pedersen 1979,
Drilling 1981)."- Hungér (1974) reported variabiltity in the

. equivalent widths of neutral helium lines, as well as Si III

’

in o Ori E. For the heliuh-st;ong stars in general, helium

line strengths vary with pério@s on the order of days, as do
those of hydrogen, silicon, and, less conclusively, carbon,

nitrogen, and oxygen (Pedersen and. Thomsen 1977, Lester

1979, Walbornh 1982), with hydrogen and the metals always



Table 1.1 The Helium—Strong Stars .

LSII+36°37

" Name N L b 'r.v; Hembérsﬁip[
s0ri C - );.85. 204" -18. +12 -Ori OBl ’
HD 37017 6.564 208 —19 429 ori 0Bl T~
o Ori E 6.65 207 -17 +29 . Ori DBI1
HD 37776 6,98 206.-<16 +27  Ori OB1
HDE 260858 9.16  200. 93 7 \g )

HDE 264111° 9.65 208 IR \
. qon—27°374é "9.27 240 .-8 —
HD ‘58760 ‘ 6.73 zﬁé’-Lo 436
HD 6Q3u4 f,1¥ 12397, -2 +30
HD 66740 .. 4.62 263 -11  +8
HD 66522 , ~ 7.21 . 265 -31. +15, .,
C0D7w5°4639‘ 10.0 266 <2 N

HD 96446 © 6.68 290 0 +7
CPD-6292124  11.04 295 -2 =7  IC 2944
HD 133518 6.39‘:32§ 5 -2
HD 144941 10.11 ‘308 18 -53 .

HD 149257 8.48 338 ' 1 46 i

CPD-6992698 . 9.36 322 -18 -65 >

HD 164769 - 9.2 3 -3

HD 168785 8.49 3 -8B 45 .

HD 184927 7.46 66, 5 ~-16 '

HD 186205 . 8.52 47 -7 -7 ‘ v

LSII+35°51 11.1 73 1 ‘ '
11.30 76~ 1 Eyg OB1.




. varying in entiphase with 'helium. Extensive phoﬁone%ry of

members of tﬁe[slass indicate that low level light

L 4 { N
variations, ( < 0.10 magnitude) are common and are consistent

with the periods of the spectroscopic variations (Pedersen

and Thomsen 1975. Adelman angd Pyper 1985). ¢ Ori E has a-

- -

unique eclipse-like light curve (Walborn and Hesser 1976;~n

-

Hesser, Walborn, and Ugarte P. 1976; Hesser, Moreno, and
Ugarte F. 1977) with two uneﬁual minima. A less prodoﬁnbed

low-level light variation, similar to that seen in other
helium-strong starg, is superimposed on this eclipsing

curve. In addifion, a variable shell spectrum has been
observed in o Ori E (Groote and.Hunger 1976). At phases
very -close to the eclipse minima, the number of visible

Balmer lines increases from 15 to 21. (/h;3 ' ‘
e
L4

In meny respects, the nature of theObhenomena described

- -

above is very simllar to the behav1our observed: in the

peculiar A and B magnetic stars, whldg in order of

r

increasing temperature include the SrCrEu Ap stars, the Si
. -8
Bp stars, and the helium-weak stars. The Ap stars show, in
.-, ~

some cases, dramatic overabundances of rare earth ékements,
chromium, and silicen in their atmospheres. The

helium-weak sgafs often also show strong silicon lines but
-~ - ," . : -, .' .

are identified by their anomalously weak neutral helium

lines. Most of these stars are also spectrum and

» 4 P

photometric variables. eoch with one well-defined pe?iod

Deutsch (1956) pointed out that the periods and v sin b s of

[

many of the peculiar ‘Ap stars satisfy a relation that .



suggest§ that the observed periods represent the rotétion

*
*

périods of the stars. These stars are usually modelled in
terms of an Obligque Rotator'HbdeI.
. »
.The” Oblique Rotator Model (Babcock 1949a, Stibbs 1950)

appears to pwovide a satisfactbry conceptual framework far

» A ]
understanding the varitations of the peculiar A and B stars.

In this model, a magnetic field, usually assumed to be

.

dipolar, is inclined to the rotation axis by an angle B. As

the star rotates’ the longitudina1\component of the magnetic

“ .

field varies as a result of the changing aspect of the

fieldf The strong surface field (typically 5 kG in these

starsm-ﬁut ranging from undetectable to mare than 30 kG)
stabalizes the atmosphere against turbulent motigns, so that

-diffusion processes.may occur {(Michaud f970). The presence

" of the magnetic field also influences diffusion processes in -
. s _
three ways: 1) by desaturating lines -and altering the

radiative forées on a given ion; 2) by causing the
horizontal migration of varioys ions high in the+
photosphere; 3) by suppressing the stellar wind near regions

where the magnetic field lines are lHorizontal. This

interaction of-diffﬁsign processés and the magnetic field

then results in an accumulation of Qarious elements, either

in regions where thejmagnetic field lines are predominantly’
horizontal, or where the field lines are vertical, and hence

spectfal variations are also observed as the sta® rotates.,

«

Theoretical calculations illustrating such effects are given
- . ‘ ! \

2
by Vaucl&}r, Hardorp, and Peterson (1979), Alecian a76




‘effect. The complex behq!iour of q Ori E led to amany

" star, or stellar capture were discussed by Odell (1974).

v
*

. . a

Vauclair (1981), Michaud, Mégessier, and.Charland (1981), and

12 ERa'

Mégessier. (1984). .These abundance patches presumably alter

the Stnospherié structure and flux distribution éﬁfficient}y_

-

over' the surface of thq_sta:‘ﬁo produce the low amplitﬁde

. light fluctuations 6pserVed as *the star rotates (e.g.

. - D
Stepien- 1978; Peterson and Theys 1981; Bolton™1983).

-

Unfortunately, the protatypical Hel{um-stnong star, o

Ori E, is somewhat atypical from the rest of the helium- ~

-

strong star class, and not as easy to iﬁterpret in terms of.

#

the usual model for the magnetic Ap stars.. The ﬁpgi not@b?e
differences between o 6r¢(E and the Ap stars are its Ha
emission, the peculiar eclipsing light curve, and the
overabundancq of helium, which, until recently, was

difficult to understand As anything but &n evolutionary
\

-~

R *
i .
—

in&prestingzmodeLs; breenstein and Wallerstein (1958)

~ -
-

proposed that the star was originally extremely_masiivg (>
P —— f"

50 My) but lost a significant fraction of its mass, thus
exposing a pfedominantly helium coref'.Interpretatigns in

terms of binary mass transfer, fragmentation of a massive

' ~ : - T
Hessér et al. (1976) suggésted a. model involving stableﬁ" i

R} . e, T
clouds situated at the¢ Lagrangian pbints of a binary system.
After the previously mentioned shbctrosqbpic surveyé,
Ogmer ahd Peterson (}974) carried out the firé%

. L)
investigation of the helium-strong stars as a group and

shoged that they form a rather well-defined class with
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helium number abundance comparable to hydrogen, possible
". . A ~ .

overabundances of Sx&gen-and nitrogen, normal abﬁhdapces of
carbon, silicon, magnesium and aluminum, but temperatures‘.
'a?d graviti;s corresponding to main sequence B2 stars. (One
.star included in this work, HR 3206, is probably not a
‘helium-strong star {wWalborn f983].) Their mosé important
PO coﬁblu;Tsn w;s that Fhe helium-strong stars a§ a class,
might represent‘an extension of the silicon Ap and
heliuﬁ—*eak’stqrs £o higher temperatures. The eventual
‘disgovery of a strong, variable magnetic field in o Ori E
(Landstreet and Borra 19%8) and many other helium-strong
. stars, (Borra and Léndstreef 1979; Bohlender et al. 1987)
| gave Fﬁfong support to this 1idea. It now seems firmly
. . .
establi;hed that magnetic peculiar stars occur at all

- <

“temperatures‘fetween 7500 K (the coolest SrCrEu Ap stars)
and 25600 K (the hottest helium-strong stars).

OSmer.and Peterson (1974) argued that the helium-strong
stars must be young, since several are f&und in the Orion
OBl association, ahd all are located near the galactic
plane with :3( < 19, gasses. radii, and luminosities can
be most easily estimated-for the association stars, and
their work is consistent with the\idea that the helium-
strong starg are normal main-sequence stars with masses near

: 9‘M°. However Hunger (1975, 1986a,b) p?ints out that the
si@uation may not be as clear cyt as this. Spectroscopic'
fine analyses qf various helium-strong stars by -several

-

workers hzve resulted in mass determinations considerably



‘lower than Osmer and Peterson’s. qu example, Hunger
(1986a,b) suggests that fhe mass of o Ori E is closer to
3 Mg. The differences in the two mass determinations arise
fggm d¢fferences in the surface gravities found by modelling
the pfessure sensitive Balmer ahd neutral helium lines.
Hunéer{s group suggests a log g value for o Ori E that is
. about‘O.S dex lower than Osmer and . Peterson's value of
log & ='4.31. fhe reason for the discrepancy is still
uncertain. It may be, howewer, that thé helium-stfong stars
{also often re‘erred to as helium-rich or intermediate
helium stars) are somehow related to the hydrogen deficient
or extreme helium stars. These are thought to consist of
T low mass populafion II stars in late stage;‘of evolution
(e.g. Hunger 1975), that have‘Nhe/Nh > 100, probably
throughout the star, and CNO asundances‘;haracteristic of
evolved objects. fhe remainder of this work, however;
supports the i&eas that-thé helium aﬁoﬁalies of the helium-
— strong stars are copfined to their atmospheres, and that

they do represent high temperature extensions of the

'péculiar A and B main sequence stars as Osmer and Peterson

-
'

(1974) have suggested.
<«

It has been believed for some time that the abundance

‘

anomalies in the Ap, Am, and helium-weak stars can be
- * . .
T - pnderstood in terms of competition between gravitational
. jdiffusion and radiation pressure on the elements in‘question

Ye.g. Michaud 1970). The relative importance of the two

processes determines whethér an element is pushed into the



N~

region of line formation or sinks below the photospheref

The sole additiénal requirement is o sufficiently stable
atmosphere. Slow rotation,'as in the Am stars, or a strong
surface magnetic ~ield, as in the Ap and heliug—weak stars,
satisfies this requirement. In this &imple piacture,
however, helgum is expected to sink (Because of saturation
effects the radiative force cén only exceed grdvity for very
low helium abundances [Michaud et al. 1979]) and only
helium-weak B stars should be seen. Osmer cnd Petersaon
(1974) first suggested that the helium overabund;nces
obse;ved in the helium-strong stars might be caused by
diffusion processes occurring in the presénde of a stellar -
wind. Vauclair (1975) subsequently demonstrated that if a
general outflow of‘material did exist then helium could
accumulate in, the atmosphere where the downward diffusion
velocity of the element was of equél magnitude to" the
gene}al outward flow velocity, as long as the diffusive mass
flux decreases with depth at this point. For suitable mass-
loss rates (10-12 M, yr-1) ‘and temperatures (about 20000 K)
this accumulation would occur in the Iinefforming(region for
the Helium-strong stars but well below this zone for the
helium-weak stars. A small class of stars with high
isoéopic abundances of 3He (Hartoog and Cowley 1979), and
temperaturesuintermediate-between thosedof the helium-strong
and helium-weak stars, the so-called helium-3 stars, could
also be interpreted nsin; this simple model, since 3H? would

.

be pushed into the line-forming region at slightly lower
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temperatures 6ec§use of its lowér mass. . . .

Michaud ef al. (1987) have recently extended tﬁis model
by allowing for the possible effects of ;eparation of helium
in the envelope or wind of a star. They find that in order
to explain the helium enrichment by separation in the
atmosphere, the mass-1loss r?te must decrease as the
effective temperature rises from 20000 K to 25000 K. At the
higher f2mperature the maximum mass-loss allowing separation
is 3 x 10-13 Mo yr-1. A mass-loss rate of Iess(than
approximately 2 x 10-12 M, yr-1 allows separation to oécur
in the wind but this is likely to be less imporftant than
separation in the atmosphere. It is also s;own that for
these massa-loss rates, downward diffugion of helium in the
envelope is-too slow to reduce the helium abundance in the '
atmosphere during the main-sequence lifetime of a helium-"
strong star.

" Figure 1.1 shows the positions of a representative
sample of the helium-strong stars and other peculiar Bp and
Ap stars in a StrYmgren B vs. [u - b] diagram. The uvbyB '
photometric data are from Mermilliod and Hauck (19799 and
the plotted reddening free [u - b] value§ are determined
froﬁ the relation given by Lester, Gray, and Kﬂrucz'(1986);
No allowance has been made for possisle time variations of
the B index,.as might- be eipécted for the va;ifgle‘helium—
s?rong and helidh—weakAstars. Thefe is(gonsiderable overlap
in_the three cl{sses. The low temperature cutoff of the .(

. - ~
peculiar stars corresponds to the development of deep '
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Figure 1.1 A plot of StrYmgren B ve. {u - b] for a sample o!‘
helium-strong (crosses), heliuq—weak (filled circles), and
Ap stars (open circles), for which'Strémgren photometry are
available. The;solid line represents the theoretical B vs.
{u - b)] relation of Lester, Gray® and Kurucz (1986) for the

log § = 4.0 solar abundance model atmospheres of Kurucz
(1979). ’
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serace convection zones (diffusion occurs.only beneath
these regions, and wher they become very extensive the t1mer
scale needed for abundamce anomaMes to manifest themselves
at the §urface g;code longer than the main sequence ?ifetime
of the star),. while the apparent high temperature cuteff is
generally beli?ved to correspond to the onset of strong
o;tellar windsj Stellar winds in the helium-st}ong stars
were firsr detected from ult:;violet Qbservations of the C
IV-and Si IV resonance lines using the International
Ultrav1olet Explorer (IVE) sateIllte (Shore and Adelman
1681 ; Barker et al. 1682). For some objects the typical P
Cygni profiles indicative of a steiiar outflow (e.é..Mihalas
1978, p.h7l} are variable, again with periods gqual to those
of the<spectroscopic, photometric and magnetic variations.
Estimates of the mgss—loss ratgs range from a value of
5 x 10-12 M, yr-i kMichaud et al. 1987) to a substantiailly
larger value of 4 x IQ-IO Mo yr-1 (Shore and ﬁdelmaﬁ 1981).
These appear to be somewhat larger-than the iO-lZ Mo yr-1t
rate requived for the helium overabundances in the models of
Vauclair (1975) and Michaud erh;l. (1967). Michaud.ﬁt ala
(1987) suggest that the strong magnetic fields observed in
many of€—the helium-strong and helium-weak stars (e.g.
~Bohlender et al. 1987; Borra, Landstreet, and Thompson 1983)
may séppress the mass flux near the magnetic éqﬁstor, wheEe
the field lines® are horizontal, ,and thﬁs inhibit the flow of

< ions. The presence of a magnetic field miéﬁf also alter the

* .
diffusion processes themselves, as has been demonstrated to
L
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be the case for silicon (Michaud et al. 1979; Vauclair,
Hardorp, and Peterson 1979). Shore (1978; 1987) has
geveloped & qualitative model for such a situation. In his
scenario, for the usual case of a dipolar geometry for the

magnetic field, €he stellar wind is expected to escape only
a

in ® small cone, or jet, at each pole of the star and is

1
trapped at ,the magnetil equator; if the surface field is

strong enough. These jets might explain the observed

rotational modulation of the UV resonance lines (Shore and

Adelman.lQBL; Barker et al. 1982). Most mass-loss rates

~

estimated from observations assume a sphericaily symmetric
flow, but this is cliearly not the case for the heliuh-strong
stars. The values quoted above m%ght then be regarded as

upper limits to the mass-loss rates, Shore suggests, that

in the hottest helium-strong stars, helium is supported at
the magnetic‘equator but escapes along with the rest ot thé
atmosphere at the poles. .I%‘coolkr stars the helium is
levitated 'in regions closer to the magne;ic poles until, tor
the cooiest helium-strong stars, helium is overabundant at

.

the poles and underabundant near the equator. For still
:ooler stars the field supp;esses moéion ‘at the magnetic
equator below Fhe region required for upwa;d diffusion ot
helfpm!'and the wind is too weak to levitate helium at the
polesl &Go that éhe entire stdr.dppears helium-weak.

A number of oblique rotator models have been published

for the helium-weak afid Ap stars (e.g. Pyper 1969; Woltt and

Wolff 1976; Hensler 1979; Landstreet 1988). To Jdate there

13

O
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have been no quantitative. models-f;r the helium-strong
%;ars. The reason for this is simple: for elements other
thaé hydrogen and helium, only recently have solid ;tate
detgctors gi;en us the'reQuired signal-to-noise to
effgctiveay record the line profiles o?’the hot, and‘:rapidly
rotating helium-strong stars. ‘Most previous wérk has been
confined_td simple measufement; bflequivalent widths of
spectral lines recorded on photograppic plates. Often the

-
noise level is higher than any suggested variations.

For these reasons, high'signal-to-notise, ﬁigh ‘
resolution spectra of severalshélium—strdng stars throughout
their rotation S;riod have been obtained. Using previously
published longitudinal magnetic field measurements, it is
the aim of this thesis to obtain accurate surface abundance
and magnetic field geqmetries for these stars. The variable
*stars discussed are o Ori E gD 37479), HD 37776, and
HD 64740. They were chosen because of their brightness (all
are brighter than V =.7.0), well determined longitudina{
field; ;nd rotation periods, and because all three could be
well-observed on ohe observing run. In addition;
observations of t;; non-variable, helium-strong stars,

6 Orf C, and HD 58260, have been obtained. The magnitudes,
intrinsic U - Vv and u - b colours, and the Geneva ,~
photometric index, f (Cramer'and Maeder 1219), of the
prograﬁ stars are given in Table 1.2, The (U - V)q values

were derived from the observed coleurs (Egret and Jaschek

1981; Hoffleit and Jaschek 1982) using the Q method (e.g.

‘Q.

v
1



Brogram Star Data

(UL=V)o

Table 1.2
Name : Vv
q Or} C 6;85
& Ori E 6.65
-HD 37776 6.98
HD 58260 6.73
HD 64740 64.63

.94
4
19
1.03

.20



Hihalas‘and Binney 1981). Again, the Stromgren photometry is
- from Mermilliod and Hauck (1979), reddening free [; - D]
values were found using the equations in Leéter,'Gray‘ and
Kurucz (1986), and no aliovance has beengmade for possible
variability of the various photometric indices. The Géneva
~a colour inde%, X, has been derived fd} each star (with the
exception of HD 58260) from the photometric data of Rufener
(1981). .
In most cases,.modelling efforts for the Ap stars have .
been restricted to either the magnetic fielérggometry'(e.g.
Preston 1969, 1970; Borra and\tandstreet i977, 1978) or the
abundance distribution geometry (Mégessier 1975; Van
Rensbergen, Hensberge, and Adelman 1984). Only recently
. have consistent models incorporating the effects of both the
magnetic field and aBundance geometry appeared (Landstreet
1988). This approach is important because details about the
magnetic field geometrx or ébundaﬂde_distribution depend, to\¢
a great extent, on each other. Many lines used for |
abundanee determinations are sensitive to maéﬁetié figlds

- . and are split into a multitude of Zeeman components. If the

,

surface magnetic‘fieli is stronger than a few kG then thgs
splitting can desatu{ e a line and increase its equivalent
yidth substantially (Babcock 1949b). A variable surface

*field can en lead to consfperéble spectral variations even

when the ‘element is un&iormly distributed on the surface of

T

the star ((Landstreet 1988). In addition, if the magnetic

field is measured using spectral lines og\bﬂ element that is

3
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not uniformly distrfﬁhteq the field'geométry so derived ;ill
be distorted from tﬁe tfue géonetry-(Deutsch 1958; Pyper
1969). Since the helium-strong stars have fields on average
abdut three times larger than those observed on the magnetic
Ap stars (Borra and Landstreet ﬁ??qz Bohlender et al. 1987)
the above effects can be consid;rable. so the magnetic field
and abundance geometry models should be found ¥
simultaneously. "

The modelling apprqach employed in this study involves
the Lse of a soﬁhisticated~1ing syé#ﬁesis program developed
by J. D. Landstreet (University of Western Ontario) with
éxtensive modifications by the author. The program
calculates at a bréscribed number of points on the visible
surfaEe of a model star the local intensity and polarizatkon
profiles of one or more speétrai"ﬁines. The abundances ot
the.gﬁements in question and the Zeeman splgth;g.tor each
line at each point are determined from the assumed abundance

distributions, magnetic field geometry, and rotational phase

and are explicitly accounted for in the calculation ot the

-

outward transfer of polarized light. These lycal profiles

are then given-a specified Doppler shift, summed over the

~

visible disk, and convelved.with an appropriate instrumental

(4

’

profile.

' It is hoped thatfthe resulfing models of the

: 13
photospheres of these stars will hélp to resolve some of the

problems, both observatioci.al and theoretinél. discussed

- \
8bove. Models of the surface magnetic tield geometry will

Y

! .

A
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. provide constraints for future modelling of the
- magnetospheres. of this representative group of helium—strong

stars. . Both the surfate field and abundance geometries,

pu—— -

should yield important boundary conditions for the
magnetically controlled winds of these stars. This®
information should ;ﬁ¥n motivate future theoretical work .
iﬁvolvfng consistent tr:atdent of diffusion in the presente
of magnetic fields and stellar winds. Finally, estimates of
the magses of the ‘above stars should shed some light on the
important problems relating to the evolutionary(stat§} of
the helium-strong stars discussed above. o .
The remainder of this wopk will be presented in the
~following fashion. Chapter 2 will describe the spectral and
magnetic observations.-and the methods of reducing these data
to‘a form suitable for the desirged modelling. A detailed

\
discussion of the line synthesis program outlined briefly

above will>be given in Chapter 3. In Chapters & through 7
the resulting models'for each program stif will be presented
along with a summary of previous observations. Th? two non-
variabl; stars, 6 Ori C and HD 58260 will be presented
together, while separate chap%ers will be devoted io HD.
64740, o Ori E, and HD 37776. A discussion of the results .,

and suggestions for future work will be contained in the

& final chapter.
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Vo CHAPTER 2 OBSERVATIONS s

~ 2.1 Spectroscopy _ A ‘ a
Spectra for this project were obtained at the
.

Canada—ﬁrance—Hawaii 3.6 m telescope (CFHT) during a six
night observing run in 1986-January. The first night of Jhe
run was unusable bécause of ﬁigh humidity and the fiﬁal
one-half hdut of tﬁe last nigﬁt was {ost due to high winds.
Four of the five usable nights were bﬁ photometric quality,
with seeing better than one arc second. The' /7.4 camera
was used with»thé 600 lines per millimeter, (lpmm) gratdné'1n

first order and the 1872 diode Reticon detector (Campbell et -

al. 1981). The 600 lpmm grating was chosen in preference to

— .

the 830 lp&;‘gratiak.in second ordet-mainly faor the greater.
. wavelength cdverage itagives. but using,it also permitred'
-considerably ghoft;r exposures }or the desired .

b M .
signpl-to—nois? level (approximatély'SOO) than would be
required with the 830 lpmm grating. 'yséd in ‘tirst order,

the 600 lpmm grating gives a dispersion 6.7 A mm-1 (0.101 A

‘bixel-{), and therefore a spectrum ipout,§80 A long with 0.1

. . : »

A resolution. Two spectral windows were observed tor each
. P .

of our program stars and several compar{sén standards. The

region 224400-4580 was observed\because if contains- the

Zeeman sensitive second multiplet of Si III.(xx4552. 4567,
and 4574) as well as a strong and a weak helium line (He I

AX4470 and bh[ﬁﬁ.' Also observed was a region centered on

H6, extending from 3980 to 4160 A. This window also

[

198 ‘

/.



' absorﬂtion) theh modeldidé of this

A

oo

contai"a Si II multiplet that (combined with the Si III

lines) might be used:as a temperature indicator, a N II line

20

{23995y, ;HH several éoré:heiinm lines including{éﬁ% pair H%i\;

I AA#009 and 4026. An additional motivation for observing

{ ;
this spectral region was that C. T. Balton—and A. W. o
s N s

Fullerton (University of Toronto) had-previougly observed

many of these. same stars'in\L§84 December near Ha using the

:same instrumentation but 'with the 830 slpmm grating, giving ?

Ay 1

- .‘J
wavelength coverage of 130 A and 0.144 A resolution. IR\S’

related project, they are attembting‘;o model the wind

/

regions of ‘the helium-stron§ stars, and observations of HS

are useful in estimating the actual strength of the emission

af Ha. If it ts assumed that HS is free Bf emission (and,

[
.
£

at appropriate phases, the prewvicusly méntiongd»sperf‘4'
o 'c' » i .‘~" ‘ : . .
line’will permit the

-

-remoyal of the photospheric absorption component of the Ha
-line.‘lzaving only t@f cf?éum&tellar emission. Bolton,and

. : . N, . :
Fullerton have pooled their data with that of .the author. A

a

LA jburgal of obserwvations is‘givén-in;Tab!e 2.1.

Included is the star opserved, the Juljan date of the

‘ - . / ~ “« N . -
midpoint of each exposure, the -exposure duration in minutes,
- N ] LA bt N

the.-wavelength window observed, thé‘observers; and the

]
a

phases determined from anﬂepﬁéﬁeris,gpproprihte“for each - -

star, which is Qiscusséd in the following chapters. As can

be seen from the table, phase coverage of ¢ Ori E angd

-

HD 37776 is excellent, while it “is only fair for-HD 64740.

This is a reéult of the period of the latter star beiné very
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*Star

‘5 Ori C

o Ori E

’-—\‘
HD 37778’ 39.9073

Table 2.1

Julian Date

Journal of CFHT.Observations

Duratien

Wavelength

(2446000 +) (sec) Ragge;iAl\
452.781 1731 4395-4585
453.786 1780 3985-4175
455.002 3600 4395-4585
39.850 4200 6500-6630
39,996 2994 6500-6630
40.119 3729 6500-6630
41 .849 1544 6500-6630
41.925 1584 6500-6630
41.990 1512 6500-6630
42.0136 1526 , 6500-6630
42.076 1324 ~ 6500~6630
42.158 1088 ~ 6500-6630
42.935 3000 6500-6630
42.997 ° 3399 |, 6500-6630
44 .859 2037 6500-6630
44.911 1819 6500-6630
44.960 1881 6500-6630
65.010 ' 2038 6500-6630
45.058 1432 6500-6630
45.128 2424 6500-6630
450.775 1656 3985-4175
450.874 153 4395-4585
450.986 247 3985-4175
451.722 - 1000 -4395-4585
451.792 1310 g 3985-4175
451.854 2510 3985-4175
451.928 1499 3985-4175
451.981 1290 -4395-4585
452.760 1540 4395-4585
452.845 2300 3985-4175
452.930 1870 3985-4175
453.008 2730 4395-4585
453.736 1942 3985-4175
453.807 1540 3985-64175
453.853 1771 4395-458%5
45MN911 1510 3985-64175
454.726 2628 3985-4175
454 .817 3170 4395-4585
4564.8673 1509 3985-4175
4584  6500-66730
40.057 5264 6500-6630
41 .886 2164 6500-66730
42.056 1674 6500=-66730)
«2.134 1937 6500-6630
42.807 2997 6500-6630
) 42.852 1009 6500-66730

G
P

Obs .+

DAB,/JDL
DAB/JDL
DAB/JDL
CTB/AWF
CTB/AWF
CTB/AWF
CTB/AWF
CTB/AWF
CTB/AWF
CTB/AWF
CTB/AWF
CTB/AWF
CTB/AWF
CTB/AWF
CTB/AWF
CTB/AWF
CTB/AWF
CTB/AWF
CTB/AWF
CTB/AWF
DAB/JDL
DAB/JDL
DAB/JDL
DAB/.JDL
DAB/JDL

. .DAB/JDL

DAB/JDL
DAB/.JDL
DAB/JDL
DAB/JDL
DAB/JDL
DAB/JDL
DAB/.JDL
DAB/JDL
DAB/JDL

+ DAB/JDL

DAB/.IDL.
DAB/.JDL
DAB/.IDL
CTB/AWF
CTB/AWF
CTB/AWF
CTB/AWF
CTB/AWF
CTB/AWF
CTB/AWF

cont tnued, |

Phase

.498
.621
.724
177
241

. 295
.334
.367
.436
.089
.14l
.705
.748
.789
.831
.872
.9130
..578-
.662
2,758
.374
L2

. 485
.547.
.591
268
L3170 -
.388
454,
.065
.125
1673
L2172
.HY6
971
L0
LHT2
L9972
160
271
L322
.7%9
.78
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Table 2.1 (continued)
N Star Julian Date Duration Wavelength Obs. Phase
(2446000 +) (sec) Range (A) )
HD 37776 42.899 3000 6500-6630 CTB/AWF .819
43.038 4117 6500-6630 CTB/AWF . 909
44,798 2684 6500-6630 CTB/AWF .053
44.884 2230 6500-6630 CTB/AWF . 109
45.076 2495 6500-6630 CTB/AWF . 234
450.801 2594 3985-4175 DAB/JDL .916
450.849 ) 2207 4395-4585 | DAB/JDL .947
450.942 2541 3985-4175 DAB/JDL =~ .007
+451.023 2700 4395-4585 DAB/JDL .060
451.T44 1870 4395-4585 DAB/JDL .529
451.772 1921 3985-4175 DAB/JDL .547
451.825 e 1471 4395--4585 DAB/JDL .581
451.900 3100 3985-4175 DAB/JDL . 630
451.953 1520 4395-4585 DAB/JDL .664
452.012 2671 3985-4175 DAB/JDL .703
452.708 2460 3985-4175 DAB/JDL . 155
- ° 452.739 1805 4395-4585 DAB/JDL .175
452.817 26421 3985-4175 . DAB/JDL .226
452.899 2580 4395-4585 DAB/JDL .279
452.977 2410 4395-4585"  DAB,/JDL .330
453.707 2039 4395-4585 DAB/.JDL .804
'453.762 2241 .'3985-4175 DAB/JDL .840
453.877 2150 4395-4585 DAB/JDL .915
453.933 1990 3985-4175 DAB/JDL .951
N~ " 453.959 1421 4395-4585 DAB/JDL .968
. 453.979 1779 4395-4585 DAB/JDL .987
454,008 2949 4395-4585 DAB/JDL .000
’ +454.770 3600 3985-4175 DAB/JDL . 495
HD 58260 454.910 3609 3985-4175 DAB/JDL )
_ 454,958 3600 4395-4585 DAB/JDL N
HD 64740 40,035 1499 6500~6630 CTB/AWF .607
: 42.09¢4 633 6500-6630 CTB/AWF .154
450.887 );451 4395-4585 DAB/JDL .458
. 450.921 , 666 3985-4175 DAB/JDL =~ .483
451.876 700 3985-4175 DAB/JDL . 201
. 45! .968 497 4395-4585 DAB/JDL .270
452.864 623 3985-4175 WA3/JDL .943
452.878 570 4395-4585 DAB/JDL .954
y - 453.823 319 3985-4175 BAB/JDL .664
: 453.894 380 4395-4585 DAB/JDLﬂ .718
+CTB/AWF = C. T. Bolton a A, W. Fullerton
DAB/JDL = D. A. Bohlende:qhqq J. D. Landstreet

-
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close t6 4/3 of a day, so that the obseived phases of the
star rebeat almost exacfly during the short observing window
every four days. ‘

The observations obtained in 1986 January'cere reduced

!

by the author uging a modified version of a reduction
- \ - -
package developed for CFHT Reticon spectra by Dr. P. K.

Barker (Univérsity of Western Ontario). Each spectrum
consists of the raw stellar exposure (or comparison lamp or
flat field) ;pd eight onle-second baseline exposures. The
first step in the reduction is the subtraction of the
averaged baselines from the raw sﬁectrum. Mext, the
baseline-subtracted sgﬁslar'spectrum is divided by a

. N .
flat-field lamp spectrum to correct for the small

pixel-to-pixel variations in sensitivity and amplitude gain.

The lamp consists of a 500 W quartz-iodide lamp that is

14

mounted before the last folding mirror of the coude mirror

° -
train. An adjustable pupil in the beam produces a flat-
field input beam similar to that produced by a star. Four

flat field expésures of ten second duration were recorded at

L

the end of each set of observations made at one grating
setting. This gives a signal-to-noise value for each flat-
tield exposure comparable to that of the stellar exposures
themsel&es. The flat-fieid exp;sures are then haseline 1

corrected and averaged before dividing the-stellar exposutes‘

—— b L

by the avérageg flat-field. 7 e pa
. ‘\\-‘ " ,/"" ’
The next step is a determination of the wavelength ’ -
scale of the spectra. An iron-argon ﬁnmpnri\nh lamp wasn

N
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observed at the beginning and end of each set of exposures

at a given grating setting. The usual exposure time was ten -

Pl

seconds. The wavelength-pixel relation is then determined

by fitting a third order polynomiaﬂ'go the measured pixel
) .

numﬁgrs of several well-exposed lines of the comparison lamp

- ‘ . a
spectrum covering the entire wavelength range. -The
P

polynomial fit is then used to calculate the wavelength

d
corresponding to each pixel in. the ‘observed spectrum. A

correction is-then-applied to this wavelength scale to
convert it}to a ﬁeliocentric_frame of reference. The
wavelength scaleés dérived from comparisons taken at the
start and end of each set of exposures at a pa;pﬁcular
grating setéﬁng differ_ typically by only 0.02 A, and at

most, 0.1 A in the blue wavelength region on a few

occasions. This 1nd1cates that any flexure of the

'spectrograph is minimal during each three or fouﬁ'hour

period.

The final step in the data reduction is the continuum
fitting. Normally, this procedure consists of Qpeci;ying a
number of 1.A sections Pf the stellar sﬁectrum that are free
of lines and distributed at approximately equal intervals
(usually 10 A in this work), The intensities in these
wavelength regions fre ayqfaged and a polynomial of a
specified order is fieted‘to‘these averige continuum points.
The steliar spectrum is then diviqu by the continuum curve

derived from the polynomial fit to ‘produce a flattened

spectrum, normalized to a continuum level of 1.0.



.J .
This continuum fitting ;as4originally though£ to be a
rathe; straightforward -procedure for these hot stars, since
the totai number of lines prgsent is small, and this indeed
was the case for the A\4400-4580 spectral region. Here, a
sixth—-order polynomial fit to continuum points spread
throughout the spectrum produces a sufficiently flat
spectrum. This wés not the casés for the spectrél window
centered on H&. In addition to a gradual continuum slope
from blue to red, the‘continga of spectra taken in this
region shdw-significant additional curvature in several
localizeq regions. The overall continuum slope is caused by
the fact that the flat field lamp is considerably cooler
than the stars observed, hencg the divided stellar spectrum
_i? more intense at.the blue end. The localized dips in the
continuum are not as easy to explain, but are probably
caused by defects in the interference coatings of the coude
mirrors. One future solution to this problem would be to
use the illuminijed insid; of the telescope dome a; the flat

field source so that the lig from botlk star and flat field

exposures follows the same 1ig\t path t6 the detector.

Another method, the one used here, is to change the o
continuum fitting routine. After much  experimenting, the
usual polynomial fit to the continuum was discarded. With a

manageablea number of continuum points tenth-order:fits were
able to smooth the problem areas i?/fﬁg continuum but only
. -

at the expense of other regions that were formerly

well-behaved. An attempt was als@‘made to tit the continuum




»

by splitting the spebtrhm'into‘several shorter wavelength
regions and fitting each separately. This was not very
successful. Instead, it was found that almost anf continuum
can be fit very well by using cubic spline interpolation
(Burden, Faires, and Reynolds 1981) to fit the continuum.
In this method, piecewise smooth cubic splines are fitted
between the averaged continuug points. The stellar spectrum
is then é;vided by *the continuum so that thg sﬁéctrum is
normalized to a continuum levei of 1.0. An example of a
completeLy reduced spectru& is given in Figure 2.1. The
continuum is very flat. Note that the final reduced spectra
.
have not been smoothed in any way.

The CFHT data obtained in 1984 December were reduced by

Bolton and Fullerton. Obviously, the details of their

3

observing routine.and data processing différ somewhat from
the above procedure. The most noteworthy difference is {hat¢
their fina] spectra have been smoothed by filgering out high
frequency noise in 'the frequency domain. N

Timé constraints permitted repeated observation of only
one of th; chosen standard stars in.the glue’spectra} f;nge.)
and none in the red region. However, dné-heltum-strong star
with lowesv sin 1 and constant magnetic f;eld. 6 Ori C, was
observed twice at the red Qavelength setting. Since this
star is presumably a slow rotator with a period much greater
than 6 days, or viewed pole-on, large spectral variations .
are not expected. The two spectra of 6§ Ori C in the red

-

region are iﬁdist!nguishable at the noise level .of the

[
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telescope of Palomar Observatory; and the University of

observations. ﬁowever,.in the blue region the H6 profiles
display a cifference in depth of a few percent. The reason
for this is not known. A ﬁossible contributing factq: could
be a shift in the wavéiength calibration, although these ¢
have already been shown to bé small. ngrall, it is

believed that the coude spectrograph instrufientation and the

data reduction techniques are reasonably “well-behaved and

give reproducible spectra. P

2.? Magnetic Field Observations

The magnetic field observations for the programostars
have been previously published (Landstree€ and Borra 1778;
Borra and.lLandstreet 1979; Thompson'and La;dstreet 1685;

Bohlender et al. 1987). However, for completeness, a short

-d¥scusston of the available data will be presented here.

The magnetic data were obtained at three sites: the du
- @:‘A . ' .
Pontaz.s m telescope of Las Campanas Observatory, the 1.5 m

T
Western Ontarip 1.2-wtetescope. In all instances the
instrument used was the U.W.O. photoelectric Reckels cell
polarimeter, or tﬁe virtually identical dinstrument of Laval

University. The instrument and observing techniques are

_discuésed in detail elsewhere (e.g. Landstreet 1980, 1982;

Borra and Landstreqgt 1977). Briefly, the circutlar 7

polarization in the line wings of HB or He I 15876, caused

by the longitudinal Zeeman effect, is measured by using

-'
tilt-tuned interference filters set on the shért and long -

(-4



‘q'

. . ’>?
wavelength wings of the relevant line. The filters uysed

have HPBW's of 5 A and 2.8 A for HB and He 1 25876,

i

respectively. The polarization is measured several times

2

Qusually six to eight observations of about fifteen minutes
duration each), altérnating between the short and long
wavelength wings. This eliminates most possible effects of

instrumental polarizatien.
o

Thezcombined polarization measurements for a single

star are converted to a longitudinal magnetic tield, B

—

using the relatien (Bray and Loughhead 1961an\dé[traet

’

\

'1982) . ~

o,

(Ve - WI)/2 = 4;.67 X 10-13zBy X2{dI(N)/dXN} &I (V) (2.1)

where % and Vy represent the fractional circular

polarization in the long and short waéflength wings
respectively, 2z is -the Lgnde factor of the line (Babcocg
1962); X is Qﬁe.:avelengtm and I(\) is the protile obser;e
The line profile is obtained by using the polarimeter as a
two-channel photoelectric scanner. One filter is set on the
stellar.cohtinuum near the Jine while the other is tilt-

tuned to various wavelengths over a total range ot about

40A. Then the procedure is repeated with the roles ot the

"filters reversed. The ratio ot photon counts in the two

channels as a function of wavelength yields dire(gly the

line profile.

For HB, which has a’central depth ot about 0.7 ot the
) - \

continuum through the 5 A filters,. it is accurate enough to

: :
draw a freehand curve™ hrough the observed points and

[
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o

measure_the\VEiue of dI/dX\ from the drawing. For the He 1
xq876 line, which has a central depth of about 0.9 ;f the -,
continuum fo£ helium strong stars, the scatter in the
observed piints makes such a procedure less accurate.
tnstead, the profile is rectified using contiftuum points on
both sides of the line, the rectified profile is fitted with___ _
a gaussian (this is actually usually gquite a good . '
approximatdion, expecially in the line core), and then I and
dI/dXx are evaluated numerically at the points in the profjle
where observat}ons were made.,

Errors op for the‘magnetic‘measurements are computed
from photon counting statistics and are typically on the
order of 300 G. An additional source of error pot included
in o5 is a possible overall scale of 10 or 20% in By values
due to inaccuracy in I(X) or in equation (2.1).

@ The HP magnetic observatioms have been supplemented
with observations using the He I A5876 line in aq-ﬁftempt to
map the 7urfaée diséfibution of helium by comparing magngtic
curves obtained with (assumed) uniformly distributed.
hydrogen with the curves determined f}om A\587¢. It has long
been known (Deutsch 1?58, Pyper 1969) that magnetic field
curves ar; affected, not gnly by éhe effective longitudinal
field but also by nonuniform distribution of theg element
used to.measure the field. In principle;, measurements of By

4
using'lines‘of various elements can provide important

constraints for abundance distribution geometries of
- .

variable elements (Michaud, Mégeésier, and Charland 1981).

.
P .



However, as will be seen later, in the case of the helium-

strong stars, the magnetic observations obtained from HB and

He I A5876 yield nearly identical values. This suggests
that although helium is certainly unevenly distributed An
the surfaces of these stars, the contrast in line strength
between re%ions of high and row abundance-is small.

As has already been noted, many of the helium-strong

3

stars show magnetic field variations with the same period as

the photometric or spectrum variations. In most cases it is

possible to fit the magnetic observations with the equation

LY »
By = By + By sin 2n(¢é - &) (2.2)

where the phase, ¢, is determined from the period and an

.
A)

appropriate reference ti7e for each star. ‘The reduced chi-

squared deviation of the fit of the data to the best curve
L , \

is usually less thgn two (e.g. Bohlender et al. 1987).

Table {.2 contains a summary of the photo;lectnic.
‘magnetic field observations of the helium-strong stars'
" considered in this thesis. Included for each star fs.the'
period (Thowmpsan and Landst}eet 1985; Bohlender et al.
1687), the observed magnetic field é}i}ema. and :Lu
parameters of the field curve fit defined in equation k2.2).
As can be seen from the table, each of the program stars has
a significant ﬁagnetic field, with maximum field strength
magnitudes ranging from“900 G for HD 64740 to 3400 G for &
Ori C. The interesting maggetic field variation of HD 317776

(Thompson and Landstreet 198%) can not be modeltled

satisfactorily by a curve ot €he torm ot equation (2.2).

\
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Table 2.2 Summary of Magnetic Field Measurements
Star Period * op _(d) B. extrema (G) B By _(G) &
6 0ri C < -3400, constant ‘
o Ori E 1.19081%.00001 +2810 to -1490 660 2150 0.474
N HD 37776 1.538692.00007 42540 to -2180
” HD 58260 . +2300, constant
- HD 64740 1.33026+.00006 +490 to -890 -200 690 .0.250
L}
1 4
J




The magnetic field of this star will be discussed
v .
detail in chapter Z~i
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Chapter 3 The Line Synthesis Progra=m

3.1 Overview ‘ o . : te .~

This thesis is based on work carr1ed-out using modlgaed

versions of a line synth€sis program deveioped by J D. -

lLandstreet (1988). ‘A short summary of the program, here

™\ .
referred to by the name ZEEMAN, will be given first, ,

! followed by detailed descriptions of the various input

parameters, and subroutines that make up the program 'The
code is written in Fortran 77, and most calqulat1oﬁs were .
> o~ ﬁerfofméd ‘on the University of Western Ontar:;:s Control
Data Corporation Cybér ?35 computer. Spme use has aiso been

made of the new UWO ETA10-P supercomputer, as well as the

CRAY supercomputer at the Ontario Center -for - )

- Large-Scale Computation. -—

polarization profiles of~spéctr51 lines for an assumed model

atmosphere, magnetic éeometry. and surface.abundance
distribution, in a spectréﬁ regxon defined by the user. The

‘rogram first reads in various. data needed to perform the

* Briefly, ZEEMAN calculates the:intégrated intensgity ard

>

above calculations. These include agomic masses, iqnizatidh\-

e i)
. oo

potentiaﬁs: an@”iroun@gﬁfffu\@ultiplicities, as well as

’ 4

expansion coefficients for the calculation of partition ..

functions at tepperatures appropr{gte for.the program stars.
Previously published stellar atmospheYres (Klinglesmith 1971;

Kurucz 1979) give the required run of temperature, density,

!
!
A

i’.. - 34 ~-r



and electron number density with depth in the atmosph&relm.
o
needed to perform the line prdfile modelling. A spectral

window of from 2 to 50 A is defined by giving a reference
h a

wavelength and the number of wavelengt? points to calculate.
K;Bmic data for the lines to be modelléd in this region are
regd in by the program. Finally, information concerning the

~- surface abundance and magnetic field geometries is given. N

~

T~ ) These data speéify the inclin@fﬁoh of the star’'s rotation

axis, thg obliquity of the magnetic ai@s. the polar field
- i —

(N

strégths of the multipoles representing the magnetic field,
o
{
the locatidm.- and local abundances of any abundance patches
for the elements to be modelled, and the rotqtidhal‘phasés

. ) at which model profiles are to be calculated.

The subroutine COMPON is next cdlled by the main

e

program to calculate the relative sbfittihg and_strengths of

the lines being modelled using the LS cqﬁpling approximation

Wnd!the input liné‘data. The subrouting LTELC then

r~

determines the line-té-continuum aopacity ratios, and line
damping constants at ~ach depth in the model atmosphere, for
, .

i~gach line being modelftad in the specitfied waveléngth window.

w o

. \’ -
s . The remainder of ZEEMAN act® as an integrationm routine.
N \\Ji ‘\ .

\,./,

The visible hemisphere of the star ié(dgvided into 60 areas

é@japproximately equal area. For eaph area, a<gﬁll to the
re ~ z
routine MEGFLP uses the magnetié"géé;;try data to calculate
. ghe‘local val;; of {f& surface magnetic tieldf? The local
) - - abundance is found u;ing the pubroutine ;BZSP;-'hich. given

(ﬁ. ( &he specified abundance geomet;&. d;termines whether the

\\/-
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current sarface element is located within an abundance patch
or has the default abundance given for the element in

v

question. This subroutine qlso uses the local value of the
magnetic f£ield to determine the wavelength positions of the
various Zeeman components of each line re}ative,to the‘
referenct wavelength. Thé bulk of the compu¥ational work is
then performed by the subroutine LINPRO, which calculates
the-intensity and polarization profiles of each line in the
spectral 'region being modelfed, alfowing for the local value
of the surface abundance of ;he elemeﬁts under investigagion
and the splitting of the spectral lines c9used by the
surfacé magnetic field. The local profiles‘%re then summed

over the entire hemisphere of the star after giving. each

area the required rotati?dal Doppler shift. The final

-profile is then broadened with an :approximat¥e instrumental

profile.
Details of the réquired input data and the individual

components of_ZEEMAN are given in the next five sections of

this chapter.

P o Celis e

j - |

3.2. Input Data

. Required atomic data for the first.72-elements irt thé

period{c table are stored in a file and read by the program -
ZEEMAN. These include the afomfc number and, mass, ; def?ult
abunda;;e for each element, the icnization - potentials_.of the
first four ionization states of each element, and tﬁéf;r03nq;
K .,

state multiplicities of the first five ioni;a‘ion stsfes.

- 2
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Partition functions ‘needed in aétermining the
~

\Egpulat?ons of each ionization staterof an element at e9ch
depth in the 1:mosphere are calculated using the polynomial
-
fit by Bolton (1970, 1971). In this approximation, the

temperature dependence of the partition function, u, is
iy .

given by a polynomial of the form

< - In(u - g) = Z a(ln &)1 (3.4)

A A

where g, is the ground state multiplicity, € = 5040/T, ana T
is the temperature. For the helium-strong stars most of ﬁhq
dominant ’'metal’ lines are produced by ions of-Si III. N II,

O II, Mg II, and C Il at temperatures exceediné }6000 K. for

-

(e
which appropriate polynomial approximatsons could not be

‘found in_the literatyre, The ‘author has therefore made
B o . ~ . ..
ropgb estimetes of the relevant partitién functions by using
- ’ .

eﬁuat;on (3.1) and approximately 20 of the lowest energy
levelg of each ioﬁ. This gives an adequate estimate of u
since the sDaCEng of the lower energy levels for thege
species is quite large. The derived ﬁolynogidl coefticients

are’ given in table 3.1. A second data file containimg a

tabulation of the various a; 's, needed for the calcmlation

_gf the partition functions, 1is gpen reaq in by thg main
p;ogram. - ]

_Neﬁt. the numbeﬂ of lines for which protilfs are tolbe
synthesized }S’Spgcified. aé)Well as a reference waveléngth

for the spectral window to be modelled. For each line to be

~
-

model led, the atomic number, ioniza*%on level, wavelength,
* : -

quantum numbers S, L, and g4 for_thg-lower and upper levels

. B
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Table 3.1

Ion

[ o

Derived Coefficients of the Polynomial

Approximations

of Partition Functions

Ko o al az a3 as
N II 1.0 2.05643 -0.07780 (0.06081 0.00848 0.00894
0 1II 4.0 -5.37764 -7.79586 -3.60092 -0.90796 -0.06237
Mg II 2.0’ -8.42278 -10.21219 —5.0831% ~1.63097 -0.21961
Si III 1.0 -12.96870 :15.26566 -7.41686 -1.98781 -0.21203

38
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of the transition, oscillator strength gf, and the

~

excitation energy of the léwer level must be read in by . ,

. ZEEMAN. The wavélengths and quantum numb;rs are from Moore
(1945), while the excitation energies are from Moore (1949)
and Wiese, Smith, and Glennon (1966). Oscillator strengths
and their sources for the most importamt lines examined in
this work are given in taﬁle 3.2. °

In this version of ZEEMAN the wavelength window to be -
modelled is speqified by three parameters: the reference
wavelength given above, the number of wavelength points to
be modelled, and the resc{ution of the model profile. The
adjdstable re%olution was added by the author to permit more
ecoanical modelling of the Stark-broadened HS and He 1
Au47]1 profiles. Bécause of the large range of v sin i tor
tﬁe program stars (from about 10 km s-1! to > 100 km s-1) the
wave length region modelled ranges from 2 A to 6 A t oW

isolated meta lines, 20 A for He. I 24471, and 50 A tor HS.

For metals and He I %4437, the lifie protile is modelled at
0.01 A intervals.,while a resolution of 0.1 A is empleyed
for the hydrogen and helium 24471 lines. Using the finer
wavelengtﬁ spacing for the latter lines would have been
prohibitivély expensive in terms of CPU time. The above
wavelength spacings provide ngficent‘resolution of each
e{ement's!intrinsic profile at temperatures appropriate for
the stars examined in :his work (18000 K - 25000 K). excebt
perhaps in the cores ot H6 apd He I 24471 where non-LTE

effec{s are likely to be important~-anyway.




*"WSM =

Wiese,

Table 3.2 Oscillatér Strengths
‘Multiplet X log gf , Refef;;ce'
H6 ' T |

4101.737 -0.7527 WSG
He T . \‘
4437.550 -2.034 WSG,
4471.477  0.052 _WSG *
N II : l}\ :
15 3994.996 0.28 wSG
0 II o )
55 4414.909 | 0.305 WSG
4416.975 (}0.044 wscy
Si III ‘ .
2 4567.872 =-0.07 WM
2' 4574.777 -0.41 N wM
Smith, and Glennon (1966)

WM\- Wiese, and Martin (1980)
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The reference rgvelength for the spectral window to be
model led- represents either the blue end of the region to

model or the center of the line. Blending is’nof\as serious

a probl'em for these earlqu stars as it is for the cooler Ap
stars’, seain cases where an individual, symmetric line is
being modelled; the author has modified ZEEMAN so that only
one half of Qﬁg\iSCdl profile at each surface element ot the
star is synthesized. In this case the r&{erence wave length
is the center of the line, and the computation time 1s
reduced'by a factor of aimost two. The rest ot the protile

is obtained by a suitable reflection argund the ({j?cr ot
. J

the line: i.e. the Stokes parameters, I, Q, and U, are

»

R -
symme:{ic around the line center, while V 1s antisvmmetric.

e

,“\<D Agpodel atmosphere gives the run ot temperature, mass-

\

gdenéipy% and electron ;gmber densi1ty as a tunction ot the
standard optiegl depth, 715000, for a specitred numher ot
depths, usually 30, Thé continuum opacity at the rpterence
wave{eng;h and the ﬁlanék fuhcfion are then nqlculntnd at

‘each level in the atmosphere. L\«mdsfrm?t“'s nrigi‘rpni‘ t_'()«io"'

[ ]
<« Iincluded only electron scattering, bound-tree and trec-tree

absorption from neutral hydrogen.-nnd negative hvangnn 10NN

a5 continuum opacity sources, Because ot the higher
¢ , ™
temperatures of the helium-strong stars the continuum
/ - s
S

opatities of neutrail,. singly and doubly tontzed helium have
S? * been added by the author.

Kurucz's (1979) solar abundance model atmospheres have

been employed in this work. A simple linear interpolation,

Fai
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first in temperature, and then in log g has been used to
generate afhosphéres on a finer grid suitable for estimating.
the effective temp;;atures and surface gravitie; of tge R
program stars. Of course, the anomalous helium abundance of
the helium-strong stars makes the use of Kurucz's solar
abundance atmosphéres somewhat inaccurate. Some use has
therefore been made of the helium-rich (b9t<hnblangeted)
atmospheres of Klinglesmith (1971) in determining the
effects of these inconsisgencies in helium abundances in the
model atmospheres and in the assumed surface abundances of
the helium-strong stars considered in this investiga{;bn.
The essential difficulty is that Kurucz's (19795 mode l
atmospheres “have ey = 0.90 (e; = Nj/[§ Nj] where N; is the
number density of the element,j). but helium line profiles
in the heligm—strong stars must be modelled using differéﬁt
and non-uniform abundances. To'give an idea of the
magnitude of the error regélting from this problem the
following test haé'bgen perfbrmed. Using Klinglesmith's
(1971) grid of kog g = 4.0, Tere = 20000 K atmospheres for
four different mass fractions (0.9836, 0.8570, 0.3333, and
0.0) of helium, profiles for HS, He I 24437, and He I \4471
have been calculated. Then. for these four helium
abundanceg, the same lines have been synthesised using
Kurucz’'s Ter¢ = 20000’K atmospheres with log g = 4.0
and log g = 4.5. The resulting equivalent widths are given

<

in table 3.3. The effect on the profiles of He I \4437 ‘are

fairly small. On the other hand, for H& and He I \4471,
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Table 3.3 Computed equivalent widths (A)

helium-line.profiles for various model

Atmosphere: Klinglesmith

Line €He log g = 4.0

H& ; 0.9375 3J.518 2.272
0.5997 6.002 4.500
0.1111 5.968 5.817
0.0000 5.744 ‘.0.025

He X4471 0.9375° 5.628 4.037
0.5997 4.116 '3.444
g.1111 1.753 1.802

He 4437 0.9375 0593 0.400
0.5997 0.409 0. 3739
0.¥111 6.154 C0.162

of hydrogen and

atmospheres.

Kurucz

2.

5.

-

log ¥ = 4.0 log g = 4.5

921

.58

e

. 382

172
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Klinglesmith's Te¢f¢r = 20000 K, log & = 4.0 atmosphere with
ege = 0.60 givg% profiles that h;?e much larger equivalent

-

widths than those calculated using Kurucz's atmosphere with
the ;ame log & aﬁd Tett, and the same helium ab;:hance in
the line. This effect 'is easily explained by the
differences in opacities between the two grids of
atmospheres. Helium-rich atmospheres have a substantially
reduced continuous opacity, which results in line profiles
be%ng formed deeper in the atmosphere and therefore at
higher pressures than in normal atmospheres. Comparison of
the’two grids of atmospheres shows that T(r1) 1is virtually-
unchanged. Norris (1971) has discussed thi; problem in the
context of the helium-weak stars. In that gase, the use of
normal atmospheres, results in an underestimate of the
surface gravity. Here, an examination of table 3.3 suggests
that the surface gravity is overestimated by roughly 0.5
dex, if the actual helium abundance is approximately ege =
0.50 gnd uniformly distributed. Hunger (1975) has also
discussed these modelling difficulties in some detail.

Mogt prev1ous detailed analyses of helxum-strong stars

have 1ncorporated helium-rich atmosphere models (Hunger and

-

. Kaufmann 1973; Wolf 1973; Higglnbotham and Lee 1974.

Ksufmann.'Schbnberner. and Rahe 1974; Osmer and Peterson
1974; Kaufmann and Hunger 1975; Lee and O’Brien 1977; Groote
and Hunger 1982), -but only Grooie and Hunger (1982) modelled
variations in helium line strengths (for o Ori E). They

modelled the line variations.by fitting a uniform helium
Al .

-4
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contént over the entire visible surface of the star to the
observed line strengths at each phase and found that the
derived ecge varied from 0.38 to 0.75.

It would be preferable to Eodel line profiles of the
helium-strong stars by incorporating ag;Bspheric models with

helium abundances consistent with the local abundances of

each area element on the stellar disk. However, since
~
generating a sufficiently fine grid of such atmospheres was

not possible at t¥®s time, it was decided that Kuruczis
atmospheres would be used exclusively in the analysais ot the
program stars. It is expected that {he most significant *
error that will arise from this inconsistency in the
modelling is an overestimate of the surtace gravity on the
order of a few temths of a dex or less. An allowance will

be made for this error in the surtace gravities determined
for each star. V4

.

a
3.3 Subroutine COMPON

The Zeeman pattern and relative strengths of each line
are calculated using the LS coupling approximation, using LS
quantum numbers from the ﬁevised Multiplet Table (Moore
1945). The resulting intensities and separations of the

vartous o and » Zeeman components for the important Si 111

mu'tiplet 2 lines are shown in figure 3.1, The atfective .

-

Landé g values (gert) for ;heae lines are 1.2% (24%%2), 1+7%-

.

(243567, and.2.0 (24574). The ranges im the garr valuen -andg

in the complexity of the Zeeman patterna of these [ines make
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Figure 3.] Relative Zeeman intensities and splittings of

the Si III multiplet'2 lines. The oc‘'and « components are
given by the solid and broken lines respectively. The) (gm;)
are the multiplicities and magnetic quantum numbers of the -
upper and lower levels of the transition resppnsible for
each Zeeman component. - :
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them the most sensitive indicators of surface magnetic field
. i
strengths in the temperature range of the helium-strong

ctars.: A discussion of the use of these lines in

constraining $he surface'magnetic field geometry is

presented later in thie chapter,. ) .

3.4 Subroutine LTELC .

The subroutine LTELC determines the line—-to-continuum
/ v

opacity ratios Sor each line béing modelled, as welil as the

¢

damping parapeters at edch depth in the model atmosphere.
* " .
Local thermodynamic equilibrium (LTE) has been assumed 1n -

calculating line strengths. At Tetrt = 25000 K this is a
reasdhably.good assumnption for helium and hyvdrogen (Auer and

Mihalas 1973; Measley and .wWolff 1983) efcept in the line
! . <

cores. However, non-LTE effects ar.» important tor Si IIIl, N

IT, and O II (Kamp 1973, 1978; Dufton and Hibbert 1981,

Brown, Dufton and Lennon 1988) in that non-LTE line profiles
result in lower abundances than would be obtained tor LTE
calculations. Estimates of the abundance errors resulting
jrom ignoring non-LTE effects will be %ifcusqed where

A . 1
aopropriate,
q

. The relative nuhber of ions in the tirst five

ionization states are determined by the Saha equation for

-~

each element in.the line list being modelled.//lf dartition
function data (see section 3.2) tor the elegent under

consideration are available, then equation (3.1) in uyned tn

' determine the partition function at each depth in the

-— ' i}
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atmosphere. Otherwise, the ground state mpltip}icities are
used as an approximation of the partifiongfunction. The
line-to-continuum epacity ratio is then calculated at the

«center of each line ftor the default abundance of each

element. . ————

In modelling the line profiles, tne classical radiation

damping constant has beed used. It is assumed that the

magnetic field sUppresses turbulent motions, and so the
microturbulence has been set equal to zero. Collisions with
neutrgal hydr?gen are treated using the Unsdld Qpprokimation
for van der Waals broadening (Aller 1963, art. 7-5) or the
results of Deridder and van Rensbergen (19%6), depending on’
which theor& gives the larger damping constant. For metals,
the quadratic Stark effect“is calculated using the
approximations of Cowleyg(1971).

As.alrégiy noted, Landstreeé’s original code has been
modified to permit modelling of ﬁydrogen and helium 1ine
profiles. Stark broadening-of Hé is calculated using the
unified theory of Vidal, Cooper, and Smith (1973). _At each
depth in the atmosphere éheir tabulated Doppler broadened ‘
Stark profiles are used to interpolate the local profile.
using a cubic-spline interpolatioﬁ scheme. H6 is treated as
a Qingle line. The resulting profiles have been compared
with those tabulated by Kurucz (1979). The line éhapes and
equivalent widths for various log g and T,¢¢r agree within a

factor of a few percent, being somewhat deeper for the

present modgis. This can be understood in terms of




\’\ ) ‘. - ‘ 9
. .

differvences in the continuum‘opacities used for the two -
calculated pr9files. Kurucz's (1§iégﬁmodel;d{mospheres
include line blanketing effects of metals, but this
additiongl continuum opacity source has been ignored in this.
wbrk, wiéh the gesult that the reduced continuum opacity
leads to somewhat stronger line profiles.

~The quadratTE Stark effect for the isolated helium line
A4437 has been modelled fusing the €imple theory of Griem et
al. (1962). This line can be approximated by shifted
dispersion profiles for eleckron densities < 10+t8 cm-3
(always *he case in the lyhe formation regions of the
program stars). The impaét half half;widths are then given

h = w(i + 1.36a08/90-1/3)

and the shift, s, in A by
R .

s = dz 2.36w g8/7%¢0-1/2

(e.g. Leckrone 1971), where the parameters o, a, d, and w

-

J
are tabulated by Griem et al. (1962). The diffuse line
A\447]1 is treated using the broadening theory of Barnard, s
Cooper, and Smith (1974). Theéir grid ot Stark profiles tor

hydrogen perturbers is interpolated using the same cubic

spline interpolation employed for the H6 profiles. Fine
structure splitting of the 23P level is ignored for electron
densities less then 10!3 cm-3. The synthesized >4471

Y

profiles are in good agreement with theoretical protiles

calculated using the same broadening theory and published by

Mihalas et al. (1974). The 244737 line modelling has been
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tested by fitting this line in the spectra of several
normal, early B stars, ancluding Gamma Peg and v Sco. In
all cases, using normalt helium abundances (sg, = 0.1) and
published temperatures and gravities for the standard stars,
the observed and modelled profiles are virtually
indistinguishabte. Sever;l other helium lines are visible’i
in the spectra of the program sta?s, but have not been
included in this analysis because of b;ending.problems.
3.5 Disk Integration

After reading in the necessary model data the program
proceeds to function as a surface integration routine. The
stellar disk is divided into four concentric rings of equal
projected r?dial width, which are %n turn divided into a
total of 60 }oughly equal projected surface areas. For each
surface area element, the program then calculates the 'local
magnitude and direction of the magnetic field. the local
abundances, the resulting intensities and wavelength
positions of the Zepmap patterns of all lines being .L

investigated in thed specified wavelength window, and the

local emergent Sto(?s parameters as a function of

wavelength. These individel processes are described below.
Once the above calculations have been performed for

each sampled disk point, the program sums all the local

components of the Stokes parameter;, each weighted according—

to the fractional area of the total disk which it samples,

after giving ‘each component the appropriate Doppler shift



determined from a specified value of v sin iI. The entire

disk integration is then repeated for a number of rotational

phases.

3.5.! Subroutine MAGFLD

The maénetic field geomet;y employed in this nyrk is
assumed to be axially symmetric, and ;an inciude a
combination of colinear dipole, linear or two-dimensional
quadrupole, and linear octupole fieids, or can consist of a
dipole decentered along its axis. A.unitorm surtace tipld.
can also be incorporated in the model. The magnetic field
is defined by its inclination to the ?otational axi1s, B, the
polar field strengths of its constituent components, and., in
the case of the decentered dipole, the decentering

parameter, a, of the dipole along its axis as a fraction ot

the stellar radius.

X.5.2. Subroutine ABZSP

-4

Unlike the- recent work ot Landstreet (1Y88) tor 53 Cam,

the author has not confined the surtface abund;nce feometries
>f the helium-strong stars to be axiqymmvtrig around the
hagnetic axis. Early work on the helium-line protiles ot
the helium-strong s}drs sugrested that tﬁe obansrved |ine

profile variations could not be adequately modelled by such

3

A geometry. Instead., for mougst of this work, the surtace
abundances of the various elementys are specitfied by an

arbitrary number of circular spots. The poasition and size
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of each spot for each element is sp;cified by the location
of its center relative to the magnetic pole visible at & = 0,
and its radius; that_is,'its magnetic colatitude and
longitude relative to the pole visible pf ¢ = 0. (The
magnetic longituQe is defined tp:be'90° on the arc joining

this magnetic pole and the nearest rotational pcle.) The

geometry is illustrated in figure 3.2. Also required by the

-subroutine are the abundances'in each spot. These data for

the spots of each element arg stored in an array. Then, for
each integration area on e stellar surface, anq for each
element, the subroutine XBZSP searches through tﬁis array in
sequence ahd determines-whéther or not the current area is
within one of the spots. If it is not, or if the element in
question has a gniform surface abundance, the previously
defined default abundance of the element is assumed. Such a
geometry permits individual spots or bands of enhanced or

depleted abundances to be modelled with an appropriate

number of distinct or overlapp{ng spots. For example, an

‘equatqrial band 60 wide and with a factor of ten
T : »~

~*" overabundance of a given element .relative to the rest ofcthe

star can be defined by two spots, each_centered at the same
magnetic pole: the first spot will have a radius of 120° and
An abundance ten times greater than the second spot with
radius 60° and the default abundance of the element. 1In
order to keep the number-og‘free parameters. tc a minimum,
the line p;ofiles of the program stars have been modelLed;

using the smallest number of spots necessary to give an

-
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Figure 3.2 Illustration of ®the abundance and mu;.;ne&v field
geometry used in the program ZEEMAN. . In .this example, the
rotation axis is indicated by the symbol . and the magneti
poie by the symbol *. The angles i and # are the
inclination of the rotation axis and the obliquity ot the
magnetic axis respectively. The maghetic colatitude is .
defined by the angle & and the magnetic longitnde by a.  The
longitude is defined as 90° on the arc between the rotation
.. and magnetic poles visible at ¢ = 0 (indicated) “and is

méasured in the_direction shown. The radius ot the spot as
- ) giveh by . N ‘

-. -

«»
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adequate fit. In most cases two ipundances patches (giv}ng
two spots or one Eand) are §uffic5%nt. \

Using't£e local value of the magnetic fiecld as
determinea by the subroutine MAGFLD, ABZSE then Hetermtnes'
the local wavg)ength~Positions of the various Zeeman
cémponents of(each'spectral line relat}ve to the reference'
w&velengt% of.khe spectral windo%.; Th® subroutine then
calculates ;he,line—to—éontinuum opacities at the center of
‘eacﬁ component using the vafues previously found in LTELC
for the defafit abundagzes, the intemasities of the

individual Zeeman components calculated by Xhe subroutine

COMPON, and the local abundancea{ }f - >
. : / / .
/
e .
. > / o
3.5.3. Subroutine LINPRO \/ :

The subroutine LENPRO performs the @ost'CPU intensive_ )

portibn of the line profile calculation, namely the
N R . R

integration of the coupled equations of transfer that R

¥ . .
describe the transfer of polarited radiatién through a
stéllar.atméspheré; at each, area elément of the stellar

surface, and over the specified wévelength window at the

L] . -
required resolution. Many treatments of the radiative

-

transfer of polagized‘light_havg appeared in- the literature
“

(e.g. Unno 19567} Ha{dorp, Shore, ;nd Wiztmann 1976). It is
necessary.to calculate the pélarized line-to-continuum _
op;Cit; ratios %;, ﬂ;, and My, of the Iuho, apd Vv St;kes
components-a; 2 function of wavexength and dﬁbth?dn the

" atmosphere. Anomalous dispersion ‘has been neglected in this
!

L]



calculation.
- Except for hydrogen, theé 6pacity ratios, for each line

in the spectral window are calculated using the numerical

{
prescription for the Voigt profile calculation given by

~

. . Baschek and Scholz (1982), and the damping constants .
determined by the subroutine. LTELC. The.interpolated

hydrogen Stark broadening profiles have already been
convolved with appropriate Voigt functions (Vidal, Cooper,
' &

“ “ﬁ:d Smith 197351 The resulting opacity ratios are summed

ower ali lines and Zeeﬁan components to yield the total

- -
-

ratios M;, Mg, and My as functions of wavelength.

To integrate the eqguations of transfer, LINPRO

Y

inco}porates the efficient numerical technique of Martin and

Wickramasinghe (1979}, wh{ch treats tﬂe coupled equations of

transfer gs having constant coefficients between tabulated
. ‘ - L) :
. depths in the atmosphere. With this approximation the

analytical solution of Unno (YdSé)’is wsed éo evaluate the
‘k‘ valges of the.Stok?s‘;arameters.at a given depth in the
atmosﬁ%e;e BJ using thé values d;te%mined at the previous
-, dgp\hﬂ ;?pe ecefficients of” the' equations are assumed to be
the averdge values between the t;o depths.- The ' equations of
transfer are then integrated outward from éhe shal lowest

level in the atmosphere for which r is greater than 10.

Unpolérized blackbody radiation is assumed for the lower

boundar} condition.

.

LN
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3.6 Subroutine SPPROF
The resulting polarized intensity profiles are
convolved with a simple triangular instrumental profile of

FWHM = 0.30 A to allow for the finite.resdlution of the

* spectrograph.

Because of the rather coarse surface '‘grid used in

modelling the line profiles, and the large v sin 1 values

~

for some of the program stars, there is c%nsiderable ripple

. apparent in the final modelled profiles. This distortion

arises because of the jgrge difference in the projected

radial velocities of adjacent rings in the surface grid. To
remove the effect, the author has modified SPPROF so that it

carries out a second convolution with a triangular profile

with FWHM equivalent to one-gquarter of thibv sin 1 of the

star for stars with v sin i greater than 50 km s-1. This

Id

smoothing removes the ripple without affecting the overall

shape of the line profile or the equivalent width of the

line. . ' //

3.7 Additional Programming Considerations

For reasons of economy, much of the early modelling of —
) b ’
the helium—-strong stars was performed with a simplified

version of ZEEMAH which ignores'all-effects.of tﬁg magnetic
field, but does dllqw fo; non-uniformly distributed'suftace
abﬁndances.' In pr;;tice, this version of the prSgram has
been used to find re;sonqble first aépfo&imatibns of tﬁe
surface abundance distributions of thq program star§. The

‘e
.
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magnetic version is then used to determine *he actual
surface abundances of the final models. In the case of the
hydrogen and helium line profiles the effects gf the surfac;
fiela are ignored entirely because of the large intrinsic \
widths of these lines, and hence the neglggibfe effect of
the magnetic field. -

In principle, the Si III multiplet 2 lines can be used
to determine the surface magnetic fields of the helium-
strong stars, if tﬁg field is large enough. -A strong
surface field has two effects on & line profile: it broadens
the line, because, of the splitting of the line into its

Zeeman \Cjomponents, and, if the line is on the saturated

portion of the curve of growth, can cause a strengthening of

the line, if the'ﬁplitting is large enough to desaturate the

line profile. Except for the sharp-lined stars 6 Ori C and -

HD 58260, the Zeeman broadening of the lines of the program.
stars will be negligible, because of the high rotation

velocities. However. the differential magnetic

.ntensification of the Si III lines may be measurable, if

the surface magnetic field is large enough. A& discussion of
this magnetic intensification can be found in Babcock (1950)
and Preston (1970). . .
"Consider a star with a temperature, T, in the line
forming regioq: The most probabl;.speed of a p;rticle in
the star’s at%osphere.is given by v = (2kT/m)1/2, where m is

the mass of the atom and k is Boltzmanﬁ’s constant. A

spectral line will first start to desaturate, and hence

S7
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increase in strength, when the separation of the ¢ and «
Zeeman components approaches this Doppler velocity
broadeniﬁg.' Now the energy separation of the o and «

-

coﬁponents is E = 2/ B/c where 4 1s the Bohr magneton, B is
~

the magnetic field strength and ¢ is the speed of light.
For silicon, the 24574 line (getf = 2.0) will gplit first,
sand it is easy to show that this will occur for a field
strength of about 3.6 kG at T = 18000 K and at 4.2 kG for
T = 25000 K. The separations of the o and ® components of .
the 24567 and 24552 iines are somewhat smaller, so thesé.
lines will begin to strengthen dt slightly higher magnetic
field values. ’

The” \4574 l}ne will cease to strengthen when the simple

triplet‘pattarn of the line is completely resolved. The

other two lines will Eontinue to intensify however, bécause
of their more mplex Zeeman patterns. They will continue
to strengthen :::kl the individual cdmponents of the
separate o and = groups desaturate. Followihg a procedure
similar to that outlined above,‘the separation between the
individual Zeeman subcomponents can be shown to approach the
Doppler broadening,.when the field has a strength of 14 kG
at T = 18000 and-17 kG for T = 25000. P

The argument above suggests that differential Zeeman
intensification Sﬁ-the silicon lines should be seen in the
helium-strong stars, if their surface {ields are between

about 3 and 20 kG. In tablé 3.4 equivalent widths of the Si

IIT multiplet 2 lines as calcwlated by the program ZEEMAN
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Table 3.4 Computed equivalent widths (mA) of the Si III
multiplet 2 lines for various dipolar magnetic field

strengths, Kurucz (1979) Tefs = 22500, log g = 4.0 model

atmosphere, and log es; = -4.5. :
By _(XG) \4552 \4567 \4574
. 0 86.7 76.3 56.5
3 92.8 84.7 62.9
. 5 100.7 3.7 68. 1
10 123.5 110.8 72.2
20 161.2 132.5 73.0
" 30 "191.8 147.2 77.0
.




are given for various values of the surface magnetic field,
from 0 kG to 30 kG (in this test a aipolaf magnetic field ié
assumed and the magnetic pole is at the subsolar point).
The(geheral behaviour expected from the Above discussion is
illustrated quite nicely by these results. Unfortunately,
an application of fhis effect to the helium-strong stars
must be confined to the Si III AX4567 épd 4574 lines since
the X\4552 line ié blended with lines of nitrogen and sulphur
at fhese temperatures. -
| Finally, some use has been made of Landstreet's latest
version of ZEEMAN, referred to here as ZEEABUN, for the
stars o Ori E, and especiallylHD 37776. This program is
composed of many of the -subroutines discussed above, again,
modified by the author, but assumes a given hagngtic field
structure and searches automatically for the best fitting
abundance distribution that is axisymmetric about the field’
axis. The abundance distribution is fixed in the form of
six rings, each with a uniform abundance, and each extending
ower a magnetic latitude of 30°. Observed profiles in one
to three specified wavelength windows are read in Sy the
program and compared to the calculated profiles for each
wavelength region. The reduced chi-squared of the fit is
computed over all phases and wavelength windows is
éalculated, and an‘itqrative procedure searches the
abundance parameter space for the best fit abundance

distribution. The iteration is performed using a modified

version of the downhi!l simplex routine AMOEBA described by

80



Press et al. (1987). For each iteratio? the program
determines ;he current best fit abundanée distribution,

v sin i, and radial velbci{y.. Aéter the final iteration
(the number is given by the user) the best fit model and
observed profiles are stéred in a disk file and plotted.
This program-is !ggi CPU intensive and its use is practical

-

only on a supercomputer such as the Cray or ETA-10P.
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Chapter 4 HD 64740

4.1 Introduction

At ¥V = 4.62, HD 64740 (HR 3089) is the brightest of the
known helium-strong sfars (see tablie 1.1). The helium ¢
richness of HD 64740 was discovered during a southern
hemisphere‘MK classification survey (Hiltner et al. 196S).

Nissen (1974) confirmed its anomalous helium abundance

photometrically and suggested tlAt ege 2\0.20. ‘According

to Hunger (1975), Kaufmann d Schacht analysed four coude

spectrograms and determined Teffr = 23500 K, log g = 3.9,

)

v sin I = 160 km s-1, Nhe/hh)= 0.67, r = 200 pc, log(L/L,)
3.62, R/Rs = 4.0, and M/My = 4.5. Oxygen and-silicon show
normal abundances, carbon is deficient and nitrogen
enhanced. Unfortunately, this work has never been

.

published. The first ultraviolet spectrum of the star was
4

obtained from the TDl satellite (Swings et al. 1973; Vreux
et al. 1973). Because of the low (;0;) resolution, only the
strongest lines could be identified, such as Si IV and C 1V.
Walborn (B974) reported the possible detection of Ha
emission, similar to that observed in tﬁe prototypical
helium-strong star o Ori E. Lester (1976) analysed both
ground-based and Coperﬂicus~ultraviolet spectra of tﬂe star

)

and peffotmed a differential abundance analysis relative to

the normal star A 8co. His adopted model has Te¢f¢r = 22500 K,

log § = 4.15, and Mge/Ms = 0.30. The helium lines AA4026,
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4387, and|4471 yielé a v sin i of 160220 km s-1. As compared
to X\ Sco, carbon and silicon abundances are normal, while
nitrogen is overabundant by a factor.of seven in HD 6&740.
He also suggested that a magneti~ field might be the
mechanism responsible for the pecufiar atmospheric
abundances. Einally, Groote, Kaufmann, and Hgnger (1978)
‘have reported the unpublished resultg of Groote énd
Kaufmann, based on eight coude spectrograms obtained near
helium minimum with the ESO 1.52 m telescope: Teff =
28500 K, log g = 4.15, ~H7](~H + ¥Me) = 0.76, and v sin 1 =
150 km s-1. Because of the high {emperature, they performed
a non-LTE analysis of silicon lines in the spectruﬁ aﬁd
suggested a slightly lower effective temperature of
27000 K. This would still make it one of the hottest known
helium-strong stars and the hottest known magnetic star.
They also suggested that the star could be a candidate for
the X-ray source 4 U 0750-49. .
The first indication of variabilify in the star was
reported by Pedersen and Thomsen (1977), who performed
‘narrow-band photometry of the He I X4026 line and showed
that the star’'s helium line strength appears to.vary with a
double wave'structure on a 1.3295 day period. Their uvbyg
photometry suggested little or no v&r&ation in bfigﬁtness or
colour, F&rther observations (Pedersen 1979) redulted in an
improved period of 1.3301q10.00016 days. Pedersen (1979) also

confirmed Walborn's (&974) report of Ha emission, observing

it near maximum helium line stréngth.
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Borra and Landstreet (1979)-discovered a strong
magnetic field, which siows a sinusoidal variation on the
above period. The amplitude of the effective magnetic field
yariationlis about 700 G. Lester (1979) sugges, ed that

ultraviolet lines of C II, N II, Si III, and IV are

variable on the same period. Some time later Barker et al.
(1982) presented further evidence for this UV spectrum
variability. However, Walborn (1982) detected no radial
velocity variations in the optical spectrum of the star. By
combining observations from several epochs Bohlender et al.

(1887) have again refined the period of HD 64740 to

1.3302620.00006 days.

4.2 Observations

A journal! o® the CFHT observations for HD 64740 has
been given in Table 2.1. The phases for this star were
calculated from the ephemeris given by Bohlender et al.
(1987),

JD(Be-) = 2444611.859 + 1.33026 E.

The notation JD(Be-) represents the.time of the negative
extremum of the magnetic field. The uncertainty in the
above period is estimated at 0.00006 days, giving a
negligible phase uncertainty of 0.033 in the CFHT data,
relative to the epoch of the most recent magnetic field
data.

Samples of spectra for HD 64740 are given by the dashed

lines in figures 4.1 througﬁ 4.6. Helium (figure 4.1 and
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4,2), silicon (figure 4.4), and magresium (figure 4.1) are

definitely variable, while nitrogen (figudre 4.5) and oxygen

(figure 4.6) are only éaréinally so. H6 (figure 4.3) may be

.

slightly variable tut shows no indicetion of absorption by

circumstellar material as\ié\obstrﬁed in o Ori E. .

Extengive photoelectric Zeeman analyzer observations of
~ - .

HD 64740 have been previously published (Borra and

Landstreet 1979; Bohleqler et al. }557). Polartzation

measurement’s for HD 64740 have been obtained in the wjings of

HE and He I X5876, Thése yieig virtqaiﬁy'identical

4
A

sinusoida} longitudinal magnet:c field curves, whose -

) . . 4
‘.

variations can be describéd by equation 2.2 with B, B, .and

yields a reduced chi-squared of 1.40, which suggests that

. . . A »
the magnetic field configuration may be dominated by the

IS

#, given in table 2.2. The fit of thig curve to the data

-

E . " - . \.2
dipole component. No information about the magnitude of the
surface field: B;, is given by these data. Of‘cburse,

obtainimg some constraints off the field geometry is one of

the objectives of this work. The magnetic field

[N

observations are- shown in figure 4.7 along wi'th the helium

strength Rhindex-observatigbs of Pedersen and Thomsen

(1977). Maximum helium.line:strength”occurs gt ¢ = 0.98 t

0.006 aéd
po;ftiye
" xoiadiad
éuggest

. \enhquéd

a se&ondary'heliym maximum occurs very e¢lo®e to the -

magnetic ‘extrémum. The helium line strength minima

A . *
closely with zero effective magnetic field. This

a possible geometsy of two polar patches of

heliyr abundances £8r HD- 64740 —

¢
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Figure 4.7 Helium line sfrepgth index, R, and magnetic
field curves of HD 64740. The R-index curve is a-hand-drawn
fit to the data of Pedersen and Thomsen (1977) and Pedersen
(1979). Magnetic data symbols: open circles - Hpf
observations of Borra and Landstreet (1979); filled circles.
- HP observations of Bohlender et al. (1987); triangles - He
I 75876 observations of Bohlender et al. (1987). The curve
through the magnetic observations is given 1ﬁ the text.

(From Bohlender et al. 1987.)



From the observed maximum longitudinal field of 890 G,‘

the minimum value of the polar field strength can be found
from an expression first derived by Schwarzschild (1930).
For a dipolar magnetic field geometry, he showed that the
observed effective field is given by the expression
. Be = [(15 + u)/(15 - 5u)] Bp cos a (& (4.2)
where u is the limb darkening.constant, a is the angle
between the maghetic axis and the line of sight, and Bp the
poliar field strength. With a = 0°, gp is approximately 3000
G, agéuming a limb darkening constant 9f 0.40. For a normal

Zeeman triplet, a field of this magnitude would produce a ,
Zeeman pattern with a separation between components of only
0.028 4, while an elément such as silicon at Tef¢f ='25000 K
has a Doppler width of approximately 0.05 A. The magnetic_
field theréiore. is not “expected to have a large effect on
line formation in the atmosphere of HD 64740. In
particular, the Si IIT huLtiplét 2 lines ase expected to be
slightly strengthened because/otfihe field, but differential
intensification *of the tﬁreeVlines in the multiplet, due to
the: dﬁat.uration of the various-.a and p polars'zation " .

.components, will.be negligible. ' .

4.3 Modelling
) > - .
The effective temperature of HD 64740 has been

estinated using data from three photométric systems. It is
not practical to use the ionization equiiibrium\of Si Ilﬂéi

I111/81i IV as .a temperature determinant for HD 64740.

- ‘ .
Nos 3 . -
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Because of the star's high v sin i, only the Si III.

R §

multiplet 2 lines are strong enohgh to_nodel with any
confidence. In additis;. previous stﬁdié% hq&e indicated
possible problems &n usiné Si II line strengths ,as a

' -
temperature diagnostic. For example, Peters (1976) has
performed a fine analysis of ‘the B2 standard Gamma Peg, and
from a consideration of the continuous energy distribution
and Balmer lines of the star, found an effective temperature
of 21508 K and log g = 3.70 f&r the star. However, while
the Si III/Si IV and S TI/S III ionization equilibria give .

[ ]
results consistent with this model, Si II/Si III line ratios

do not. The Si Il lines are much too strong and would *
require a silicon abundance of 8.5 dex lowér than is derivedf
from the higher ionization features. She suggests that tn$$
failure of the Si II lines to give abundances in agreement
with those from Si III and Si IV could be a result of non-
LTE éffect&. incoérect oscillator st}engths, or an incorrect
atmosphere. Similar behagiour has also been repBrted by
'Peters and Aller !1970), and qudofp,and Schelz (1970).

Feters and Aller (1970) note that Si II forms high' in the
stellar atmosphere, where the assumption of LTE could:bb
incorrect. howevef. tﬁe non-LTE analysis of silicon‘by Kamp :
(1973, 1978) dces not completely solve the probleﬁ. For

khis reason 8i II/Si 111 ionization equi}ibriu; will not be"

used as a temperature determinant in ‘this work. No other N

element has lines of more than one ionization state visible .

in the spectra of HD 64740, so broadband colours must be

»

3
.
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.uéed‘tb Hdetermine -the temperature.

. BQser and Kurdti (1978) have published theoretical Tet¢
vs. UBV colour curves for early-type stars based on
theoretical colours detefmined from Kurucz's (1979)
blanketed model atmospheres. For B stars..thé (U - Vo
"index is most sensitive to changes in Tefg. Usingﬂ(ﬁx— Vo
= =1.20 from table 1.2, and Bu;er and Kurucz's (1978) figure
5, the Terr of HD 64740 ranges from 24530 K for log g = 3.5
to 26300 K for log g = 4.5. In the Geneva photometric

system, Cramer and Maeder (1979) and Cramer (1984) have

determined a polynomial relation betwegn the photometric
index X ECramer and Maeder 1979) and I;ff? . ‘\
log Tett(X) = 4.496 - 0.453X + 0.086Xx2.

Using X = 0.2535 from taRfle 1.2 anJ the above relation, Tetr
= 24360 K in the Geneva sjsfem. The theoretical uvbyp ®
indices of Lestef, Gray, and Kurucz (1986) have also been
used to estimate the éemperature of HD 64740. 'ﬂsing their
solar comﬁosition rgsults: log g = 3.90‘(see below)..and
data from table 1..2, an apﬁro;imate ﬁemperature Of Teft-=
'23756 K ie derived in the Strdmgren s&stem. An average Tot¢
of 24500 K has been adopted for HD 64740. =

The next step in the'anal&sis is to aetermine the
relative abundances of heliium and hydroéen._ The helium
sin;{et gh@;? is most sgitedj}or tﬁis purpose, being

."sepsitive t0 €He: free from blends, and relatively

insensitive to the surface gravity. Helium lines are also

not Zeeman sensitive. Preliminary models of the He I X4437
. . LY

'] N [
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proffﬁerof HD 64740 (which is fairly insensitive to the
choice of model- atmosphere) suggested that the helium
abundance of this star is roughly normal over a large
fractivtn of its surface and nowhere exceeds three.times the
solar abundance.
In determ1n1ng the hydrogen and helium abundance

geometry an inclination of 40° and a magnetic obllqulty of
8759 was first.assuged for HY 64740. This represented a
lower lfmit on I as determined by Bohlender et al. (1987)
and proved to be an approﬁriaxe choice. By trial anq error
a preliminary abundance distribution for helium was
determined which consisted of two helium-rich spots (eue %
5.30. radii = 60° near fhe magnetic poles, which fit the
observed 24437 variations adequately. ®#The v sin i of the
best fit is 140£5 km s-1. .

¢ Once Teo¢tt and the helium abundance geometry are known
the surface gravity ca. be edtimated by fitting the profiles
of the gravity-s.!éitive lines H6 and He I X4471. Using the
above helium agundance geometry, the best fit over all -
phases of both lines wag found for a log g of 4.0.
Remembér1ng that the surface gravity is most likely being ,

ovenestimaxed by a small amount, a value of log g\h 3.90£0.15

4 .

- has been adopted. ~

With accurate values for Tere and log g the mass and'
radius of HD 64740 can be determined. In figure 4.8 the
evolutionary track of Maeder and Mermilliod (1981) for a 5

My star ,and Maeder's (1981) evolutionary tracks for stars
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Figure 4.8 Location of HD 64740 in the log g vs. Gart
plane. The crdss indicates the derived parameters of
HD 64740 as discussed in the text, and the error box gives
. the estimated uncertainty. The labelled curves are the
- evolutionary models of Maeder -and Merm§lliod (r981) and
Maeder (1981), assuming no mass-loss.



with masses ranging from 9 to 30 Ms and
have been plotted in the log g vs. Gert
(Betf = 5040/ Tef¢f). The location of HD
plotted, with error bars indicating the

uncertainty in Ter¢ and log g. From the

the figure we arrive at an interpolated mass of 11.522.0 Mo

and therefore a radius of 6.3£1.8 Ry,. It should be noted

that the exact position of the theoretic
tractks is sensitive to the assumed metal
in the evolutionary models. -Maeder (198

value appropriate for young population I

with no mass-loss
plane

64740 is also
estimates of the

star’s position

al evolutionary’

in

abundance, Z, used

1) uses Z = 0.03,

‘stérs. An

a

-

investigation by Alcock and Paczynski shHows that for a 10 M,

-

star, decreasing the metal abundance fro

Z = 0.01 results in an increase of approximately 0.1 in log

&~ This uncertainty has been taken into

estimating the size of the error. box in

This additional information, along with the rotation

period of 1.33026 days permits a determi

m Z = 0.03 to

account when

figure 4.8.

nation of ghe

inclination of HD 64?40’; rotation axfs to the line of sight

using the sipgple relation

sin I = P v sin 1i/(50.6 R/Re)

where P is the pericd in days and v sin

<

I is in km s-1.

(4.3)

This gives a value for i of‘36115°. If the oblique rotagor

M. -

model is the correct interpretation of t

magnetic field variabtiity. and the magnetic field geometry

-$

he spectrum and

is predominantly dipolar, then the obliquity of the magnetic

axis to the rotation axis.qﬂ. is given by (Preston 1967)

~

.
3
a »
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tan 8= (1 - r)/{(1 + r) tan i) (4.4)

where r is ghe ratio of the magnetic extrema given by

. r 2By (min)/Be (max) = cos(f + i)/cos(Bf - 1). (4.5)
This argument still holds if there is a quadrupolar field
component of egqual or smaller magnitude than the dipole
component. Given r = -0.55 for HD 64740 (Bohlender et al.
1987), equation (4.5) gives B = 78%8°. With this inclination
and obliquity a polar field strength of 3700 6 is needed to
mode!l the effective field variation with a centered dipole.
A field of this st}ength is consistent with the lack of
significant differential Zeeman intensificatioé of the Si
IITI lines. This magnetic geometry has been used in the ,
final model of the abundance geometry of HD 64740.

~— . .
The solid tines in figures 4.1 through 4.6 present the

’

result of the final adopted best fit models for HD 64740.
The model fits for He I XX4%71, 4437, and H6 are given in
figures 4.1, 4.2, and 4.3 respectively. The.derived

abundancg geomqtrjgs age given in ta?le 4.1, along with the
Jsotaf abundancgs.o?lxufuéé (1579). The abundance geometry
for helium con;:sts of two spots of enhancéé helium near the
magnetic péles: one spot with radius 60° centered ai a point ¥

20° from the positive pole at magnetic longitude 180° and .

with egye = 0.30, the other at the negative pole with radius

70¢, and cu; =z 0.35. The helium abundance is normal (eye = .
0.10) elsewhere. This surfaoe distribution of helium is
illustrated for several phases in figure 4.9. The 20° . .

" displacement of one of the helium-rich spots from the

>
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Table 4.1. HD 64% 0 Abundance Geometries

-

Helium Spot Locations (logey, = -1.0) .~

Q)

log exye Colat. Lorg. Radius
-0.456 0° oe’ 70¢°
-0.523 160¢° 180¢° 60¢°

Nitrogen Spot Location (logeys = -3.99)

log ex___Colat.

long. Radius

~ -4.00 1400, %o

70¢°

-4.70 Remainder of Surface

-

24

Silicon Ggpmetry (logey = -4.350)

0°-110°

110°-140°

)
/

140°-180°

v
14

Magnetic Colatitude:

]
logesi

-4 .30

-3.60

-6.00

’
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Figure 4.9 'Illustration;of the helium abundance ge' etry of
HD 64740. The hatched arcas represemt the locations] of the’

-

helium-rich regiods on the stellar surface. The logations .
and signs of the magnetic poles are indicated by ¢t ‘'symbals
-*and +. Details of the model are outlined in‘the ’ Ll
The rotational phases are given below each ‘figure.
. S . "
- T'.,." '
. \ I ol . )
~ ) 1': - " ‘.
» A | )
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: ‘magnetic poles is sigmificant: locating both he}ium—ricb\

s spots at the magnetic poles gives a poor fit for the line ~

profile variations, It should be pointed out that a

significant fraction of the stellar surface remains hidden

from view because of the low inclination.

Figure 4.4 gives the fit for the Si III 14567 line.

-

. Silicon appears T3 be overabundant (log €5, = =-3.6) in a

~

band whose boundaries are 40 and 70° from the positive

magnetic pole. Most of the remainder of the surface of

HD 64740 has an approxima£ely normal abundance of log esi =

-4.4. However, a very low silicon abundance of —_—
log ~s, = -6.0 in a 40° cgp at the positive pole leads to an

improved f it near ¢ = 0.458. The silicon abundance

distribution on the visible hemisphere ¢f the star is shown

4

at several phasges in fi%ure 4.10.

" Model profiles for N 11 x3995 and O II X\X\4415 and 4417

- L]

s .
"are given in fdgures 4.5 and 4.6. Nitrogen appears to be

roughly uniform in abundance, although evidence af a

-

. &

nitrogén—ricg patch may be present at & = 0.201. An
abundance of log ey = -4.70 is found over most of the

»

surface; a 60° radius spot at the positive magnetic pole
. L 1 .

with log ey = 4.0 improves the fit somewhat. The oxygen

lines appear to vary in strength slightly, beiné strongest
- \ B . -
near ¢ = 0.458, but problems with blends in the wings of the
x .

two lines shown in figure 4.6 have made it difficult to

2

model the possible variation of these profiles. A uniform-
» ‘ 0 -
abundance of log €9 = -3.5 has been used for the fits in
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Figure 4.10
of HD 64740. The hatched areas represent the locations:
the silicon-rich regions on the stellar surface. The
locations and signs of the magnetic poles are indicated by
the symbols - and4+. Details of the model. are outlined in

the text. The rotational phases are given below eacth
{ figure.

Illustration of the silicon abundance geome’r.
o




figure 4.6. . !

4.4 Discussion'

The abuhdance geometries of HD 64740 suggestlsome

. interesting problems with current theories concerning the
helium-strong stars., For example, helium is. found to be
overabundant at the magnetic. poles of the star. Shore's

(f@Bb) model predicts that helium should be enriched at

progressively ﬁbwer magﬁétic latitudes for hotter heliume

strong stars. In the simplest application of this model, .

the helium enrichment is caused By the interaction of a

stellar wind/;ith ; dipolar magnetic field; for the cooler

P

9e1ium—§trong stars, helium accumulates in the line forming
region only where the field lines are vertical, near the

magnetic poles, whereas the stronger winds exﬁected for the

—-

hotter stars lead to a deficiency of helium at the magnetic

poles and an ovqrabundance~at the magnetic equator. Since

. -

HD 64740 is-bﬁg of the hottest helium-strong stars this
interpretation is'c}early in disagréement with the above

observations, and might suggest. that there is ,an undetected
y
qanrupolar or higher order magnetic component present in '

the field of HD 64740. . N

. Magnetic models of the Mg Il X4481 doublet have not

\

been prééented here, partly because the line is blended with

the strong He I 24471 profife, and pug&}y because of the

A~

'vqry complex Zeeman pattern of the two line components, and

{ - .
hence, very costly modelling. However, non-magnetic models




of the line ﬁrofile suggest that nagnegium has an abufidance
geonetry very simila; to that found §or Qilicqg. Bolton
(1583) has suggested that tﬁé observed variations of lines
from elements other than hydfqgen and heiium ma; be

interpreted in terms of differences in tempé%ature between

regions with different helium abundances, rather than in-

a terms of non-uniform distributions of the elements. _The

3
temperature 1is predicted to be lower in the

helium-rich spots or bands. The observep variations of Mg
IT and Si III in HD 64746.do not appear to support this
view. At\I}gr of 240D§ K, Si?III will increase slightly in
strength for increases in Tet¢ (Erhorn, Groote, and Kaufmann
1984), while Mg II line strengths will decrease. Instead,
- it seems preferable to assume that the observég line
variations are caused by non-uniform surface abundances. Of
course, variations in the continuous opacity over the
surface of ‘the star, resulting from the non-uniform heiiﬁm
abundance, could also coptribute to the line profile
variations. - . ’
In HD 64740 the aandances of silicon, oxygen, and
nitrqogen vary by a facter of aﬁsr6xiﬁately five' at most over
* the‘éprface of the st;r. According to Kamp (1978) the u;e
of LTE in modelling 8i III;lines at Terr = 24500 K will « )
resuit in overestimate of,the‘silicon abupdance by o
Lpproximafély 0.35 dex. The work of Dufton and Hibgert
(1981) suggests an.overestimQté of 0.20 dex for nitrogen,

*
while the recent study of Brown, Bufton, and Lennon (1988)

D] . ) c




indicates a t?rger overestimate in the abundance of oxygen
of 0.4 dex. With these corrections allowed for, tﬁe overall

average surface abundances for HD 64740 would seem to be

-~

approximately solar. The retatively low-level abundance

variation may be the reason for the lack of photometric

variability of the star (Pedersen and Thomsen 1977).

The fact that the band of enhanced silicon (and

magnesium) is closer to the positive magnetic pole of '

HD 64740 may suggest the presence df a quadrupolsy compohent
to the surgace fietd, if we adopt the models of Michaud et .
ql. (1981). This pole, however, is never very close to the
line~of-sight, so that it is not feasible to‘say'anything
quantitative about the importance of this pod%iné
complication(to the'field._ The abundance geometries of the
star are appro&imately axisymmegric with‘BpsPect éo the

magnetic axis. The two helium-rich spots are, howeyér. not

both situated at the magnetic poles, ag modelling the helium

-

line profiles with the smaller spot moved 20° to the

positive pele results in a lérge deterioration in the fit to
\ . . v - b )
" - . .o 4

- the observed profiles. -7 - . ’

N .

Usihg the values for the radius and JTet¢r derived Jsove.
: . P

an estimate can be made of the distance to HD 64740.+ The

témberaghqe and radjus give log-L/Le = 4.1%0,3. The

bolome;rié coprectioné of° Code et al. (1@76)'and the

observed“E(B- V) of then .leads to r = 350£80 pc. From

Maeder's (1981) evolutiona}} models, we find that HD 64740's

-

properties are cdbnsistent with a main sequence star with an
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Chapter 5 HD 58260 and 6 Ori C

5.1 Introduction

-

In this chapter observations and models are presented

for the two sharp-lined helium;strong stars, HD 58260 and

5§ Ori C. The non-variable spectra of these stars simplifies
. b}
their analysis somewhat, since little can be said about the

_surface distributions of most elements with the data {3 hand

at the present time. For most of the elements a uniform
»
’

abundance will be assumed. . The situation is compﬁ};ated

somewhaf by the interesting helium line profi1e§ of & Ori C.

-

A brief summary of previous observations for each star

follows . .

5.1.1 « HD 58260

Tbis star was identified aé a heliup—strbng star by
i "Garrison, Hiltner, and Schilkd (1977), who also noted that

' tHe hbelium line strengths might be vériable. Walborn (1974)

. searched for, but failed to deect. Ha‘qmis%{on in the star.
. - v ‘ .

Pedersen (1979) perf&rmed narroﬁ—band photeelectric . .
observatxons of the He I %4026 line and gsuggested that a
1. 657 day perxoaTET\& might he present in the’data, but the

significance of the ﬂhr1ation is low.. IUE’spectra of the
?

star show strong .and constant C IV emLssion (Barkbr 1986)
! o

HD 58260 has had a constant‘magnetlc field of 2300 G (Borra

and Ld\\street 1979; BohIender et al. 1987) for more than
- . Tz




-

- .

. s N

‘nine years. Walborn (1983) suggésted that the star_ has a

v sin i @f less than 30 Km s-1, but Bohlepder et al. (1987)
v .
have revised thi§ value to 18 km s-i1., The latter authors

proﬁiﬂe a rather loose: constraint on the inclination (> 45)
and magnetic obliquity (< 81°) of HD 58260. Drake et ai.
™~

(r987) failed to detect radio emission from the star.

5.1.2 &6 Ori C = HD,3§485 = HR 1851 . ; - ‘

»

This member of the Orion OBl association waS‘c}assified

as helium-strong by Morgan, Abt, and Tapscott (1978). Abt

s -~ -

and Levato (1977) had earlief classified itdés B2 Vsn, the

© sn deéignation representing a class of stars that have both™

b} .
sharp and nebulous -or diffuse lines in its sp trum. Jhe: °*

r—

b\ ' ?Jaschek

4

and Jaschek 1987) ., Walborn (1982) also noted that 6§ Ori C

N

is sharp-lined, but has very pronounced helium Iiig wings
(he erroneously réferréd to the star as & Ori B [;ee

‘Boglznder et al. 1987]). A short time .later Walborn (1983)

reported an observatipn of blue-shifted helium liries and

suggested ‘a mass ejection episode. as an explanation. He

also estimafed a v sin i oftSO'gm 5-1: IUE observations

show ‘.n,o evidence‘o‘f'a stellar wind“(Barker 1986). Bohlender

e -

et &1!. (1987) ‘have recently reported the discovery of a
stréhg. and apparentl} constant magnetic field for &6 Ori C. @
Tﬁe.average_of six photoelectric magnetic field measurements

made over a period of more than thPee years yields an -~

- a

effe;tive field*strength 09!—3400 G, the 1arge§t observed in

)

.

4
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the helium-strong starz to date (Bohlenderx et al. 1987).

R They measure a v sin"i of 32 km s-1. and suggest that~the
inclination of the rotation axis of the star is i > 8o,
while the obliquity of the magnetic axis to the rotation
ax}s. B, is poo;ly constrained, but probably less than 63°.

_Drake et al. (1987) have recently found that &6 Ori C is a

nonthermal radio source. -

5.2 Observations

; In figure 5.1 the He 1 24471 profiles of HD 58260 and &

OrAi C are illustrated along with the same line for the

-

normal B2IV-V star, 22 Ori. The effective temperatures of

”

the<€e staré, as determined from their broad bagd colours, do .

qotsﬁiffer by more than 1000 K. The peculiar nature of the

» -~

liik_profile in the case of 6 Ori C is immediately obvious.
The sharpness of the Mg II 24481 line for each‘étar

indicates that both HD 589260 and & Ori C are relativel! slow

-

rotators. At temperatures appropriate for these stars, the
_strength'of the magmesium line increases with decreasing
temperature. Therefore, if‘magnesium is assumed to have the

same abundance for thg two peculi&s stars, this suggests
. that 6 Ori C is the.cooler of the two helium-strong stars.~

!
.

It will be Qrguea below that this\is the case.
The H6 ﬁ?ufifgs of each of these stars are shown in
figure 5.2 along w;th another helipm line, He I X4121. The
Q substantiai Stark/;roadgned wings of H6 for & Ori C are

indicators of a large surface.gravitg for this star compared

\ i :
N [
o .
‘

. ’ 0 . -~
4, »
e ————
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to HD 58260. The latter object appears to be somewhat moré
! R ) :

evolved than 22 Ori. . . h s

x

6 Ori € would seem to be an example of a small group of _

stars with peculiar hedium line profiles of which the
2 : L

heligm=weak sfar 3 Sco and the spectacular helium-variable a
Cen are members. %he weak, -but very broad lines of neutral
‘Qelium in 3 Sco have been interpreted by Norris and

Strittmatter (1975) as evidencg of vertjcal or horizontal

>

abundance gradients of helium in the atmosphere of—4he star.

?he latter model appears to be more gppropriate after the
disco?eries of helium line variability by Pedersen and
Thﬁmsen (1977) 'and a variable magnetic field by ﬁandstreét.
Bofrat and Fon;aiﬁe (‘1979). Notxif and Strittmatter (1975)

are able to reproduce the He I AX4026 and 4471 profiles of

the star by assuming that two-thirds of the visible surface 5
. P _

of the star has no‘helium while the remainder of thé surface

has a normal helium abundance. Landstreet, Borra, and
. a "
Fontaine (1979) have demonstrated that helium is

-uﬁhefabundant‘at the magnetic poles . Norris Sh&
Strittmatter also rule out thg:;zg:rbility of aspect effectsg”
of a rapidly r;tating star;gnd e¥fects of non-LTE as
explanations of the peculiar line profiles. Tﬁis model is
quite similar, to that proposed for a Cen (No$ri§ and Baschek
1972), except here helium is overabundant in ; small spot at

[ 4 [N

one magnetic pole (Mihalas 1973; -Borra, Landstreet, and

Thompson 1983), and the sta; ranges from helium-rich to

helium-poor over its surface.

{
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Another peculiar object possibly related to 6 Ori C is
HD 49333. Hunger (1986a,b) illustrated work by Kaufmann and
Theil for this star, which suggests that hglium is

underabundant above 1 = 0.4 (€ge =°0.001) and has a normal
e

abundance below this level. These peculiar line profiles

might also be caused by a non-uniform distribution of helium
. o .

on the star as discussed above. Hunger (1988, private .

communication) also reports that there are at least three
: 4 . "; i
other candidates with peculiar heliu@iﬂ!ofiles.

-
.

v i
5.3 Models

Because of the uncertainties involved in the formation

— é

of 8Si II and Si IIT lines discussed in Chapter 4, the
temperatures of HD 58260 and 6.0ri C have been estimated

from the photometric indices given in table 1.2, as was done

-

for HD 64740. Geneva photométry is not available for HD

58260, Interpolating fromMmBuser and Kuryez’™s (1978);T;ff
\

o7

VS. (U - V), relation, the (Lr:‘*ﬂ._of -1.93 leads to a g
temperature of 20770 K for log gw~4.0, or 20070 K for\

log § = 3.5. As wilT sobn be seen, the surface gravity of

..

HD 58260 is.close?to log g = 3.30; From the theoretical

IS hJ
uvbyp indices of Lester, Gray, and Kurucz (1986), a
s e

temperatiure of about 19300 K is estimated from the star's ([u
. ' }

P

- b] index. A Tef¢ Oof 20000 K will be assumed fo D 58260.

For 6 Ori C, the Geneva and UBV photometries, and the

relations of Cramer (1984) and Buser and Kurucz (1978),,

yield temperature estimates of 19000 K and 19050 K

<




9s
| oo
respectively. The [u - ®} index gives a gpdggzgxure of .
about 18000 K for a log g near 4.0, appropriéte for 6 Ori™C.

A Tertt o? 19000 will be employed throughout the remainder of

-

this work. ) .

» >

The helium abundance and surface gravity of HD 58260

\x‘
-

are found by adjusting ese two parameters and modelling
}
. | .
the profiles of HS, He I,\34471, and He I 24437 until a

suitable fit 1is achieved;for each line. A Adniform abundance

of helium is assumed. The effects of the star’'s surface
N )
magnetlc field are‘xgnored for this fitting. *A v sin i of

16 km s-1 is deternupeJ from the fit of the’e I X4437 line
. / v
alone. { T -
- L _\r . P

The best fit pprofiles of H6 and He I 24471 for HD 58260

4
are shown in figures 5.3 and 5.4 respectively. They were

-og;;ined with a surface gravity of log & = 3.30 and

ceHe = 0.30. Figure 5.5 shows the resulting fit for the He I
1Y

24437 line. A discussion of the success of the modelliﬁﬁ

presented here will be deferfed until the next section.
1 - v’

Allowing for the inherent problem in uséég solar abundance

atmospheres in the above analysis, the final adopted log g

is 3.20.

The location of HD 58260 in the theoretical l?g g vs.
Bars Aiagram is in&icated in fig;re 5.6._“interpolating,
f;om Maqur’s (1981) theoretical evolutionary trecks, 4 mass
of 16.024.0 M} is found. _This‘corrgsponds to a radius of

16.614.0 Ro. The dbove model of HD 58260 suggests that the

gtar is considegrably evolved. An-esiimate of its age can be
» - :
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made from Maeder’s (198%1) calculatioﬁs. and is found to be

on the order of 1.1’% 107 years. - A possible error of 0.1
dex in log & arising from uncértain®y in-thE me£a11ici§y of

the staf‘(Alcéeg\hnd Paqzynski-gésl) has been inc;rponated
“in,the above errors.
Fitting thg«profiles,of the geeman sensit?ve lines éi
III AX4567 and ;574, then yields coﬁs{raint{.fsr the
inclination, magnetic dbliquity: an& the po}a;‘;ield
» '

strength of HD 58260. The radius of 16.6 Ry, as detérmined

]
.

above, "gives an uppef?limit_bf 52.5 days for-the rotation

~

period of HD 58260 using equation (4.3) and a v sin i of

- - -
16 km s-1. It is possible; but unlikely, that the constant
magnetic field. of the star is dﬁe_tb poor spacing of the
i . : N L
observations. Since HD 58260 is somewhat evolved, its

equatoriél velocity, veqﬂ should be considerhgly leds than*
. .

the maximum v sin i of about 240 km s-1 obgerved in early B
main sequence stars (Wolff, Edwards, and Prestbn'}QEY), If
it is further assumed that the rotation Géioqfﬁke; of>the
helium—étrong stargs are similar to normal early B sta}s. as
seems to be the case (Qalborn 1983, Bbhlené;; et ai. 19%7);
then the v sin i of HD 58260 can.bé used to give a lower.
limit to the inclination of the star. Unfértuhately? the
low signal-to-noise of the magnetic observat{éns gives

-

little constraint to the value ofy g through éqpatioh (4.4)
1

(r.= 1.0). An estimate of the value of r (equation [4.5])
' -/

can be made, if it is assumed that the extreﬁa of.the actual
S . +

maénetic curve of.HD 58260 are smaller than 3160 G (the




by ' 10
\ ; ~ .
s largest observed value of the magnetic field plus a 20

“error) and larger than 1550 G (the smallest observatxon

o minus a 20 error). It can be shown that this gives a 95%
. . -

probébility of the value of r being greater than 0.4. Given
. . o~
. lower limits for the inclination i, and r, edquation (4.4)

will then give an upper limit for the magnetic obliquity, 8. _

The.relatibn”of the polar magnetic field strengih to
' the observed longituainal field was given in equation (4.2) °
for the case of a dipolar field. The. dipolar. and

St quadrhﬁo}ar polar field strengths, By and By, i, and B8, for
‘. . ' °
a star can be determined’uniquely only with observations of

the extrema of the longitudinal and surface magnetic. fields.

If only the longitudinal field- extrema are observed, then an

.independent determination of the inclination.of the rotation
G . .
axis is needed. The latter is usually determined through

" equation (4.3), which is of. nouse in this case, since o
periodicity is see;'i in either .HD 5.8260 or & Ori Ca Because
N - of the lack of varLab111ty of the magnetic flelds, there
wkTI, however, remain an ambxguity in the values of i and B
for these two stars; only-the value of (1 + B) can be
uniquely detekmined.- In this anmalysis, the initial
assﬁmption will be Qade that B i‘0° for these two stars
Thé inclinadations of the rotation axes of HD 58260 and- 6 Ori
.C are then determ1ned by vgrying 1 and Bp in the models for

the Si III line profilés ﬁht{iva suitable fit is obtained

2 IRY

for both lines.

The Si III AX4567 and 4574 line profiles have been




modelledvfor various {qlués of 1 and By, consistent with the
observep constant longitudinal magﬂétic field of +2300 G.
The silicon abundance is adjﬁsted to g}ve the best fit feor
the 24574 line and the same model is tﬁeﬁ used éo synthesize
the 24567 profiie.’ It’is found that suitable fits can be

found simultanebusly.fop\Q6th profiles for 10° < i < 50°.

For 1 < 10° the \4567 profile i; slightly weak, while for
i > 50° the same Iiné\is too strong, and both line profiles
are too broad, even for v é;n i = 0. An inclination of i =
40° will be assumed for the remaindér o% tﬁé mo@els. This

éives a polar figld strength of Bp = 8.1 kG for HD'58260.

A3

Since the He I X4437 line may be broadened to a small extent = .

-~

by such a field, this line was remodelled utilizing the’

derived magnetic geometry. The helium abundance is not

—-

affected, but a slightly lower v sin I is found. Profiles

.

of other.metallic lines are modelled in“a similar way. Most

of the broadening.of thgfmetal line -profiles results from

the Zeeman effect. An upper limit to v sin I is about

- 12 *km s-1, but the majﬁrity of the liney suggest a v sin I

- <

near 0. Note, however, that the minimum velocity resolution

.of the spectrograph is on the order bdf 10 km s-1, so.that

little can be said about rotation velocities below this .

limit. " If i = 0°is adopted, then from the above

considerations, B = 903{

The derived abundances for silicon and some o& the

other elements seen inr the spectra of HD 58260 are

summarized in table~5.1. Included 'in the table are the

~ . /
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« . Table 5.1 HD-58260 and & Ori C Abundance Results

L

. . "~ log ¢ i

JonAMult, A(A) l1gg gf Ref.* HD 58260 ‘6 Orj C Solar

N II 12 3995 +0.28  WSG -5.0 " =4.5_  =3.99
O II “5 4415  +0.305 WSG -4.2 -3.4 -3.22
5 4417 +0.044 WSG ;;SZ
Mg I1 4 4481 +0.97 M -4.8 ~4.0  -4.51
Al TII 3 4529 +0.67  WSG -6.2 * -5.6 = =5.65
Si i 3 4128 +0.31 . WSG -5.4 ~5.0 ~4.50
' . 4130 +0.46 WSG  °-5.5 -5.3
$i III 2 4567 -0.07 WM - -5.0 —ah T
R ' 4574 ~0.41 WM _-5.0° SV
_Fe Il 38 4549 -2.14 A - -3.0 %450
Fe III 4 4419 -2.33 A -5.3 -4.3

F *

"WSG = Wiese, Smith, and Glennon (1966)

. WM = Wiese and Martin (1980) .
A" = Adélman (1988)
e _'
¢
. -




wavelengths of the lines considered, adopted oscillator

strengths‘and their sources and the derived logarithmic

abund€¥nces. In all cases, the el,eme"r‘xt in gquestion is

assumed to be uniformly‘dist&ibuted over the surface. SéLar

abundances for each element are also indicated and are

-

adopted from ﬁurucz (1979). Typically, the adopted

-

abundances are 0.2 dex lower than would be needed, if the

effects of.xﬁe.stroqg surface magnetic field were meglected.

N v :
Effects of NLTE should be small for both HD 58260 and

6 Ori C.

»

The modelling approacﬁ for 6§ Ori C proceeds in much the

same manner as for HD 58260, except for the complication

-

added by the peculiar nature of the star’s helium profiles:

the He 1 X4471 line profile cannot be reproduced with a

uniform atmospheric abundance of the element. Attémpts at

modelling this linebwith a high surface gravity and #niform

helium abundance result ?n reasonable fits to the wings of

4471, buﬁ the core of the line is then much too strong.

The HS profiie also does not support a high surface gravity

interpretation. *

After extensive tria&'énd error it has been found that

the helium and H6 profiles of &6 Ori C can be reproduced
p 2 ,

‘feasonably well if one of two possible assumptions is

accepted: 1) the helium abundance is not uniform, but
instead most of the helium is concentrated in only a small
-

Qprtion of tha star’'s surface, or 2) helium isAdiq”ributed

uniformly, but there is a vertical }tra*iticafinn of helium




. | ) . ’ .
eye = 0.005 above T = 0.35 and ne heliu below, .and ecpe =
0.40 below v = 0.35 and no helium above, are given to

demonstrate the fitting précedure. .

As was done for HD 58260, the §ossiblé positions of &

‘

Ori C in the log g vs. Ber¢ diagram are indicated in figure

., 5.6, after adjusting the derived grayities 5; -0.1 dex,
because of the inconsistency in Kurucz's atmospheres. The
above models give twoepossible values of the surface

gravity, and hence the mass and radius of the star. ' The

e
.

error boxes shoyn include an additionai'uqéertainty because
of metallicity effects. vThe r?su)ting interpoléted masses
for 6.0ri C?are 7.522.0 M,y for the spotfed model and
9:0:2.5:§° for the_stratifiéd.model of the star. Again

-

(gquation {4.3]1), a v sin I of 32 km s-1! (found trom the He
1 24437 prafilef.'and the resufting radii bf;SiI:l.d Ro and
7.912.5‘50 give upper limits ét 8.1 and 12.5 dayvs gor t he |
rotation period éf 6 Ori C. As for HD 58260, the constant
magnetic field of 6 Ori C 1is uﬂlikely to be due to poor
spacing of the observations. Assuming a mdgyﬁum'v.q ot
240 km s-1; the im;lination must be greater than .79, Oncﬁ
again.\ﬁ is pqorly constrained by the observations.
Proceéding as was done tor HD 58260, a.lower limit to r of
¢« 0.57 can PQ determined whjcﬁ. qlon? ;ifh the above limit on
the inclination ;nd equation (“-dl' hivns the réqult B
632, | - ‘

Modelling of the Si III 234567 and 4574 lines, then

again leads to an upper limit on the inclination 1 (it B is

-
\ ‘ N ~ ’
.
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determined from the fit of the eore for the remainder of thé"‘

star’s surface. The size of the spot and the abundances
inside and outside of the spot were then adjusted until the
best fit to the observed 24471 profile was obtained. The

resulting model was then used totproduce synthetic profiles-

of He I Xa437 ang H&6. The surface gravity was also a frée

parameter.
The adopted model consists of.a helium~rich ;bot
(e = 0.50) with raﬁius 45° on an otherwise extremely
helium-poor surface (log e€ge = -3.6). A surface gravity of
log.g = 4,00 gives the best results for the model proftl:;
which arespresented in figures 5.% to 5.9. Also indicated
i&‘figure 5.8 are the model profiles for uniform_heiium
abundances of-tge = 0.50 and log e€ge = -3.6, which

illustrate the general idea behind the fitting procedure

discussed above. Simultaneous fitting of HS and a strong

1]

- and weak helium profilé provide fairly.tight constraints on

the proposed model. For example, the relative strengths of
the core and wings of the He-I 14471 line are very sensitive

to the helium abundance outside the helium-rich spot.

Varying the ’'background’ heliym abundance by 0.3 dex ¢

ser ouﬁlx degrades the model fit Poe—this profile. Changing
the size or helium abundance of the helium-rich spot results
in poor fits to.the He I X\4437 line and the wings of the He

I 24471 lin%‘ H6 gives an additional constraint for the

surface gravity of the model.’ ¢

-

The strgtified model of 6 Ori C was determined in s
— ) aQ

-~

J -
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similar manner. First, the He 1 4471 line eore is fitted

with a uniform, unstratified helium abundance. Then, a

vertical abundance gradient of helium is incorporated into

the model by using & simple stgp function at a specified

opticaf depth, 14. Since thé line wings are formed deep in .

the atmosphere« where the ﬁressure broadening is large, the

helium abundance is increased at optical- depths greater than
rs. in an attempt to fit the line wings. A step function for

the helium stratification is probably justified when the
o ~ - \
. _ \ rapid change in the radiative acceleration of helium with

depth is considéred. More complicated treatments of the

* stratification were not considered. because of the lack of a —

sufficiently well developed theory of helium stratification

-
-

in steflar atmospheres, as well as because of the additional
free parameters more sophisticated treatments would

introduce. Gianndne and Rossi (19803 have discussed some of

- -
B —

the observed effects of such a helium stratification in

stellar atmospheres. Here, the best fit model "is found’by

.

varying ts, the helium abundance above and below 15, as well
\ v

as the surface gravity, unt’il a’saffsf;ctory'tit is found
for H6, and Fhe'He 1 an§7l:and 4437 lines simultaneo;sly.

' The resuliing stratified model for ghe helium abundance
of 6 0ri ©is presented in figures 5.10 through 5.12. The

fina'! model has a surface gravity of log g = 3.70 and

-

. Ts = 0.35. Above. 747 €4s = 0.005 and below T1,., €ya = 0.40,
a factor of 80 enhancement in helium abundance. Agaiq. in
.~ / ..
. figure 5.11 the profiles for uniform helium abundances ot

~
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eHe = 0.005 above v = 0.35 and ne® hgliuh befow.Aand CHe =
0.40 below t = 0.35 and no helium above, are givén to
demonstrate the fitting précedure. .

As was done for HD 58260, the Possible positions of &

.

Ori C in the .log & vs. GQfg diagram are indicated in figure

-~

5.6, after adjusting the derived grayities B; -0.1 dex,
because of the inconsistency in Kurucz's atmospheres. The
above models give two‘possible values of the surface

gravity, and hence the mass and radius of the star. ! The

en
.

error boxes shown include an additional'uqéertainty because
of metallicity effects. vThe rgsu)t;ng interpolated masses
for 6.0ri C?are 7.522.0 M, for the spotfed model and
Qfozz.s:go for the stratified.model of the star. Again
Qequation (4.3)), a v sin 1 of 32 km s-1 (found trom the He
I %4437 profile). and the resulting radii of 5.121.6 Ro and
7.9:2.St;° give upper limits ét 8.1"and 12.5 davs gor t he |
rotation period éf 6 Ori C. As for HD 58260, the constant
magnetic field of 6 Ori C is uﬁlikely to be due to poor
spacing of the observations. Assuming a mu;;mum &.q ot
240 km s-1; the in;lination must be greater than .7°. Oncé
again.\ﬁ is pgorly constrained by the observations.
Proceéding as was done tor HD 58260, a.'lower limit to r ot

: .

0.57 can be determined which, along with the above limit an

; . ‘ ;
the.inclination and equatiogon (4.4), gives §be reauylt g «

630, -

Modelling of the Si I1I 24567 and 4576 lines, then

agafn leads to an upper lLimit on the inclination 1 (it B is

\ ’ - ~ ’
.
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assumed equal to zero) of approximately 40°. ‘The final
»

adopted model has i = 10°, and a polar field strength of

-9 kG The subsequent use of tﬂis vatue of the inclination

has no effect on the helium abﬁndance models. The He I

24437 line is not significantly affected b¥ the surface .

field. : 1ﬂ\ L .

s ]
Table 5.1 contains the derived abundances for elements,

other than helium, modelled in the- spectra of.é Ori C using
the above magnetic nodel. Once again, it is assumed.that
the elements have uniform surface abundances. An‘pver e

v sin i of 32 km s-1 is found from the entire set’ of >

profiles.

5.4 Discussion
Both models of the helium abundance geometry for 6 Ori
: K

. \
C give very good fits to the Hé and helium‘\ing profiles.

”»

The results of the simple uniform abundance model for HD

58260 are reasonably good, but the wings o{*kth? are too

3

weak in the model profile, while the forbidden component of

+ the \4471 line:is too strong. This is similar to the more
exaggeratéd behaviour of 6 Ori b. which suggests that HD -

58260 may also have a vertical or horizontal stratification .

of helium.

To investigate this possibility, spot and stratified
S .
models of the helium abundance have been attempted for HD.

58260 foflowing the procedure outlined abovg for 6 Ori C.

Figure 5.13 shows the results of modelling the He I X4471

.
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profite using a 60 adius helium—rich spot (ege = 0.50)~at

the visible nagﬁeti pole of HD 58260 (log g =-3.30 and I;fg

= 20000 K). The remaEndet of the surface has ene = 0.03. f\,

The fit to the observed profile is much better, and HS (not
¢ - '
shown) is also well represented by tHe gggel. However, Ehe

£ -~ . ,
wings of the 24437 line are still not repfoduced. The-
tesults are similar for the stratlfiedlﬁbdels Adjustirg

\__/ :

,the. free parametexs of e1ther model-(spot size, abundance,

step funetion of vertical helium stratification, etc.) do

not improve the results. For now, the peculiar profile of
N i .. - R 4

this Iine must remain .an unanswéred problem

An examination of table 5 1 indicates that &6 Ori C.is

p more metal-rxch than HD 58260 by a factor of between 5 and

"ot

10 for the limited samplg of elements £dr which abundances ]

o : ) g -

— - : LI

have'beeq ‘determimed, . HD 58260 is almost certainly metais _ .
. *deficient. é;leféve to the sun, 6 ori C.is overabundant in
magnesium: Oxyg;ﬁ'and nitrogen areguhderabundant in the
star, lexzon ‘and aluminum ﬁave‘rgughly sobar abu;dances.

X

Iron presents an znterestxng case The difference 1n I

derived abundances between Fe II and Fe IIT shggests that

the temperature of 6 Ori C. as determ{;ed_from its ébloun
. - . - e . ' ., ' : -

indices. has been overestimateduby'a substantfal %Fount o -

-

The two lines in table 5.1 yAeld an identic&l’abunddhce of

.. .'
.

log cp. = -3.3 (10 times the solar abundance) for a T;gg Oof
16500 K, 23500 K lower thpn the temperature derived above.

\\‘ It is difficult to’ estimete how muoh weight to give to, this

ionization equilibrium temperature, given the uncertaintiés




L 3

©

in the oscillator strengths of iron, errors in the outer

atmbsphere structure, or possible non~LTE effects, but the

8 s

discrepancy shoq}d be investigated further. If the star is

indeed this cool, then the abund;nces given in table 5.1
will all be too small, with the exception of magnesium. The
star in this case would be metal-rich, and probably more
closely related to the helium-weak stars than the helium-
stroﬁg clags. :Indeed, this might be subported by the

spotted helium geometry discussed earlier, since the star

—-—

can be modellied by assuming that it is very helium-weak over
~ Y .

much of its surface.. *

» . .

. \ .
If 6 Ori C is assumed to be a member of the Orion 0Bl
. i

association, then its distance is on the order of 450x50

. o ¢

parsecs. The visual magnitude may then be.used to estimate

-

the luminosity, and hence radius of the star. The distance

L4
.

and appafent magnitude give. M, = -1.54.9% The tdbles oY Code
et al. (1976) give a bolometric zBrréctiapiof -1.91 using a
temperature of 19000 k: Thig“gives log L/Ly = 3.28 and ‘a
radius of 4.04 R,. fhis independeét determinatiog of the
radius of & Ori C would seem to support the spotted 3elium'
geometry of the star, althqggh the result depehds heavily on
{he assumption Xrat the star is a member of the Orion
association. Obviously, -if the star was at a’g}enter‘
distance, the derived radius would Be in better agreement

~- e,

with the stratitiedfiodel for the star derived eaFlier. A

§:fjj§tion for how to-determine which of the above two

. s
+ .

’ . Y ‘e e




) 119

scenarios is the correct interpretation for &6 Ori C will be

given in chapter 8.
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Chapter 6 o Orionis E

[} -

é

6.1 Introduction

As was pointed out' in the introductory chapter, o Ori_E
is the prototype of the helf:m-strong stars, and also the
most extepsiveiy sfudied. A Toughly chronological history

-

of the investig}tions of this star is given below.’

The disqgvery of the star's peculiar natdre by Berger
(1956), and the. analyses of, Greenstein and Wallerstein
(1958), and Klinglesmith et al. (1970) have already been
touched upon (chaptef 15. Lester (1972) modelled
photographie spectra of g Ori E and found Tef¢ = 22750 K,
log & = 4.15, and Mya/M = 0.36 from an average o} four
helium line profiles. His best fit v sin I ranges from 142 f
to 180 km s-t., Osmer and Peterson (1974) used the
,\S§uivalent width ratios. of the He I X4l143 anleé lines, as
\well as He I X4471°'and HY, to determine ;‘pelium abundance

of e4e = 0.52, and found log g = 4.31 from the hydrogen

profiles, as well’as an effective temperature ot 24500 K

from uvbyf8 colour indices. ‘ . N
Walborn (i974) dis;overed variable Ha emissioﬁ in a Ori

E. The emission has a maximum width of 1800 km -1 (about

40A) and rises to 30% above the continuum. He noted that

. . , \
. whenever thg emission is strong the absorption is.weak, and
that the-sum of the maximum emission intensity and maximum
A A .
. z .
absorption intensity with emission strong is approximately g
¢ o -0

equal to the maximum absorption intépsity, when there is no
-

- 120 : fw’




\ emission. Walborn (15743 suggested that this in&icates tqgt

the emission is a single, broad emission profile superposed

on the absorption feature. (Higher quality observations
have altered this picture; see below.) The emission is
variable on a time scale of a few hours.

ﬁc‘rches for radial velocity variatidns in the heiium

° and metal line spectrum of o Ori E have given negative " @

results (Wallerstein 1959; Bolton 1974). Bolfon {(1974)
- <
estimates an upper limit of 4 km s-! for the velocity semi-

—— -

amplitudé. He did., however, report variations in the Ca II
K line, whicﬁ are possfﬁky ci;cﬁmstellar in origin,
Hunger (19;4)'disca‘9red spgctrum variabili£y in o Ori.
E. Hellum llnes vary w1th an ampgltdde of up to 4/} and
silicon lines Lg to 54%. H& and HS are c¢onstant within 12%,
. _‘ and Mg II and C II appear constant as well. The'time scale

of the variability is again on the order of an hour. Prior

to this work (although published later), Nissen (1974) had $
noted that the He I 24026 line appeafed variable in his
narroy—bhnd photoelectric measurements. Thomsen (1974)
obtained.photoelectric observations of variations of fﬁ@ He
I X4471 line and obtained a best fit to the data for a
~period of just under 6 days. Shorter ﬁeriods of 29 and 21
hours are also consistent with his observations. These.

”

short périods are appropriate for an oblique rotator
R .
interpretation for o Ori E, as first suggested for the

-

helium-strong stars in general by Osmer and Peterson (1974).

N Eroaé-bgnd.light variability in the star was first




" simultaneous uvbyps photometry, Ha emission, and helium

”Qélborn's (1974) earlier observations. Again, ne radial

132

-3

observed by Walborn and Hesser (1976), who obtained

equivalent width measurement;. A period of 1.19 days was

found from the photometry and the Ha data, including

-

velocity variatidns were detected. When plotted on this

period, the Ha and helium line data suggested a1 possible
double wave variation, similar to the behaviocur seen in Lthe
equivalent widths of elements in Ap stars. “The simultaneous
data acquisition also gave muéh information coqcerning the
relative phasing of the various data. For example, the
primary Ha emission and helium absqrption maxima coincide.
In addition,” the sharp light minimgm observed coincides with
Ha ?migsion and helium absorption minima. The light
variations are remarkabiy eclipse~-like, mather than the

smooth, lowcamplitude photometric variability observed for

many Ap stars. However, the authors caution that Bolton's
Y

"(1974) upper limit to the radial velocity.variations imposes .

a mass of less than 0.1 My for any companion for an orbitdl
4
inclination greaterrthan 459,
. . .

Further photometric observations (Hesser, Walborn, and

Ugarte P. 1976; Hesser, Moreno, and anrte P. 1977) led to a

. very accurate dglbrmination of the period of o Ori E.
‘Hesser, Moreno, and Ugarte P. (1977) find P = |.1908120.00001

' days. This remains the definitive peri'od. Better phase

“~

coverage of the photometry shows that a secondary light

minimum, also eclipse—like} follows the pgimarff;; 0.43 P.-
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The amplitude of the variation is greatest in the
ultraviolet. The two minima are asymmetrical-and the light

level outside the minima is not constant., The HPB

observations show behaviour similar to previous Ha data
) J
(Walborn and Hesser 1976), and suggest that there is also

» ~ r

S
Shortly thereafter, Groote and Hunger (1976) observed a

' emission presentlat HB.

3 -
IS

variablg shell spectrum in the star. The number of“Balmer

Iings\visiblel n, varies from 15 to 21, with the star being

L J
faintest when n reaches a maximum. Groote and Hunger
proposed that the additional absorber could consist of a
.. ' .
ring or two clouds of material located at two magnetic poles

& . .
of ‘a magnetic star. The suggested magnetig¢ field had yet to
»

be observed. Further observations {Groote and Hunger 1977) .
showed tha£ the the.radial velocities of the a%ditional =Y
shell lines are shifted bv -60 km s-! immediately before,

-and +50 km s-1 immediately following each ect1pse A ring

<

modeL for the absorbing material would then require a
{

retrograde rotation for the ring. .
Kemps and Herman (1977) added'yét another ob;ervation to
the plethora of data for o Ori E. .Thirty-three nights of.
linear'polarization measurements showed a 0.10% peak-to-peak
variatiop of linear polarization in the B-band on the above .
1.19 day period. " Lower quality U band data showed’ somewhat

more complicated polarizatxon structure. ’. M

. Pedersen and Thomsen (1577) and Pedersen (1979) . @

performed narrow-ﬁlnd photometry of the He I X4026 line as

L
<




*a

an oblique rotator model wit

- . - . .

{ ‘ : : * -

well as uvby S8 photometry §or‘o Oori E. Their R index data

. indicate a definite double wave Variation in the helium lin®

strength on the 1.19 day period. The primary minigum in the
. .

light curve follows the phase of maximum helium line

. - 2
strength'Py 0.12 P. Pedersen (1979) also made extensive

additioral- Ha scans of the star. o

The observations of o Ori E wq}e vgry suggestive of an
oblique rotgtér explanatxoncfor the star, ,and this |
interﬁretation ’gs strengthed by the observation of a
strong, va:§§blé longitudinal magne?ic field on the star bv

Landstreetgfnd Borrd (1978). More magnetic field

~

observations’ including measurements obtained using the He 1
. . . . .

25876 line, have been reported by Bohlendem et al. (1987).

Both the HB and'helium line polarization data show that the

field varies between -1500 and +2800 G with the 1.19 day

period.of the spectroscopic and light variations ot the

star. The shell lines and eclipses of the star occur when
. \

-4 ¢ . . . . A} -
the line of sight is close to the plane af the midgnetic

hat the N

equator. Landstreet and Borra (1978)§fuggestnd
a s

variable phenomena of o Ori E tan be ungerstooc
)

in terms ot
e} .

Kas trapbhed
in a magnetosphere above the magnetic equator. . The R index

observations of Pedersen and Thomsen (1977) and Pedersen

—

(1979) also suggest that helium is most overabundant around

the.- magnetic equator of the star. ; : N

> Groo‘te. Hunger, and Schultz (1988) and Groote and

Kaufmann T{QBl)«measured the intrar®d fluxes of %ev#rnlf

v
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helium-variable stars and reported a possible Yariable
infrared excess of more than_lSQi in o Ori E. The infrared
emission appears to be s{rongest during the shell phases of

the star, although the data are quite liimited in phase

(=]

coverage. Free-free emission due to ionized gas trapped in

.
> .

2 the magnetosphere of the star is suggested as the source of

the emission.‘ %onsack and Dyck (1983) however, have carried
oug infrareé photometry of saagral chemically peculiaf stars
and have failed to confirm the aBové'results for o Ori E (or
for any of the stars measuréﬁ by Groote an;\his ©
coflaborators). although one of their measurements for the
star shows ;.statistically sigAificant infrare& excess.

’ They point out that the infrared excésses reported by
. . o AN

droote, Hunger*,. and Schultz (1989) are Eonrglated with the
visual m;gni;gﬁes of their prsg;am stars, and be%ieve the
qarlie%.measurements were affecteq}by systemhtic errors.
Groofé aﬁd;Kaufhann (198;) counter this argument by
suggesting periodic variationg of the infrared f}uxes and
systematically fainter magnitudes measured by ﬁqnsack and
Dyck (1983), githe;’because of poor weather condi%iohs or
because calibration errors are the source of the discrepancy
between the two sets of obsérvations. More recently
" howeQer, Kroll (19595 has demonstrated tﬁat theré is indeed
.a non-linearity present in tha ESO dnfrared:photoﬁetry. and

o -

by carefully correcting,ﬁis data for this non-1linearity,

confirms the results of Bonsack and Dyck.

Sﬁage and Adelman ({981) havé'cqrried out IUE

.
a 'a
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observations of several helium-strong stars, including o Ori

E. Ultraviolet line profiles of-C II, C III, C IV, Si III,

Q
Si-IV, and Ai ILI all vary on the rotational period in
antiphase with helium. , Barker et al. (1982) have presented
additional IUE data. The C IV profiles have a persistent

" shortward absorption extending to -600 km s-1!, which is
A .

suggestivé‘og’a stqllar wind, but show no evidence for-f&lly;

developed P Cygni profiles. The cores of these lines va}y‘

. -— ”

in depth by a factor of about two, but only near thi."%e:“‘ N .

. . 4 .
center, It is uncertain whether. this line variabilgty' ~
. ->

‘arises in the wind of the star or inlthe photosphere. Ogge

maximum of the C 1V absorpiion occurs‘near mdximum.negative
magnetic field strength, which suggestg that the stellar
wind might be confined to a “‘¢one above ﬁhis-pol;. *‘The ' )
second C IV abgo;pfion.ég;rmum. oﬁ‘the other hand, ieads the
positive pole in rotation by about 0.2 P (Barker 1986).
The work of Groote and Hunger (1982) is the most
c?ﬁprehensive modéiling thateahas been performed‘tér o Ori E,
prior to the curren? investigatibn. .Froﬁ the continuum
fluxes they derived a Te¢tr = 22500 83 and angulaf diameter
;f 0.07920.002 milliarcsec. A surface gravity of log g = |
3.85£0.1 was found froﬁ the optidaf spectrum, as was the
bPelium abuadance on the visible hemisphere ot the star';s a
functfion of phase. The helium abundance r;ngeslerﬁ ca,.a
0.75 to &H; # 0.38 (note that this abundanoe.refers to an

, average over :the disk %s a whole at each phase; the actual

- )
. range in helium abundance could be considerably higher).
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The 400 pc distance to o Ori AB then yields a mass o% 321 M,
for the star. . Since }he diass and temperature are ifpsisteﬁt
with a star;of this mass with hydrogen mass f}ac{ion X =
d.3:0.2. the authors conclude that the helium-enrichment is
not confined to the surface. In their model, the'Ha N
emiss%on_gnd shell lines arise from two more or less
isolated clouds located near the intersections of the

magnetic and rotational equators at a distapnce of about two

2

oqtellar radii from the center of the ,star. A temperature Of

-~

-

15000 K and a total mass of the order of 10-10 M, is
estimated ESr the clouds.  The clouds appgar in emission
when the Doppler effect is large en&ugh to shift their
emission away from the photospheric absorptidn line. Barker
(1986) has extended this modél to incorporate the observed
behaviour of@the C IV resonance <iines observed by IUE.
"Groote and Hunger (1982) were also able to explain éhe.IQCk

of observed radial velocity variations in the helium lines,

despite the obviously non-yniform helium abundance. .
Landstreet and Berra (1978) had earlier argued that since

the -strong helium lines that are normally used for radial
, )

velocity measurements have gaturatédd cores, evem for normal

-

hetium abundances, the radial velocity variatiogs for these

lines would occur only in the damping wings and hence escape

’ .
detection using conxentional techniques. In fact, Groote

and Hunger. (1982) have shown that the cores of thé strong

heliunf lines should show opposite radial velocity shifts to

..

the cores of weak hél{uﬁ lines, and present -observational
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evidence in favour of this. This effect will be encountered
> again below and in the next chapterl
Walborn (1982) and Bolton et al. (1986) have .
demonstrated that the Ha emission variability of o Ori E is
Stable over gmore than 3400 rotaﬁion'periods of the star.
The latter data will be presented in more detail b;bow.

Emission has now also been observed in high quality spectra

of the HB line (Hunger 1986).  Nakajima (1981, 1985) has -

developed a theory for the Balmer line emission in which the

>

circumstellar gas is trapped by thg stellar magnetic fiéld
\ and forced to corotate with the star. The position_and\
extent of the.circum§tellar clpud(s) are determined ?y tfe.
balance between centrifuga( and gravitd&tional forces.

wdlborn (1983) measéred a v sin i of 170 km s-1 tor o

-

Ori E using the He I X4121 line. Adelman and Pyper (1985)

¢

have performed additional uvbyB photometry and optical

.

spectrophotometry of the star, and using Kurucz’'s log g§ =
4.0, solar abundance'model atmospheres find Tere¢ = 23400 K.-
Drake et al. (1965, 1987) have found o Ori E to be ®#a
variable, non-thermal, radié)source'at 2, 6, and 20 cm. The
emission is consistent with gyrosynchrotron émission from
mildly relativistic pa;ticles trapped in thg magnetosphere
of the star. Phillips ang Lestrade (1988) have confirmed

. . the:é observations using Very Long B;seline Interferometry

- .

(VLBI), and have determined an upper limit of 6 stellar

diameters for the extent of the emitting region.




5.2 Observations

The magnetic field measurements of o Ori E are
presented ih\figure.6.l a{ong with smoothed curves
represeu@ing the helium line strength index R (Pedersen and
Thomsen 1977; Pedersen 1979), the number, n, of the last
visible Balmer-line {(Groote and Hunger 1976), and the
photométric measurements of Hesser, Walborn, and Ugarte
(1976). The %9p€/;re‘p}0tted accQrding to tﬁe ephemeris

determined by Hesser, Moreno, and Ugarte (1977):

JD (primdry mirdimum) = 2442778.819 + 1.19081(%20.00001)E.

The phasifig of the various data discussed in the preceding

segtion is clearly seen in the figure.
As for HD 647404 circular polarization measurements of

ri E have been obtained in the wings of HS and He I X\5876

(Landstreet and Borra 1978; Bohlender ot al. 1987). The

“results for both lines again yield identical sinusoidal

longitudinal magne?ic field curves. The curve through the
magnegic data in figure 6.1 is given by eguation (2.2) and
data given in table 2.2. Once more, the dipole component of
the field configuration appears to dominate, as is reflected
by the.goodness of fit (the reduced chi-;quared is 1.48) of
the curve t§ the data; 'Equation (4.2) gives a lower limit
of‘about 9.5 kG for the dipole polar field strength. From
the arguments in chapters 3 and 4, a surface magnetic fie{;

of this or&er might be expected to manifdst itself through

differential intensification of the Si III multiplet 2

lines. This will be discussed below.

A
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Figure 6.1 Helium line strength index, R, shell line, and
. photometric and magnetic eurves of o Ori E = HD 37479. The -
first three curves are hand-drawn fits to the data. s
Magnetic data symbols are as in figure 4.7, except that open
circles represent HpP observations of Landstreet and Borra
(1978). The curve through the magnetic observatioas %p
given in the text. (From Bohlender et al. 1987.) ‘>
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The CFHT observations are given in table 2.1, where the

phases have been determined to a high degree of acquracf -

-

using the above ephemeris. In figures 6.2 and 6.3, the

.

complete set of CFHT Ha and H6 profiles are presented.

These data represent the highest .uality observations of the -

.phenomena associated wiph'thé circumstellar materiai~of o

. ~ o: v
- b . L]

Ori E. Bolton et al. (1986) have summarized these .- o

observations (sdbﬁ&ehehfed with additional Spéctra obtained
. . .

at McDonald Observatory). By comparing these figures with
figufé 6.1, it can be seen .that the disappearances of:the'Ha

emission coincide with the appearanées of shell absbrption
\ e

at HS,. and the photometric mimima (near phases 0.00 arnd -
. . e

0.453T In addition, the depths of the photometric minima

are correlated with'both the strepgths of the violet
emission seen af‘phases abproximately 0.20 P prior/focthé

. . . -
shell phases, and with the depth of the shell absorptiolls at g

— 4

the time of the minimum (e.g. the violet emission near $ =

-

0.75 is stronger than the violet emissxon at é a-O 20). -

This suggests that most of the light varxatzons are produced -

- -

by eclipses of the star by the cirdumstellar mafefidtu The
a

emission variations support a “model withifhp’dibtinct
regions of emitting gas co-rotating with the star near the
intersections of the magnetic'and rotatiohal equators.
According to Bolton et df, (198¢), tﬁ&\quimum width of

”Y ‘-\“- ' ‘-“/. * ) [}
roughly 4 A for the Balmer shell lines and the widths or the

minima in the light curve indicate that the. emission regions

subtend an angle of 18° to 40° at the center of the star.
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of shell episodes near # = 0.065 and ¢ = 0.485.
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The emission has a sharp iniler "boundary about 285 km s-1

from the veigcity of the star and extgr';ds to approx.i:hatel);

L@bo km s*1, which constrains the emission regioﬁ to between
* 1.;;.$nd about 6 Rea. Bolton et al. (1986) do not comment on

the presence of poss'i.blﬁ emission features in the H& line,

but an examination of this'profil? in figure 6.3, especially
at ¢ = 0.756 and phases near ¢ = 0.260, reveals evidence of
emission at *10 A from the core of the line, precisely when,
and where, the emission is gtrpngest in Ha. <
A sample of helium profiles of o Ori E at two different
phases are given in figure 6.4 to illustrate the peculiar
radial velocity behaviour of these lines élluded‘t% earlieE.
Previous obserﬂations have suffe{gp t;om considerable pld?é
noise (Groote and Hunger 1982).,\Thg ent{ré set ;f V4437 and
. 24471 profiles are shdmn?in-}ig;res 6.5 and 6.6 respectively
gdash}d~liﬂ§€34"}H:?;0437 line displays a wide range in
equivalent width as well as radial velocity V;rjdtiODQ. By

comparing profiles of the X\X\4437 and 4471 lines in tigure

»
: 6.4 it is immediately apparent that, when a heltum-rich spot
ig approabhing the line of sight (# = 0.662), the X44137 line
. ' - Lx;‘ [ead

~hows a pronounced blueward asymmetry, while the cor&Jof t he
. .«
X4471 line is redshifted. The opposite occurs when a -

-

heliumffTEh region is receding from the &bserver ¢4 =

[N

0.454) . This is the exact behaviour modelled (and less -

convincingly illhstg%DeQ) by,@roote and Hunger (M982), and

-

first suggested as a reason for the lack of observed radial

R . velocity variations by Landstreet Nﬁngurra (1978). Thege




13

. _ y R
' - * "Pa3J1Yys-pas st ayqjoad
: - E LEYYY BUY uaym pajyyrys-ani(q 81 a[1jyoid [r4ny ayy ey} -
d1dwexe jJo3 ‘@j3oON '3 110 o0 jo 8311joxd aui] wnyjay a4y jJo .
iﬂo“uc~$c> A3100(e8A [eypea ay3y jo UotjleaISniLI &'9 aanBr4
. . 2
¥ HION3T3IAVM .m + ¥ HION3TIAYM
] . .
Zhh 6E++ C LY 4P Lty CLyY : LI+t
T T T T T - T ! L
LEYHX 1 ®H . Ly I °H ‘
- 7 0600 -
o | .
X
. mw bl
sl %
— o -
— <<
< m
N S {560 ™ =
% . & )
- 2 -
~4 - =<
l..A N
- {00-1 - ’ -1 ot ,

L 3 i 1 ’ 1 - i _1




[ 4

1 l- T 1

HD 37479

.1.00
0.96

0.92

L 4

RELATIVE INTENSITY -
e 0]
-+

0.88

0=80
0.76

0.72

He A4437

1 1 - 1 1 - 1

$434° 4436 4438 . 4440 4442
WAVELENGTH R - 7

-

Figure 6.5 Observed (broken line) and modelled (solid line)
He I X4437 line profiles of o Ori E. The helium abundance
geometry is described jn. the text.
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radial velocity variations are an important confirmation of

the correctness of the oSlique rotator interpretatlon of: the

Pl -

helium-strong stars. The variations are evem more

AN

_pronounc®® {n HD 37776 (chapter 7).

Finally, variations of the Si I{1l \4567 line are

~

indicated by the dashed lines in figure 6.7. The Mg I
A4481 line shows a similar phase variatiomns but is blended
with He 1 X4471 . Lanes of O IT and N Pl also xive evidence

of this type of phase behaviour, but are too weak to model

‘with any confidence. s

A 3

6.5 Modelling

<

\ Groote and Hunger (1982) have derived a JT.ag¢ ot
S
225002600 K tore‘o Oori E‘b)"mat(:hillg its continuous energy

disf.ribution from 1000 A to 50000 A thi:_fluft)r‘o'?lmal tTuxes
\

: . )
from Kurucz s solar abundance model atmospheres. There 14

~

an inconsistency in their ‘derivation because of, thes use of

o LY

solar .‘l ium dbun'ddn(:t:-s. However, currently avairbable

. . . .
helium~-rich gpodel atmospheres do not inc fude metal Line

.-y

blanketing, which is.very i1mportant in the ultraviolet
E -3
spectra ot‘haf stars., Grnote an«l\l{nngo-r (19H2) jJustaty

~“their result by claiming that at the relévant temperature
<
<

and helium abundante,” Dine blankef ing 1s hardly atteNted hy

»*

the abnormal helium abundance. Since this 1s probabiy t hes

. most physically reasonab® method ('ur determining the

taemperatures of the helium-strong stars, the eftective

tempo.-araturé pf Grodmte and Hyngeg will be adopted here,

R =N
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Figure 6.7  Observed (broken line) and modelled (solid line)
Si III A\4567 line profiles of o Ori E. The silicon :

abundance geometry ‘'is described in the text.’ .
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- An extra problem to consider, however, is that in
dgreddening the observed flux of o Ori E, Groote and Hunger ‘
(1982) assume that the star is at the same distance as o Ori

AB, and adopt the colou¥ excess, E(B - V), of the latter

system for the peculiar star. However, in the course of .

0 ‘f
this work, it will be suggested that o Ori E is not a member

of this multiple star system, but in tact .lies at a

v

significantly greater distance. The above temperature

-

estimate may then be somewhat low depending on the amount ot
interstellar reddening beyond Orion.

To obtain an indication of the accuracy wrth which the

-temperatures of HD 64740, HD 58260, and &4 Ori C have been

determined in the previous two thapters, the various colouar

-

indices..of o Ori E have aluu been used to provide an

estimate of the star’'s temperature. Followkng the samey
procedure used for the<abova three stars, and assuming
surface gravity of log?y = 4.0 tor v Ori E, vftvctxvé

temperatures of 23850 K, 23950 K, and 23600 K, are tound

: from the UBV, Geneva, and uvbyf photometric systems

- respectively. These/vqlues are condistent with the T.o¢ =

23500 K determined by the tine analysis ot Klinglesmith ot

.

al. (1970), and with Tag¢ 2 23400 K tound by. Adeiman and

Pyper (1985).ftrom ti'tting the isible continuous c_-nc-'r'-gy o

distribution ot the star. The esatimated uncertainty ot M .
. - G e . - - . .
1000 K for the temperatures derived tor the other program

- »
- - »
stars therefore seems appropriate,

— The remajnder of the analysis tor o Ory § proceeds in a

¢
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nanner.siqiLar to that carried out. for HD 64740. -
Preliminary modelling of -the s;licon lings, as well as He I
x4437; sugge#ted a v gin i on the order of 140 kmes-1! for o
ori =. .A distance to.the star of about 450 pc and the
angular diameter measurement of Groote and Hunger (1982)
then gives a radius of 3.9 Ry (Bohlender et al. 1987). An
initial estimate of i = 58° and B8 = 64° was then obtained
*using equations (4.3) through (4.5) and the léngitudinal
magéetic field curve extrema. ‘

An initial_ model of the ;Qlium abundance geometry was
found by modelling the variations of the He I 24437 line,
ignoring any influences from the surface magnetic field.

The R index mqéEugements of Pedersen. and Thomsen (1377) and

Pedersen (1979) shown in figure 6.1 indicate that helium is

« most abundant near the magnetio equator. Accordingly, a
first attempt to'model the observed line variations was made

- - usiﬁg a geometry’consisting of a helium-rich equatoria{
region surrounding the star. Models were tried with various
abundance céntrasts between the helium—fich belt and the
rest of the surfeace,  as well as various w&dths of the

~

helium-rich region, but none of the modelsrreproduéed the

-

large variations’ in line strength observed. Instead, the

model that fits the observations best consists of two

patches of large helium abundances located near the two

4 ..

intersections of the magnetic and rotational equ&tors, The

remainder of the surface of the star also requires a helium

abundance approximately twice the solar value. A v 2in i of
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about 130 km s-1 gives the best fit'to the profiles.
Next, the surface.gravity was determined’ by

synthesizing the profiles of the HS6 and He I X4471_.1lines

using the above tentative, solutien for the relative

abundances of hydrogen and helium. A problem immediately
arose in this modelling. The H6 profiles are reproduced
best with a surface graJ;ty of log g = 3.7. This value tor

the gravity reproduces the cores of the He I 14471 fines,
(for a éomewhat higher v sik i_of 150 km s-1), but gives
line wings that are too weak. Also, this gravity gives an
uﬁcomfortably high mass-and radius, and hence a low
inclination of about 20° for o Ori E. The appearance.ot the
very distinct phenomena observed in the star, such as the

shell lines, would then be very difficult to understand,

since in this case B * 80°, and the magnetic equator ot the

star would never be farn from the liu@ ot sight. The wings
of the 24471 lines can be reproduced-nicely tor a log g ot
s

4.1 and for an abundance geometry that matches the 24437
variations. However, the 14471 cores are then much too
deepR.

There are at least two possible reasons tor this
discrepancy. Firstly, as has already been mentioned, Heé
doe;isﬁow some evidence of emission at certain phasea. Thiw
would have the effect of raising the wings of the line, and
jhence, reduce the apparent surfuce‘grqyiQy if the

contribution of the emission is ignored,“as it 1a, here.

Secondly, the He I 144137 protile variationa suggest very

Wl " —
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" band centersd apout €£! froh the negative magnetic pole and
in a spot loceted neér the }inb of seight at # = 0.591. With
the above dipolar‘field strength, the relative strengths of
the Si III AX4567 and 4574 lines ;re in ggod agreement.
Models of these profiles witho#t a magnetic field result in
24567 profiles that are too weaﬁ‘invrelatiop to 24574.
U;fortunately, the inclination éﬁn not be constrained any

further by this marginal differential magnetic’

intensification.

6.4 Discus;ion

’ Until now, the large range T masses found for o Or%. E
by varioﬂs investigators (see section 6;1) has posed a
serious préblem in that a low mass suggestsfthe
uncomfortable idea of a global enrichment of helium in what
mus; be a young star, while a large mass points to the,
peculiar helium apundance being confined to the atﬁqsphere.i
At oné time, the célibration of Hunger’s photographic plates
had been questioned, with the suggestion that some
equivaient widths, and hence surface gravities were too

[+

small (Walborn 1983). Hunger (1?86a.b) has discussed tbhese
problems in some detail, and has determined that this iscnot
the case, and concludes that the smnll-masses must be
attributed to the distaﬁce of o Ori E being underestimated.
Some of the interpretations of the observations of ¢

Ori E described in the in'troducti'c‘ of this 'chapter.have

already been mentjoned briefly in chapter 1, but- a further

-
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Table 6.1. o Ofri E Abundance Geometries

[N ~ -
Helium Spet Locations (}eg-cc = -1.0)
v

* log eqe Colat. Long. Radius )
~-0.222 120¢° 180° 30°
, . ‘
, ~0.155 700 0° |, 60°

log €ye = -0.82 on Remainder of Surfuce

Silicon Geometry (log €5 = -4.50)
Band:

& Magnetic Colatituder 100°-140°

. Tog veg i -3.80
Spod: .
log esi__Colat. _ Long. _ Radius
-3.60 40° 180° 4o

.

iog tg3 = -4.8 on Remainder of Surface




Figure 6.10 1Illustration of the helium abundance geometry
of o0 Ori E. The .hatched areas represent the locations of *
the helium-rich regions on the stellar surface. The
locations and signs of the magpetic poles are indicated by
the symbols - and 4. Details of the model are outlined in

the €text. The rotational phases are given below each
figure.

-
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Figure 6.11 Illustration of the silicon abundance geometry .
of 0 Ori E. The hatched areas represent the locations of
the silicon-rich regions on the stellar surface. The
locations and signs of the magnetic poles are indicated by
the symbols - and +. Details ot the model are outlined in
the :ext. The rotational phases are given below each
figure.
-
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AN
- band centered about 60° from the negative magnetic pole and
. X L .
in a spot located neér the }inb of sight at # = 0.591. With
the above dipolar.field strength, the relative strengths of

the Si III AX4567 and 4574 lines are in good agreement.

Models of these proffles without a magnetic field result in

\4567 profiles that are too weak in relation to \4574.
A ..‘\ .

Unfortunately, the inclination §$n not be constrained any

-

further by this marginal differential magnetic’

intensification.

\
6.4 Discussion

14

Until now, the large range < masses found for o Or% E

by various investigators (see section 6;1) has posed a

serioﬁé préblem.in that a low mass suggests the
uncomfortable idea of a global enrichment of helium in what
mus% be a young star, while a large mass points to the,
peculiar helium abundance being confined to the atﬁqsphere.n
At oné time, the c?libration of Hunger}s photographic plates
had been questioned, with the suggestion that some
equivaient widths, and hence surface gravities were too

o

small (Walborn 1983). Hunger (1986a,b) has discussed these

¢

problems in some detail, and has determined that this is not .

the case, and concludes that the smnllvmasses must be
attributed to the distance of o Ori E being underestimated.
Some of the interpretations of the observations of o

Ori E described in the introducti of thiS'chapter‘have

] 1Y

already been mentjoned briefly in chapter 1, but-a further

-

..
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discussion is warranted here. Gréeﬁ!gein and Hallerstefn

(1958). and Klinglesmith et al. (1970) favoured a model in

>

which o Ori E was originally a véiy massive star and as a
consequence, evolved very rapidly. During this rapid
evolution, the star shed more than two-thirds of its initial

mass, and exposed its helium-enriched interior. In

contrast, Osmer and Peterson (18974) concluded from the ¢ f

surface grgsities. temperatures, and abundances, that the

$

helium-strong stars as a group are related to tf% Bp and Ap

stars. Howevefﬁ Odell (1974) was the first to point out a

possible mass problem for o .0ri E. Using a revised dtétance

-

to“the o Ori AB system of 400 pc (Heintz 1974) and the data

of Klinglesmith et al. (1970), he -fin¥s a masg.of 4.85 Mg
. . Q .

3

-and’ radius of 3.44 Ry, which is inconsistent with a normal

‘B? star. This Ibwer mass is coﬁk&i;ent with §telldr m6del:

. . : v . \ .
with a helium mass fraction, Y, of approximately 0%6. With
the age of the s;ér constrained by the pmesence ot the

unevolved AB component, Odell was unable to provide a
’

satisfactory explanation for the apparent evolved state ot o

Ori E, although he censideged scenarios of mixing due to

: %

rotational circulation, méﬁgﬁloss. breakup of a single

>

massive star, binary mass<transfer, and capture of an old

star.

- Heséérg Malborn. and Ugarte P. (1976) recqnsidered the ’

e £ s, el - . b t )
idea that ¥ Ori E coulq be a mass-transfer binary system,

T -

. e
. xfter discovering the inteéresting eclipse-~like photometric
~ @

‘ [ 5 .
gehaviour of the star. o In their p{ature. a B star-has a

; N ¢




degenerate conﬁanien (with mass < 0.1 Mq) surrounded. by a

synchronously rotating accretion disk with a hot-spot® .
located where the mass stream from the B star makes contact.
. r M 3

> “ .
The ptimury ﬁhotometric minimum occurs when the hot spot Js

-
. . 4

occulted by the. ‘B star, and the seconsary minimum occurs
‘when the dxsk 1tse1f oecults the hot spot. The phase
separatlon of the eci{pses and the- general behaviour of the
Ha emission_is a}so'geasonably wellxexplained.by the model.

Of course,.tlie problem remains thét.the original primary

-l \
.

component of the system must have beem'very massive.  The

-

authors also briefly discuss ad.a!ternate model with two

ultraviolet brfght spots located at the Lagfeﬁéian:points of
a binary system, with the teading spot somewhat brighter.
< B . . \ - .

The two minima in the light ecurve of the star are then. the

result of a single W-shaped eclipse. The linear

polarization data of Kemp, and ﬂerman (1977) are also

-

consisteht with .a mass~-transfer binary model. The

polarization is caused by refleection from, and emission by

the accretion disk. A problem arises for the 6inary.‘,

- - -

&nterpretatioﬁ in that the Jbserved radial velocities of the

. 13

shell lines near the ‘eclipses (Groote and Hup%er 1977) "

require a retrograde rotation for the accretion disk ¢r
.ring‘ T L . . '

-

Partly because of these problems in the binary
. 9 N
hypothesis. but mainly as a result of the discovery of the

t

strong magnetfc field of o Ori E, Landstreet and. Borra

(1978): discuyssed the,observed phenonena of the star in terms




! SN N
of an oblique rotaior model.r They proposed ,that material is
- . !
removed from the Photogphere by radiation pressure and
- trapped in the m&gnetosphere a few ftellar radii above the

surface at the magnetic equator, where the flow velocity is .

L B3

-«

reduced. The dense gas above the_magnbtic eqhator'éould

produce the observed shell lines and eclipsqs:.if the .
3
density-of the material is high enough. Tro shell phases
. <

&

and ecl\pses would occur for each rotdtion of the star,

since the magnétic‘observatioqs.}ndicate that the magnetic

A ¢

équator passes through the line of sight twice'peq rotation.
Tgis gas might als¢& be_;esponsible for the linear |
Ibolgrization observggiby Kemp and ﬁerman (1977). landstreet
and Borra (1978) were ais; able tqiremove qodcern over the

lack of observed helium line radial velocity variations
- L . : . . - e
predicted by the oblique rotator model (see the earlier

discussion on this point). (:Unfortunately’ the¢ large

’ v

o o s . . ' ) - :
velocities, found rn.tpe Ha emission can not be explained
F 2N e . \- . .-

with this model. * ' . . ‘

b . o .

P .

. e . ‘ .. R . .
< < *he u&e,of'Grobte and Hunger's Terf. together with the

'value-o% lég & found from the present modelling leads to a
mass of 12.0323.0 M, and radius of 8.1%3.0 R, for o Ori E.

This mass is.consistent with masses of normal ‘B2 stars, so

- s

that the anomalous helium abundance must be confined to the

atﬁuspherg of the star, and arise from diffusion processes
as described by Vauclair (1975) and Michauh et al. (1987).
The distance to the star can be easiTircalbulated'from.the-w

aﬁgulaf diameter determination of Grobtg.aﬁd Hunger (1982)
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and is found to be 990 pc. This is in considerable
dishgreement with the M = 8.9 Mg, R = 5.25 Rt; and d = 640
pc‘recenily determined by Hunger and Heber ({§88,.pfivate.

communjication) from a differential analysis of o Ori E and

~the sharp-lined B2 star Gaﬁmd Peg. ﬁoth investigations,

héwever. suggest that o Ori E is not a member of the o Ori
éystem: ) : ¢
-

Ipé heliuym abundance geometry ‘derived above is
reasonably consistent with Fhﬁ.médel of Shore (1987), which
predicts a helium-rich equatsrial zone for o Ori E. The
overall abundance of he}ium derived here is i; reasonable
Agreement with p;evious determinationgiby Kliﬁglesmith et
al, (1970), Lester (1972), and Groote and Hunger (1982).

The fact that helium seems to be concentrated in two spots

near the intersections of the magnetic and rotational

equators may’ indicate that rotation plays an imporfant role
~ *

~

in determining where'difEUSioh processes are most |
pronqunced. The adopted v sin i and EnclinationJ{; the
model inéicates an equatorial veiogity of almost 220 km s-1.
Shore (1987) does not discuss the effects of rotation on the
predicted‘locq?ions of the helium o%era?ugdancgs. but a
rotational veJociiy of this order may have an apbreciable

effect on the diffusion-velocity of helium by reducing.the.

effective’ surface hrav{ty'at the rdtationa} equator of the

star. - Such effecis are'cert&inly important ihen'qonsidering

- -

the circumstellar material- of ‘the star (Nakajima 1981,

1985). L . .
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This star definitely merits additional work. Tﬁe fits

of the model HS and He I X4471 profiles to the

" are not as satisfactory as similar fits for HD

the slow rotators HD 58260 and &6 Ori C.°- The presencé of
emission in the H6 profiles is defihitely part of the - \\ij
to

problem, but the large local abundances of helium needed

fit the observed variations of the He 1 X4437 line suggest

that, for this star at least, the use of Kurucz's solar

»

\ abundance model atmospheres is a poor approximation to the

- 2
(-

- real atmosphere. of the star.

- -

. 1S54

\

observatiens

64740, or -for -

Y

AV
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Chapter 7: HD 37776

<

.

7.1 Introduction .

The helium-rich nature of HD 37778, another member of
#he Ogion OBl association, was first feported by Nissen
(1976), who carried out narrow-band bhototometry of the He 1
A4026 line, as well as uvbypf photometry. The_pﬁotometry
also indicated that the helium line strepgths are variable,
which st thé time made this the second known helium line
variable among the helium-strong stars.

Pedersen and Thomsen's (1977) similar } index
observations clearry show a double wave variation in tﬁe
24026 Llne strength on’ a periocd of 1.538x0.004 days. (This
is 4.05 times the 0. 37968 day perxod found by Hill (1967},
who claimed that the star is a ﬂ Cephei varxable ) Pedersen
and Thomsen's uvbyp data also show y and ¢; index
variability in.the sense that, when the R index values are

small (correspoqding to maximum helium line strength), the

star is faint in y and the Balmer jump (as measured by ci)

"is small. JThe two helium line strength maxima have the same

strength, but are less than 0.5 P fpart. which Pedersen ana
Thomseﬁ (1977) claim is suggesxive of an asymmetrical helium
abundance geometry. Conginued‘obserVations by Pedersen
(1979) improved the perigd determinatfon‘to 1:538510.0603
days. His average of ggx:rai Ha scans also gave some
evidence for Ha emission, but at a very low (2%) 'level.
Adelmar® and Pyper (1985) have providéd additionaffhvhyp
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photometry. and find Tog¢ = 22500 K by fitting their optical
spectfop?ptometry with Kurucz's (1979) log g = k:0 solar
abundanéé‘model atmospheres.

Borra and Landgtreet (1979) discoverea a strong but
pecﬁliar magnetic field in HD 37776. Seven longitudinal
field mea;urements, when pio%ted on Pedersen's (1979)
period, showed an unusual double-wave variation in the
magnetic field intensity, which seemed to be éupgfrted by
the-rélative phasing of the helium line strength'variatioqs.
The limited set of field measurements could be made to fit
the more qual sinusoidal field variation for many periods
between 0.5 and 1.0 days, but none of these periods ,
satisfied the data of Pedersen and Thomsen (1977) and
Pedersen (1979). |

'Groo£e and Kaufmann (1981) performed.an analysis for HD
37776 similar t;Atﬁat ca;ried out for o Ori E by Groote and
Hunger (1982, see chapter 6). From the observed
ultraviolet, visible, and infrared gontinuum fluxes,
théoreticaf fluxeg from Kurucz's (1979) atmospheres and an _
é(a - V) = 0.06, they fohnd Ter¢ = 22000:1000 K and an
angular diameter 6f 0.069 milliarcsec for HD 37776. They
also preseﬁt phase resolved résults for the helium ag;ndance
(averaged over the visible hemisphere of the sgar at each
phase), surface gravity, equivalent widths of hydrogen and
helium linas, and radial velocity data. The number !roqtfdn
Oof helium, eye, varies from 0.15 to 0.60 with a vafiatioﬁ. -;

- . R

similar to the R index observations. Helium and hydroger




.;-,
o ‘.‘eg

line equivalent widths vary in antiphase. In fact, the
suspected hydrogen line variations.are unigque to the helium-
strong stars: The surface grdVity appears to vary frog
loé g = 3.7 to log g = 4.2, althougﬁ.the authorsiwarn that
part of thi§ variation may be due to calibration errors in
the reduction of the phbtoéraphic plates. The hydrogen and
helium lines have radial velocity variations of the order of
20 km s-1, which again vary in antiphagé.

- In a paper appearing in.the same conference proceedings
as that of Groo}e and Kaufmann (1981), Shore and Adelman
(1981) diécuss 1UVE observations of HD 37776. The star shows

ultraviolet variations similar to those seen in ¢ Ori E:

helium line strengths vary in antiphase with lines of

187

carbon,. silicon, and aluminum. A temperature of 2060021000 K -

is derived from the ionization equilibrium of lines of Si
11, 8i I11, Si IQ. and the non-LTE equivalent widths of
sitlicon lines-calculated by Kamp (1973, 1978). The stér'
also shows evidenceffor a weak, and possibly variable, wind.
Further IUE obeservations are given .by Barker et al. (1982).

- Walb;rn (1985) reported optical spectrum variations of
silicon and possibly magnesium. He estimates a v sin i of
160 km s-1 from the width of the He I X412l ‘line.

Because of the peculiar nature of the maghetic field

variation discovered by Borra and Landstreet (1979),

Thompson and Landstreet k19853 perfprmed a much more

-extensive series of longitudinal magnetic field measurements

.of the star. These observations confirmed the bizarre



nature of HD 37776’s magnetic field curve. Thompson and
Landstreet (1985) argue that the curve represents the real

L Y
magnetic field variation of the star by ruling out an

(-4
~erroneous period determination, an intrinsic variation in
the field of the star, a binary system consisting of two

.

magnétic staré, or an eclipse of a single magnetic stai as
explanations of the peculiar field curve. Thé helium-strong
star HD 37776 seems‘to bé ghe first known star in which a
quadrupole figld geometry dominates the usual dipolg field
found in other peculiar -magnetic stars.

Drake et al. (i987) failed to detect radio emission
from HD 37776. They give a 30 upper limit to the 6 cm radio
luminosity of log Lg '« 16.5. This may provide support for
the quadrupole interpretation of the magnetic field of the
sta}} because the field at a few stellar radii above the
surface of HD 37776 would then be much wéaker than for a
dipolar field, since.a quadrupolar.field has an r—% 'radial

dependence compared to an r3 dependence for a dipolar

field.

*

Because of the peculiar magﬁet;c field cur/e and the
remarkable spectrum variability of the star reported below,
HD 37776 is perhaps thesmost interesting member of the
entire halium~strong ;lass of stars. Some of the

preliminary modelling that has been performed for this.star

is presented here.
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7.2 JObservations .

. Hand drawn fits to the } band photometry, helium R‘
index observations, and longitudinal ‘magnetic field
measurements of HD 37776 are given in figure 7.1. Unlike HD
64740 and o Ori E, the helium maxima and minima both occur
at phases of magnetic nulls. - The phases of the data - in
f;gure 7.1, and the CFHT spectra catafbgued in table 2.1
were determined from the ephemeris of Thompsoh and
'fz;éstreet (1985):

JD (B+) = 2445724.669(10.02) + 1.5386?(10.000073 E.

The spectrum variations of HD 37776 are extraordinary.
For clarity, some sampléé of these are shown in figuras 7.2
through 7.5; moaels of some of these line variations will be
presented later. The Ha profiles shown in figure-7.2 show

‘little evidence for the suspected emission (Pedersen 1979).

Profiles of HS and He I )\4121 are shown in figure 7.3. Tﬁe
H6 profiles are variable in strength, especially at ¢ =
0.155 and ¢ = 0.495. This may provide su.pport for the
report of Groote and Kaufmann (1981) that the surface
gravity ot the star is variabl®; but Fhe'line variatidns
migﬁt also be caused by a nonuniform abundance of helium:
the M\4121 line strengths are obviously variable. The
variations of the neutral helium iines ;re even more
hotic&bl; in figure 7.4, which presents .,excellent phase
coverage of the XX4437 and 4471 !ineg. The helium lipe

profilés would seem to support the idea of a band of

enhanced helium which crosses the line of sight at ¢ -/D$Q<?
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Figure 7.1 Stromgren y-band light variations, helium line
strength index, R, and magnetic field curves of HD 37776.
Each curve is a hand-drawn fits to the data. (From Thompson
and Landstreet 1983.) : : oo
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Figure 7.2 Observed Ha line profiles of HD 37776.
Rotational phases are given above each line profile and are
calculated from the ephemeris given in the text. '
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Figure 7.3 Observed Hé6 line profiles of HD 37776.
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ahd # $ 0.330, Tear the two positive extrema of the magnetic
field: The tight phase zovérage and rapid changes in the
24437 line near these phases suggest that thls band is quite

narrow, and out of the field of view between ¢ 4 0.529 and ¢.

= 0.804. The equivalent width variations of the| A\4%37 line

) . . . ° -

o e follog the R index variation of figure 7.1 very dlosely. As
. s . . . )

- noted in the- previous chapter, the helium lines of HD 37776

-

clegtly show the peculiar rédial velocity behaviour first
ngted‘by Groo:é'aﬁdlﬁunger (1982): This i; particularly
levident‘at bhksés 0.060, 6.2792 and 0.915, whenithq cores of
the x%43flline are displaced in.the Apposite Hirection to

these of the stronger 24471 profile.-’ '\> _"
5/ The

. " Line,profiles o? silicon are sﬁown'in,figure 7.

_ .
fom watpme ELE Y R . *

va?iations of the profiles of this element, as well as

magnesium (figure 7.4), nitrogen, oxygen, carbon, and

aluminum are all similar, and indicate the presence of at .

least two regions of local enrichment of each element.
. . . -

»

However, their phase behavjour ‘is diffefent from that of
. ' -
helium. For example, a high local abundance of helium is

near ‘the line of sight at # = 0.000, while one patch of .

. “.silicon is. apprQaching, andl another receding, from.the line

oftsighb at the same time. Thus,'silicqn and .these other
. . : - “a

dlements seem to be’concentrated at *he neg;tive extrema of" -
. - - .

L] . hl

. * . - 'the effective field of HD 37776. This difference in phase

..beﬁavioqr is quite similar to what has bgen seen in HD 64740

.
<& -
. -

.anﬁ o, 0ri E earlier. .
oted, the magnetic field cﬁrxg of

. -
’ L)

As has- already been

. .o .
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HD 377?6 showe in._figure 7.1 suggests that the field
geometry of this star 'is dominated by a.quadrupolar
éomponent. This then imp{ies a large surface field, 'since ’
to produce a given observable longitudinal.field the polar
"field %Fnangth of a qﬁadrupolé must be substantiglly higher
than that of a dipole. For example. if the line of sight is

along the field axis, the polar field of a qu upole wust

be approximately 7.7 %times stronger than the corresponding
dipolar field strength to produce the same effective field
/ (Schwarzschild 1950). Fotr an inclination of the field axis

\ to the line of sight of 45°, the quadrupole must have a

polar field more than 20 times larger than the dipole. A
polar field st:enéth of at ledast 50 kG is then neéded to

produce the observed maximumvldngitudinal magnetic field of

T e———., . .
. about 2 kG for HD 37776. A surface magneti® field of this

L]

magnitude will certéinly have a large effect on the relative

strengths of the Si ({I multiplet 2 lines, as discussed in

chapter 3. "If such anﬁeffgct is not seen, then the observed

magnetic variation of the star must be the result of a
S - ~N
different, and probably more‘doqelex field structure.

A- model for the magnetic field geometry of HD 37776

be déveldped in the next sectibn.‘_hgg:?s of the line
:’.profileg of the star, both with ana wlgﬁght this.field
I

'geometry, will be presented™in section 7.4. ",

. T - 3
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7.3 Hagnétic Model —_

Forty years have passed since Babcock reported the

L

first detection of a magnetic.jield in a star other than the

-

sun (Babcock 1947). Since then, fields have been measured
. »

in approxlmately two hundred stars (see the catalogue of -

Didelon [1983]). These have ineluded late type dwarfs.
pecﬁliar A and B stars, and white dwarfs. Of these, perh;ps
fifty have been studied in any detail, the majority being Ap’
and Bp stars.

Early photographic measuréménts indicated that mo;t of
the observed star? had magnetic fie}d variations that were
peribdxc. but not harmonic.‘—ﬁzaern ;hotoelecéfic
observations of these same stars have demonstrated that most
of these anharmonic magng&ig;&ield curves apparently
6;}ginated in the reduction of‘the phbtpgraphic\plates.
Borra (1974) suggested that the observer tends-to
over-emphasize the cores ¢f the liﬁe;. giving
unfealistically‘high fields at certain phaseé. Extensive
sdirveys and hodelling now suggest that almost all magnetic
.stars ha;e well behaved fields and can be satisfactori]y . A
explained u31ng the obl1que rotator model of Stibbs (1950)
wzth some modiflcations. such as the decentered‘;:;ole model
of Landstqpet (1970). Many other field geometnies have been
ptoposed and include dipole plud quadrupole models (Wolff

and Wolff 1970)!.the general dipole model of Stift (1975), € .

)
-

and. the s}mﬁgtric rotator model ¢9f Krauss pﬁd Ogtken‘(1916).

'Ho§§ver. the behaviour of a few peculdar objects remains -



iﬁborly understood. These include HD 32633 (Borra and
Landstreet 1980; Renson 1984)._and, most notably, HD 37716

. Several theor1es have been put forward qrer the years

N .

o

- to explaxn -the variations of the_ magnet1r Ap and Bp stars.
Babcock (1960) suggested the magnetic osc1llator as one
" possibility. T%xs model was an extrapoLatlon.of the .

observed behaviour of the general solar field. In this '

\‘. ]

. . * ) .,
picture, the effebtive fiela of a star, observed above one
’ (
of its rotatlonal poles. (al1gned w1th the magnet1c a«1s)x

consisted of contrlbux1ons from the polar fleld and frpm the

- [}

toroidal componbnt near ;he equatdr- Then the ohservedr ';‘

variations might be a manlfestatlon of the mligration of the

I n

toroidal field towards the pole and a reverSal Sf the

—
N

poloidal fleld. in analbgy w1th the phenomena.obseryed on * -
the sun. . ' P

- . s
Ledoux and Repson (1966) interpreted’'the magnetic field’

i/

L) .variations in._terms of a binary star model. ' In their
' ) - ’

picture all Ap stars are close binqries (the secondary must.

be a degenerate object, sinte no eclipses are seem) in which
- . «

tidal effects produce a magnetic field through some sort of

L) . -

Vi

dynamo praocess., -Mass'trdnafer.Bthéen the two stars 'is then
‘postulateh'ﬁs the' cause of "the oﬁserved/:Bupdance

. N » ) - ., ’ M . . .

. pecuiiarities and radial-veloéity variatiors.

“ - -9* The.abqve moﬁels are no longer generally accepted. .
., a%C

L ) SevéL&T observational resulfsp most notably Deutsch’s (1956) *

_— d1scovery thd% the width of spegtral lines in magnetic stass

}K’ R deéreass with increaéang riod,«ahd the observation of  the
- "' ,“; ' °
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"transverse Zeeman effect (Boera and Vaughan 1976), now
favour the oblique rotator medel, a brief description of
- which was g}ven in chapter 1. Such an interpretation will .
g:?:ssumed here for the peculiar magnetic field variation‘o}
HD 37776. To expiain the Sield curve of the star, Thoeﬁsoq
.and Landstreet (1985) suggested'that a quadrepolar component
must be dominant. Centered or decentered dipole gepmetries,:
and dipole plus quadrupole models,~with smalltcontributions
from the guadrupole are obviOUSiy not the answer. Since it
is desirable to keep the number of free parameters in any
model field geoﬁetry of HD 37776 to a minimum, an attempt
’hes not been made to fit . the observed field variations of HD'
37776 with Stift’'s (1975) general dipole model or a
‘varigtion of his moiel. It is expected that two
etretegicafly placed magnetic dipoles, with appropriate
-‘polae field strengtps.and orienta;ions, will reproduce the
- observed magnetic variations. In fact this is just the
model, suggested by gigure 3 of Thb&fson apd Landetreet%s
paper (1985). Unfortunately such a model has a -
prohibibtively large number of degrees of freeddm and the
question of uniqueness can probably never be answered
. sat1sfactori1y. Other, simpler combinations of dlpoles-have
not been. attempted For example, twovaipoles eituated at d
common point in the star, but with. 'd.i.fferxng ‘polar fieid

strengths add orientations will not. reprodUCe the twlce

reversing field seen in figure 7. 1

Instead, a solution’ of the form employed By Wolff and




Wolff (1970) to model the magnetic field of 8 CrB, Qas first
‘ attempted for HD 37776. Here, it is assumed that the
effective Jield curve can be represented by the Fourier

series

Be ='Ao + A cos & + By sin & + A cos 2¢ + By sin 2é.(7.1)

The resulting least sﬁuiyes solution is not satisfactory.
Adding higher order terms improves mattersy somewhat, but
only at the cost.of ad?itional free parameters. .

Next, an attempt was made to expand the effective field
variations of HD 37776 in the form of a.Legendre series as
suxested by Googsensi(1979). He gives an expression for'
the effective;magnetic.field of an oblique rotator with an

1 irrotational, axi%ymmetric fiéld. and shows that tentered

dipole and quadrupole, decentered dipole, and models of
<

Wolff and Wolff (1970). and Krauts and Oetken (1%{6) are all

special cases of this general'fielg,d#stribﬁtiod.

[ 3 and

The most general axisymmetric, irrotational field is
g given (in #he coordinate system defired by the maggetic |
- i axis) by ' .. Cooe
.0 ‘ '
- A,
B_= I (m+l)—2—p (") . :
- ‘ r n=1 ,rn+2 n . a——
N . * - ® . (." | ” : ‘ (‘7 )
Y p 172 ST
. By s I — - ——— .
! nzl r ) du’ ) \
.‘ - - . ) i
v, ﬁdopting Goossens’s notation, 4’ = cos 6' where 8 is the
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magnetic colatitude, fheVAn are coﬂstants ;nq P, is the B N
Legendre polynomial of order n. A limb darkening law of the
form ¥ ' ‘ '. -

I(8) = Io(l = u + u cos 8) :. (7.3).
is assumed for the remaiﬁaer of this discussion. The ’

.effective field Be is defined by (Borra, Landstreet, and
'Y -

Mestel 1982) -

’se =—£a cos v I dA//I‘dA . (7.4)

where B cos Y is the component of the field along the line
o} sight, I is the local surface'intensity given by equation
(7.3), dA is a surface area element, and the dntegration is
performed over the visible hemiépherg of the star. With

considerable algebra équations (7.2) to (7.4) lead to the

: .
result (Goossens 1979)
L
. A w, A © AL
B =W —cosa+——P (cosa) +W, I C — p_. (cos a)
e 1 r? 4 R 2 3 K=2 k R-:§+2 2k-

a.‘ e ' —j
+
+ z W D —_—p (cos Q) .
kop 4 Kk g2k+3 T2kl p .

with the constants We ,» Cx and Dx given by

» Wy = (15 + u)/(30 - 10u) ©(7.6)
Wy = Wy = 3u/(3-- uJ (7.7)
o A ='3£1 - u)/(3 - u) .) ) (7-61
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. (2k+1) (2k=3) 1
Ve (eneTt AR
L Co2% ket
L (K#1) (2k-1) 1 (7.10)
o= (-1 ——
f 2 (k+2) 1

In equation (7.5) a is the angle between the .magnetic axis
and the line of sight. Since Be is observed és a function
of the rotational‘phase ¢ of a star, it is necessary to
write a as a function of the phase ¢ = (2w/P)t + ¢,, where t

is the time and\ P the period. If i is the inclination of

ax1s to the line of sight and B8 is the
obNquity of the mdgnetic axis to the rotation aki; then .
cos a = cos I cos B + sin I sin 8 cos ; (7411)
In étmore recent paper Goossens: Marters, and Gadeyne (1981)
remove the restrickion to irrotational fields.

A solution for the field geometry of HD 3;776 wasgthen
found by making a least squares fit of the hagnetic data to
equation (7.5) and minimizing the test statistic

~N
LB o A

[(Asi)/oi] 2 (N-n-1) (7.12)

* s

—

where N is the number of magnefic observations, n is the

higlect order Leggnd?e polynomial used in the expansion, the

-
. v -

aB; are’ the differences between the -observed and calculated”

field;'adb the o3 are e errors asa‘Fiated with the

magneti¢ Yield measfirefents. It was anticipated that a

o~
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large value of n would be requireL to give a satisfactory

-
result. In;}ead. an excellent fit was found for n = 3. A
model consisting of an-aligned dipole, quadrupole, and
octupole results in a A: of 1.31.” This best fit is
represented by the solid line superposed on the magnetic
fie®d measurements in figure 7.6. It was assumed that i and
g are 90°, ;nd a limb darkening coefficient u = 0.3 has been
used. This choice of i and B will provide a’lower limit to

» . . .
the polar field strerngths., Clearly, the observed field

variation is reproduced very well, except for the very sharp
. e

positive extremum near & = 0.000. Table 7.1 gibes a summary

of the Various fitg th?t were attempted. Thé first column

gives the highest order in the expansion, followed by the

* .
multipolar field strengths indicated by 'the least squares

fig, and the reduced chi-squared of the hﬁdelf In all cases
$o = 0.184. The signs of the polar field strengths give the
polarity'bf the pole tﬁafrérosses the line of sight at & =
#,. Results ¢-e presenFed for threé.values of the limb
darkening coefficient tqbéive some feeling for the
sensitivity of the results to adjustmgntsxén‘tbis parameter..
It is evident from the table that a third order fit is the
minimum requjggd; but interestingly, higher order fits do
not improve the gesults ma}kedly. Insggction of table 7:1
suggests that the surface magnetic field of HD 37776 must be
substantial. In figure 7.6 the calculatéd surface magnetic’

field has also been plotted as a function of phase. The

surface field is determjined using the equation (Borraf

173
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-20 2

2

Figure 7.6 .Longitudinal magnetic fié;d asurements and
model magnetic field curves for HD 37776. he field
measurements ace from Thompson and Landstreet (1985). The
curve passing through the data is the lengitudinal field
variation derived from the model discussed.in th& text, with
the scale given on the left of the figure. The
approximately sinusoidal curve is the resultant surface

magnetic field varietion,
of the figure.

-

2. : =

with the scale given on the right
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HD 37776 Magnetic Field Fitting Parameters

Table 7.1
Order By By B, u x2
2 1280 ~41280 "0.40 5.14
. 3 335Q .~53800 45460 0.30 1.31
Y
3 3200 ~38730 51080 0.40 1.31
-8
3 3060 ~29880 58920 Q. 50 1.31
4 3240 ~-35940 51640. .. 0.40  1-30
5 ' 3120 -35280  5%640... 0.40 1.27
6 3100 ~35910 55280. .. 0.40 1.29
*adopted model ¢ N
»
d \
r’:
=$,

1795
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Landstreet, and Mestel 1982)

as=ﬁ3[ I dA ‘./‘I dA ' (7.13)

where B! 1s the local field strength and.ihe other
variables are as defined for equation (7.4). Bs was
calcudated numerically by dividing a model star into many
‘“15%5&1 regions of equal é;ea, adopting a modeliatmosphere
\‘w}th T= 22500 K (see below), using the polar field strengths
of table 7.1, and integrating over the surface of the gtar.

The resulting surface magnetic field ranges from about 20 to

-

60 kKG. The quadrupolar and octupolar contributions to the

field have the same polafgty at & = 0.684, which results in
the very large surface field strength at this phase. At the
minimum surface field strength (¢ = 0.184}‘@he polaritigs of

these two components are opposite, l'éeading to substantial

cancellation in the field.

. A variation of this general type of model was also

examined. In this case, rather than assuming that the

. . - .

~dipole, q&adrubole, and bhjupble components’ are aligned, an
e f - ° ’
extensive grid of eff&tive field curves arising -from field

configﬁrations with arbitrary phase shifts, ¢,, for each

. [
LR

field component were calculated. The obliquities of each

-

multipole component'were net adjusted, since this would have

"ghe sole effect of changing the polar field strength needed

for the least squares fit, without changing the observed

effective field. By wvarying the various ¢&,'s through a.

.
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N

.colour indices give Terf/of 25120 K, ‘2420 K, and 52360 K «
- ’ . :

‘the line of sight at ¢ = 0.184,-ve}y close to the a;is of

1727

sufficiently extensive range to cover the entire parameter
space, it was fqund that the best fit to the field curve of .
HD 37776 does indeed occur when the dipole, quadrapole, and
octupole fieid axes are all aligned. This model, with

dipole, quadrupole, and -octupole polar field stfengths of
3350, 53000, and 45000 «G respectively, will be used for some

of the mgdelling diécusseg\in the next section.

7.4 Modelling . ]

The effective temperature of 22500 K determined by the
spectrophotometry of Adelman and Pyper (1985) has been
adopted for this work on HD 37776. This is in good

agreement with the value of 22000 K found by Groote and

v

Kau€mann (1981) from a consideration of the ultraviolet to.
infrared fluxes, but since they do not illustrate the fit of
their theoretical fluxes to the data, the slightly hotter

temperature has been favoured. . The UBV, Geneva, and uvbyg =
v

respectively.
»
The broposed magnetic field geometry receives some

support when the line profile variations of helium (figure
. L}

- ' . : .
7.4) and silicon (figure 7.5) are examined. The profiles of

-

the helium A\4437 line *suggest an axis of symmetry near ¢ =

0.175, with the line strongest at times approxigately 0.175°
g el ) &~

P earlier and later than this phase. The magnetic model’

locates the common mégnetic axis of,each field component at

- -
. ° . v

- N
~. .
- . v oA

N



)

symmetry for the 1iine profiles. The opbosite sdde of the

star (# = 0.684) must have an approximately uniform
: . : v A} .
abundance of hel%:m. since near this phase little in the_!ay

. -
of profileg variations is observed. This axis of symmetry is

also apparent for the silicon line profiles, except in this

instance, the profiles are suggestive of a spot of large

silicon abundance neapy each pole. The spot, or band

centered ncur ¢ = J.684 must be quite large, since it first

N ¢
comes into view at ¢ = 0.279 and remains in sight until ¢ =

0.060. Of éoﬁrse, the—mégnetic model predicts a very large

.
»

- . \ - .
field at ¢ = 0.684, so that the shape of .the line near this
‘Phase may be domiriated by the surface field.

Because of the uncertairty in the magnetic field - =

geometry of HD 37776, a first abprbximation to the surface

abundance geometries of_the’star has been made by totally *

ignoring the contributiop of the field to the line profiles.

. - e N
The reéulting helium.abundance geometry is then used to , o=
i »

determine the surface gravity of the star in the usualyg

*

- ———

manner? by fitting.the wings of the gravity sensitive H6 and
. . 4 .
- He 1 4471 profjles. gAn inclination and magnetic obliquity

of 90° ¥s assumed for simplicity. E

The nature :0f the He I \4%37 line Variations discussed
- ¢ - -
"above are suggestive of #helium ‘abundance” geometry

-

I 4 & -
consisting of a high latitude band of enhanced helium
" : ‘ ‘ . - -
abundance, symmetric about’the proposed magnetic axis qf .fhe

star. <This band must be located close€ to thée magnetic pdls

located at ¢ = 0.184  in order t¢ explain the lack of large

. e B .
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\ ¢ =0 718

e———————

Figure 4.10 Illustration of the silicon abundance geomet?',
o)

of HD 64740. The hatched areas represent the locations.
the silicon-rich regions on the stellar surface. The
locations and signs of the magnetic poles are indicated by
the symbols - and¢+. Details of the model are outlined in

the text. The rotational phases are given below each
figure.
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variations in the line profile half a rotation cycle‘la;er.

.The -best fit that has been found for such a geometry is .
shown in—figure 7.7 by the solid profiles. The details of
« o \
the abundance aregiven ‘'in table 7.2. Helium is
. h *

concentrated in a 5S0° band with ege = 0.50. The helitum

abundance is €ye = 0.07 elsewhere. "The fit is poorest near
" ¢ = 0.6B4, where the effects of the surface field are

expécted to be most important (assdming that the magnetic

-

field model is correct). The v sin [ as determined from

these profiles gs 100 ‘km s-1.
Y -

T

This helium abundance geémetry has then been used to

estimate the sQGrface gravity of HD 37776. Figures 7.8 and

7.9 illustrate the resulting H6 and He I” 24471 profiles for
a constant log g 'of 4.0. The wings of both sets of profiles

are reproduced very well, except those of HS at ¢ = 0.155°

~

and ¢ = 0¢495. However, this discrepancy occurs when tﬁe
line-of-sight helium abundance 1is large, so that the poor
L4 L)

fits of HO6 might be attributed to the inconsistency in the

Alldwing

model atmosphere used for the line synthesis.

~
~

-~ again for this inconsistency, a log g of 3.920.13 will be
. ; o E
assumed .for HD 37776.

The location of HD 37776 in -the Gett Vvss log g plané is

shown in figure 7.10. A mass of 10.0:2 M, and radius of

5.9£2 Ry are derjved by'interpolating from the évolutionary

tracks in %he figure. The angular diameter estimate of

~

0.069 mi}lié}tsec (Groote and Kaufmann 1981) then gives a

~

'

distance of 409t140 pc. HD 37776 would appéar to be a true’
S

.




RELATIVE INTENSITY

He 1 X4437

i

1

4

Figure 7.7 Observ
He I 24437 line pr
model of the sts&r.,
in the text.

434 4436 4438 4440

WAVELENGTH R

;ﬂ'(ﬁroken line) and modelled (saolid line)

fé es of HD 37776 for
e helium abundance

1442

e non-magnetic
ometry is given

v

*



— - - ’ - '
“ . 3 ~ + -
L] » - : \~.
b 2 A
-— ) , '
1.0 F l
0.9 & '
0.8 F ‘i
1 4 — i
oo = 6.7 f 5
b !
= 0.6 F A
~ 0.+t .
-
€ 9.3} 4
0.2 5
o-1 F .
2
: 4070 - 40g5 - +100 «115 +130
. WAVELENGTH R :
. .
Fi:gure‘ 7.8- Observed (broken line) and modelled (solid line)
- e Hé line profiles of HD: 37776. The hydrogen abundance
" gecmetry is given 'in the text. i
- v - ‘.
\ hd .
" L} " *
/. . . . - . [ -
o
b 3

]




\ 1832

. A \ . .
) N
L, T .’ . T . 1 R T
HD 37776
uO'OGO -
1-0 = . H
0.9 B =
0-8 :
D 0-7‘ - -— =
—
£ 0.6 fF B
b
= 0.5 k =
() . "
= 0.4 | i :
f— .
-
o 0-3 F -
<«
0.2 =
0-1 -
0.0 f . '
He--1 )\4471 . )
= - .
- Hg II X44'81 ' - N h N
] - L 1 ] A1 } -
4455 4462 4470 4477 448S
HAVELENGTH X .
. , <
» ’ - >

-
Y . \
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. over the visible jhemisphere of HD 37776 are illustrated at

. several phases in figurés 7.12 and 7.13 regpectively. The

18
néaber of the Orion OBl association.

' A ﬁrel;ninary siliconiabundénce geometry was found by
fitting the Si' II1 X4567 profiles of the star. F&gurg 7.11
displays the results of the adopted geometry for v sin i
= 100 km s-1. Silicqp/appegrs‘fo be most abundant
(approximq{ely 100 times the normal abundance in this non-
magnetic, LTE treatment) in a 30° fadius spot located near
thg pole  at ¢ = 0.184, and in a S0° band situated clag; to
Fhe m;gnetio equqtor. The détails o} fhe silicon geometry
are given in table 7.2. The same abundance geomet?y was
then used to modellthe_AQS%é ﬁrofile as a function of phase.

-

Again, .t _qegulfs are prgsehted in figﬁre 7.11.

The fit éo the x4567‘pr;file5'is éenerally good, althoggh
the modgl profiles are a little weak. The model X4574 .
profiles, on the other hand, are stronger than the

observations, expecially near & = 0.664. This can be

considered further evidence for the presence of a very-

_strong surface fleld on HD 37776, since according to the -

discussion in éhapter 3, the S8i III X4567 profile will"-

undergo a gfeater magnetic intensification than the 4574

line because of its more complex £eeman structureé.  This .’

aifferential intensification appeqrﬁ.ta be gre;test ER
LY - - \ "

.
-

v e . . . . .
precisely where the postulated magnetic field geometry ,
N Aulibalntt ;

.x

predicts the largest surface field. strength. . o

The variations in the helium and silfcpn abundances . L.

] »
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Table 7.2. HD 37776 Non-Magnetic Model
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Figure 7.12 Illystration of the hei1u abundance geometry
of HD 37776.. Thé\hqtched areas represent the locatious of
the helium-rich regions on the stellar surface. The
locations of the magnetic poles are indicated by the symbols
- and +. _ Details of rthe model are outlined in the text.

4The rotatlonal phases are given below each figure.
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Figure 7.13 Illustration of the silicon abundance geometry
of HD 37776. The hatched areas represént the locations of
the silicon-rich regions on.  the stellar surface. The

locations of the magnetic poles are indicated by the symbols

- and +. Details of the model are outlined in the text.
The rotational phases are given below each figure.




helium line strength is grea£est.When the helium-rich band
crosses the lime of.sight, near phEEes‘O.OOO and 0.330. The
silicon-line profile variations result from the rotation of
A&he silicon-rich spot and band into and out of the line of
sight to the observer. .

Since both the helium and silicon abundance geometrlesp*
found !bove are axisymmetric about the adopted magnetic axis
"1t was decided to use the program ZEEABUN in an attempt to
fit the observed profiles with the atove magnetic model of
the star. The resuéting*He I 24437 and Si fII AN4567 and
4574 profilés are given in figures 7.14 ?nd 7.15
respectively. ©Note in these figures ph;t phase zero refers‘
to the passpge of the weak magne‘ic ple through the sub-?
solar point; thls corresponds to ¢ = 0.184 in the other
figures. The fits were achieved after 20 to 30 iteration;,
and more than an hour of CPU time on the Cray Supercqu;ter.
The ;bundances for each element in the 6 abundance rings

assumed by.ZEEABUN are éf«en in table‘7.3. The redueed chi-
squared'of the fits Qf the helium and silicon model profiles
are 0.40 and 1.069 respectively, over all *lines aﬁd phases.
The plotted”’v sin i's are 120 km s-1. An'exqm?nQifén of
tables 7.2 and 7.3 shows that the generalnéopologieé of the
abundance geometries of helium, and sflicon are“similar for
both the non-magnetic and magnetic modéis, but the scale ofk
the abundances is changed by '‘a factor ef appfoximately five

to ten, : N

L 4

It is apparent f'om figures 7.14 and 7.15 that the
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*Figure 7.14 Observed (broken line) and modelled (solid
lined He I 24437 line profiles of HD 37776 for the magnetic
niodel. ¢ The helium abundance geometry is given in the text.
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Figure 7.15 Observed (broken tine) and, modelled (solid
line) SigIII XX4567 and 4574 line profiles of HD 37776 for
the magnetiggmodel of the star. Comparison wifn figure 7.11
suggests that the relative line strengths are matched much
better by the magnetic model than in the non-magnetic se.
The silicon abundance geometry is given in the text. ~
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model fits are poorest near .# = 0.664, where the surface:-
field is very ’hrge for the assumed magnet1c geometry The
flt is also poorest at these phases for. the non-magnet1c

models (figures 7.7 and ?.11). Thxs.suggests that the

approximation for the haénetic field geometry may be poor at

—
this point on the star's surface. As of yet, no attempt has
been made to imiprove these model fits. -Note,. however, that

the reletive stfengths.of the silicon lines are reproducee ’
mach more eccurately-by the model incorporating the surface

magnetic field gebhetry. than by tﬁe model icﬁ.}gnores the
1nfluenct of the magnetic field. 'This is solid evidence in_

favour of the ettremel» large surface fleld_of HD 37776.

« ) . - A .
7.5 Discussion
. . -
Babcock's star, HD 215441, has the strongest surface

magnetic field known for any peculiar star, ranging from 32 - .

- - . \
to 34.5 kG over its 9.5 day Eotational period (Preston

1969).  The strength f the field of this star is firmly
establxshed because Rkhe o Snd T Zeeman compogents of many
of the spectraJ liriés of the star are resolved. The
effective field for this objéct ranges from 12 to 290 kG in

* L3

‘phase with the surface field variations (Borra and

-

Landstreet 1978). Borra and Landstreet (1978) and Stift
(1980) have modelled these'variations with decentered dipqle

and non-axisymmetric dipore'mgdels respectively. Landstreet’

-
»

(1988, private communication).ie currently modelling the

surface field geometry of_}he starqusihg the game techniques .

¢

.
Q '
* .
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presented in this work. -
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If the magnetic geometry described above for HD 37776

is confirmed, this star will be unique in at leagtdthree
respects: a) it will have the léfge;t surface field of any
non-degenerate star, b)‘it will possess.the largest known
variation in surface magnetic field over ité surface, and c¢)
it will be the first case of a star with a qcﬁdrupolar
component dominat;ng its field geometry. Three arguments in
support of this large surfagﬁ field have been presented
here. Firét of all, the oﬁserveh line profile variations of

the star are consistent with an axisymmetric distribution of

each element about the axis of the proposed magnetic field

geometry. Secondly, the relative strengths of“the Si III

multiplet lines Suggegt‘a'VEry large surface field. The

intensities of the line profiles are produced much more

acturately with a model incorporating a strong magnetic

’

. field, than for a model without a field. Fihally, the

quadrupolar magnetic field geometry of the star could -

explain the lack of radio emission detected- for the star.

_Babcock’s star, whose field geometry is predominantly

dipolar, is a definite radio source ({Drake et al. 1987).
The magnetit field geometry of- HD 37776 could be U

important for a much more fundamental reason. Currently,

there- are two popular theories for the origin of the

magnetig fields of early type stars. The fossil theory

supposés that the obsegved field is the direct descendant‘of

the interstellar field."its structure may be influenced by

’
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the ;arious evolutionary sequences of a star, most notably
. . i

the Hayashi phase‘of contraction to the main :;queneeT and .
also by the constrainis!of hydrostatic equilgbrium and the
effects of meridioAaijirculation; but the overe’|] fiéla
topology is expected to h% preserved.(e.g. Moss 1987a). In
this case, it seems likely th;t the observed field would be
uniform or éipolsg. Dynamo theory (ggther a contemporary or
a Havashi phase dynamo) ﬁaght 1eaa to a dipolar or
quadrupolar or mixed field gqomet;y. °

Moss (1985) has sugéested that positive identification
of a quadrupolar field tomponent in a star would:be strong
evidence in favour of é dynamc origin for the field.
Unforthnately the situation is probably not this simple.
Moss (1987a) has cautioned that, if the fossil field was

largely confined to one hemisphere of -the star, the

subsequent field structure could display a strong

quadrupolar component, possibly consistent with the observed
Yo '

. . .
variation of HD 37776. However, calculations of the ’

-~

resulting effective and surface fields of such geometpies do .

not reproduce the effective field variation of HD 37776

(Moss 1987b). Moss (1987b) is able to produce an effective
magnetic fleld curve similar in shape to the observedcagrve

\
of HD 37776 uslng a rather arbitrary four spot model in

which all the surface magnetic field 'flux is confined to the

interior of four circular spots. The spots were chosen in

-

"such a way that the net surface flux was zero. He suggdests

that this field distribution could be consistent with a

————



fossil origin of the field, if the primeval field has‘been \\

distorteé‘gnd concentrated into flux ropes during the
Hayashi contraction'phase of the star. If such d?ﬁhcsg-does

N .
not occur, then the Xlux rope structure might be acquired

~

'from the star formation process.

Scaling Méés's‘(1987b) effective and surface magnetic
field curves for ﬂis spot mod to values appropriate to the
observed effective field of HD 37776, the maximum surface
magnetic field strength produced would be of the o;der of_
7.5 kKG. This surface field is less than that estimated for
HD 64740, for which it has already been shown that no
signifi;ant magnetic inééﬁsification of the éilicon lines
occurs.. In addition, this surface flux is concen;rated in
very localized régions of the sgar’s surface, so that the
overallfffec( on the line profiles is ern
smaller. This model, therefdre, does n seem to be
'suitable for the ﬁieid geometry of HD 37776. ‘ ,

At this point, all indi;ations seem to suggest that

L]

the magnetic geometry of HD 37776 is dominatea by a globally

196 ..
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ordered quadrupolar combonent. and not by local reéions of '\.

o -
large surface magnetic, fluxes. The star may then indeed
t - >

represent evidence in favour of a dynamo interpretut?on for -

e

sthe origin of the fields in-the upper main sequence stars.
Finally, it must be noted that the mass -and radius of
HD 37776 derived above, the observed v sin i-of 100 to 120

km s-1, and the 1.53869 day period yield an inclination of

between 25° and 60° for the star .using equation (4.3)., With’

[}
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.- ) such a small value of 1 the la'rge "spectrum yaria‘ns of HD
y ’ .

AR 37776 are very diffiéhlt to reproduce,"and the surface

- magné%ic fields strength needed to.produce Ehe observed
effective fiéld Vari&tion'ig:sﬁbétahtiaLly.lﬁrger. "The only
i . . .
pé:\ssible .source of error in determining this igcli'nati’on\'is

the derived surface gravity of the star. Mare consistent

mode 1 atmospheres cbuld-help remove this difficuelty."

-
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~smallk, a few general observations can' be made from the

. o Chapter 8 Conclusion

- -

8.1 Summary

{ . : ' 4
-Whide the sample of stars is obviously statistically

3
-~

e
-

Surface abundance and magnetic fietd geonetriestaerived'for
the fi&e helium-strong -stars considered in thif work,
With' the exception of heljum, the abundances derived

for the program stars, for the limited number of elements

with suitable lines,” and averaged over their entire

_surfaces, appear to be appfoximately normal. This is quite

different from the classical Bp and Ap stars in which

‘overabundances of a few orders of magnltude are often seen

for silicon, chromium, the rare eartha, and other elements

. -

In addition, while the surfacegzof the helhud—strong stars

definitely have non-unlform abundances, the ectual abundance

- -

contrast betheen distinct regxons on the surface are not

» o
large, thh the possible exception of. the peculian object HD

3779&b Perﬁaps more important is the observat1on that for
.
the three variable helium-strong stars studied here (HD

64740, © Ori E. and HD 37776), the line profile verlations

"of all the' métals gre consistent with similar locations of .

ebdndence pqtches for ‘each element.

-

these‘stnre(fas'fer as the location’ of’ the helium-rich spote

or bands are concerned, as might be expected accorh&ng-tq

-

Shore’'s (1987) model for the helium-peculiar sters.' The
. N 4 " ' ) . M

N
. -
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Therefdoeé not appear to be eny Wyatematic behaviour in :

t‘.



hottest star in the-current investigation, HD 64740 has fvo

»

helium patches loqated near the polar regions, in total

.disagfeement with Shore’s suggestion that the hottest

heiium-strong»stars should have a helium-rich zone near the

> - » K
magnetic equator, if the magnetic field is dipolgr. o Ori E
has a lafée concentration of helium in two patches situated

_near the i:}brsectiqn of the magnetic and rotation equafq;s.

and HD 37776 Egpears to have a middle (magnetic) latitude

band with a large helium abundance. OFf coarse, tﬁé;iatter

object is not\kAsy to interpret in terms of Shore's model

- ™~ . . - .
. because of the,peguliar magnetic field geometry of the star.
Note, however, that Michaud et al. (1987) claim that for

helium enrichment to occur as a result of diffusive
M . ) - . .
separation in the ‘atmosphere of stars bétween Ter¢ = 20000 K

and Tef¢r = 25000 K, the mass ‘loss must decrease with

incréasing‘;emperaturET‘ Shore assumes that the mass lgss
o -

rate increases with temperature. This may be pertinant to
1 4

thg.broblem_of HD 657#61 but it will be difficult to

‘determine the mass loss for the star to the accuracy
. ’* ',,‘ .
' required. . Two other helium-strong stars, HD 37017 and HD °

184927, show eviéence for polar helium patches (Bohlender et

el. 1987; Bafker et al..1982).e It should be p01nted out,
howe&er. that, except for HD 37776, tg; polarization and
line profile data for the prggram stars do not rule out .the
possibility of moderate strength quadrupolar or higher order
magnetic field components~ In Shore's model, these higﬁgr
order ﬁjE%S can lead to considerably different helium

I \
o
~

s )



abundance.geqngﬁyies than ﬁhose d¥yscussed above, for the Y
case of a d{polarifiela. . - :
Unfertunately, little can be seidfégbut the
signifiéance of the location of the abundance patches fér
silicon, méénesiun. amd other elenents on the surfaces of

the helium-strong stars at thxs poxnt in txme. Theoret1ca1

~ It -

work on the d1ffus1on 'of silicon in magnetlb stars has been ,

v’

conf1ned to temperatures of about 14000 K (Vaucléir, -
B &

Hardorp: and Peterson 1979; Michaud, Mégessier; and Charland

1981; Alecian and Vauclair 1981), so that an extrapolation-.

oy

—

of tpese‘pyedictions to téhperatufes appropriate-to the
helium-strong stars is di%ficuit.< In these coé&ef stars, in
the absence of a.magnetic field (or when the field lines are
vertical), silicon is only weakly suppoft;d by the radiation
field. 8i II and Si III both sink-aut of the atmosphere,
while neutral silicon is elevated to tﬁ;wsufface.'solthatif;

only a weak overabundance is possxble If a horizontal.-

magnetic field 1s present. the moyement of ghe ions -is

R . R f N
_.impeded above Tsgoo = 0.1, so that much larger sill{con

accumulations -are possible, up to & factor of 100 .

overabundance. Bands containing large abundances of the

element should therefbre be formed near the magnetic

.equator. Vauc1a1r, Hardorp. and Peterson (1979) suggesgf\

o

th3t uagnesium and iron will behave similarly. In faOtf
’

they claim that any element for which the radiative force on,

- ‘_I . ’ -

ionized atoms is of the same order of magniﬁgge as gravity,

. .
but much l'arger for the neutral atoms,Aqh?ufd\follow the

-
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‘ gang pattern as silicon. - At higher tenperatures,,the

f\r?d1at1ve force ahould be larger. but the ionxzatxon

&pllibrlun will be considerably dlfferent, with the result

>

that very little si{icén‘wi}l.be in the neutral state. It
may then be much more difficult to produce a silicon
pverabun&ance. _Since'the average surﬁace abundance seems to
“~be apprbximately normal, pefhaps horizontal Qiffusion -

processes are'dﬁginant Qn the surfaces of the helium-strong
s{ars in the case of the metals. The variety in the
{Scatioh of the observed bands of silicon, and‘ofher
elemen{s, ;ay.thenabe explained by ;.migration of'silicon
_from the magn;t%c edﬁator to the poles as suggested by

" Michaud, Meégessier, and Charland (1984) and‘Mégessier (1984).
m?prqblem may arise in thgs interpretation, however. because
of'ghe‘tiqescale of .108 years estimated by Mégessier (1984)

ﬁqf tRis migration. -

.IB thig work, it has been assumed that the metal iine

variatio;s are the result of non-uniform distributions of
-the various elemeﬁts. Altefnatively. the variati&ns may be
consii#ent with variations.in the mean molecular weight and
continuous 229cit§ resulting from the inhoﬁogenedus helium
aﬁundance.on the ;urfaéés of the helium-strong stgrs.
Unfortunaéely.‘this possibility cannot be confirmed or ruled
out'withouﬁ a more consistent and deta{lfd treatment of the
atmospheres of the program stars.

« - It 1§ interesting to note that, if the magnetic field

!gometrles derived above are accedbted, the photometrically
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vafi&ble helium-strong stars are brightest in the u band,
wﬁen the strongest surface field is near the line-of-sight,
and faintest at the opposite extremum in the surface field.
(In figure 7.1 the photometric variation .of HD 37776 in the
¥y band is givené but the u band photometry is simil,r
[Ade}man and Pyper 1@85]. In addition. the peculiar light-
curve of o O£§ E makes this interpretation less certain in
tthis star.) Thé field and photometric variations of the .
heIium-Qtrong stars HD 37017, shown in figure 8.1}, and
possibly HD 96446 (Matthews and Bohlender 1988), also
provide support for this apparent trehd.

Bolt?n (1983) has suggested that the photometric
variations of tﬁe cooler helium-strong stars are caused by
variations in the liné—bLanketing due to elemenfs ot%er thaﬁ
helium. This blanketing is mbstcpronounceq in the
ultravieolet and leads to a redistribution of flux into the
visible region of the speétrum. For thes hot members of the
class, Bolton postulates that helium is an imﬁortant
contributér to the continuous opacity. He and Shore
(unpublished, see Bolton 1983) calculated a grid of
inﬁom&éeneous model atmospheres with a local factor of four
enhanﬁement of helium in a region with variable upper and
lower boundaries. ﬁathin the helium-rich region, they :ound
that at a given mass_column density, the tempera%ure and gas
9nd elec?ron pressures_are lower, and the opacitries high;}, ' {

than in an homogeneous atmosphere. Bolton (1983) then

claims that these effects explain why the photometrlc minima

/!
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Figure 8.1 ®Hclium line strength index, R, photometric and
,magnetic curves of HD 27017. The first two curves are hand-
drawn fits to the data’ Magnetic data symbols are as in
figure 4.7. (From Bahlender et al. 1987.) \
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and helium line strength-maxima of the hotter helium—-strong

stars coincide. This model seems to be supported by the
helium line stréngth, and light variations of HD 37776‘ ;
(figure 7.1)’and possibly & Ori E. HD 37017 seems to be an
except#n to the rule, as can be seen by inspection of
figuré 8.1. The lack of sphotometric variability of HD 64740
mightfbé attributed to the relatively low helium abundance

anomaly of the star.

()

~
LR

8.2 Suggestions for Future Work

Not suprisingly, this investigation suggests several
cpportunities for improved modelling, extended observations,
and badly needed theoretical work.

The surface.gravities. and therefore maSseg. of the.
progr:am stars have been fittqd by modelling profiles of the
pressus,e sensitive lines H6 and He I X4471, using the ‘t;
atmospheric structure given by'Kurucz’s (1979) grid 6f solar
sbundance_étmospheric models. The serious inconsistency -

that this produces in the derived models has beean mentioned
»

' several times. It would be very useful to repeat these

gravity determinations using more appropriate model

atmospheres. A previous investigation of the helium

204

. a——

equivaient width vhriations_jn o Ori E (Groote and Huugger
1982) assumed a uniform abundance of helium over the visible

hemisphere of the star. A better -approach migh{ involye
- . A Y - ’ .

calculating a separate model atmosphere,fgr each area

element on the star'’'s visib}e surface using a helium

7/
»



l examine the photometric variations of the helium-strong

£
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abundance appropriate for the local Surface abundance. This
. - q - N

work would enable a definitive determination of the masses

(and hence, rgdii and inclinations i and-g) bf the

helium-stroﬁg stars. Such a model could also be used to ,
. .

stars by calculating the model fluxes as a function of

rotational phase, and comparing these to the observed light
curves of the stars. Thé question of thq cause of the metal - -
line variations might also be answered with this improved

4

treatment. A problem with such a piece-wise approximation

is that if-the surface gravity is assumed to be constant,

aver the .surface of the star, then éonsiderable differences

in atmospheric scalé heights between regions of low and high
helium abundanee wiiL lead to horizontal pressure gradients,

and interesting ’weat£er"in the stellar atmbsphere, unless

an additional stabilizing force is introduced. Norris and
Baschek (1972) have suggested that a vertically directed N
magnetic field could provide thé regquired extra pressure. -
Mihalas (1973), on the other hand, feels that it is more

physical to assume that fhere is horizontal pressure

equilibrium, in which case a downward magnetic force is

: 4 « 4
required im theﬂregions with low 'helium abundance. He
) .
suggests:- that this could be supplied by a toroidal component
to -the magne}ic field. . ' ' 1‘

Up to this time, the full potential of the programs
ZEEMAN and ZEEABUN have not been realized. since only the

unpolarized intensity spectra oﬂ'variops stars have been

2 . -' . | \\ '
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obtained.. It would be very useful to obtain spectral

! - 1
observations of several interesting magnetic stars using an

-

ipstrumentxsuch as the ESO CASPEC with the Zeeman analyser.
&M;thxs (isasl/has denonstrated§£h;?qual;ty of polarized
‘spectra obéainable with this instrument, but hnal;zes the
~data 'in a barametric m;nner. With éEEHAN and ZEEABUN, the
capability exists to modei the polarized profiles tﬁqmselves
with é?bareful consideration of the-relevant physics
invelved. 'Tﬁes; data would bé particularly Qseful for s
confirming the beculiar maggetic field geoﬁetry of HD 37776.
There aré‘élso many more iﬁﬁéresting.magnetic Ap, Bp, and
helium-weak stérs for which'continueé CFHT observations
woufd aléo be veéy productive.

The relatively sharp-lined helium-strong star 6 Ori C
also presents some interestiné possibilities which warrant

.

considerationt +With the da®a presently in hand, it is

impossible to ‘discriminate between the two models proposed

for the star in chapter 5. Zeeman observations in a helium ™

’

line (for example, the A\5876 line used by thlénder et al.

1987) could possibly help in détermining which of the models

-

applies to the star. It th!‘longitudidal magnetic field, as

derived fnom'a helium line, is significantly different from
. H

the roughly constant -3400 G field ‘&‘pd from HB

obs%rvations; then the spot model might be preferred for the

star, since in this case less than the entire visible disk

]

of the star contributes to tHe longitudinal field.

Unfortynately, models of the Stokes V ﬁrofiles of the helium

»
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A\4471 line seem to indicate that the ci;chlar polariz;tioh
in fﬂe wings of this line are simiiar for both the spot
model of the star and the stra£ified model, so that such én
effort might not be rewarded with a positive'ans;er.

"As discussed earlier, & Ori C appears to be.a member of
a gma!} subset qf helium;peculiar stars witﬁ peculiar helium
line prof;les.. Other stars spowing this pecuiiat'hel{um
line behaviour include 3 Sco (Norris and Strittmatter 1975)?
a Cen (Norris and Baschek 1972) and HD 49333 (Hunggr
1986a3b). Hunger (1988, private communication) ha; intormed
the author that at least.three other candidates are known. . ~

It was also shown in chapter 5 that HD 58260 also showed
marginal evidence gf a peculiar helium 24471 profile as
well. The helium line profiles in <these‘'objects c;n be
modelled with large verticél or horizontal variations: in
hélium abundances over the surtaces ot the stars. This
group of stars all have etfective fgmpéia}ures between
approximately 16000 and 20000 K, and All appear to have
magngtih fields (Bohlender et al. 1987; Ldndstréet. Borra,

-

and Fontaine 1977), although only a tew low Signtticance

measurements.are available togdate tor HD 49333 (Borra,

Al

Landstreet, and Thbmpson 19873).

In this temperature region there also exists a group of

- a ' _

stars classified as 'sn, which have sharp-lined metallic
- - O . - -

spectra but nebulous or very ditfuse helium {1ines (e.g.

Mermilliod 1987). Mermilliod shows that esdsentially all
. N - -

“ ,
slow rotators in this temperature region .are sn stars, which

L S
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suggests a possible qiffusion scenario for. their origin, ,
-sigce slow rotation implies small meridional currents and

'ihefefo:e a stable outer envelope necessary for diffusion ,
proéesses to occur. Qauclair (1975) has suggested that~
these peculiar profiles could be caused by a large abundance
gradient in the line forming regi9n%k$etween T = 0.1 and 71 =

-~ -

1.0). . ’ . * ) AN

Several helium-weak stars are also classified as sn,

and interestingly, recent observations inditate that the
'

-

only ﬁeliﬁm—weak.stars that show evidence of stellar winds
"/, in their ultraviolet spectra are_thase.with the sn

| desig;ation (Sﬁore. Brgwn, and éonnebérn 1987). These st;rs
'are\Pot_élow fotators but’ are magnetic; so that their
atEospheres are presumably stable enough for diffusion .

;Eizﬁgsses to occur. The strobg winds would then seem to be

_felated to the presence of a’'strong, gfobal;y d&dered

[ v .
magnetic field. gl .
big ' -
,4~* It would be useful to observe as many of these stars as
- pqgsible.spectpoé&opically. " Observations of He I AX4437 and

-

4471, for which a éood broadeniﬁk theory is available, and a
Balmer line, would be needed to determine the helium

abundances and surface gravities of these stars. Accurate

> -

effective temperatures should also be:deter@iged, either

.~ . ———

! using ionization equilibrium of ions with suitable lines in

.

.the spectra, or using absolute ultraviolet and visible
) continuum fluxes, wgere available. These observatjons could

! provide importaht constraints for improVéﬁ_theories of



o

‘Harmanec (1984), among others! has pointed out the

- - . N i
helium diffusion in hot' stars, and give useful information

on the roles of effective temperatureg, magnetic fields and
rotation on thesevdiffusion processes. If the above
conceptual picture is eorrect, then only rapidly rotating,
non-magnetic stars in this temperature.range will have f
‘normal’ helium line profiles.

It has been suggested that the helium-strong stars may
be closely related to the more common emission-1inf€ B (Be)
stars (e.g. Barker et al. 1985). Bolton et ai. (1986) have
suggested that the helium-strong star o Ori E is actually a
magnetic Be star. In recent years, it ﬁas Lecome apﬁarent
that many Be stars demonstrate photomét(ic variability.'that

may be periodic, with time scales consistent with pos{ZEle

rotation rates for these std}s (on the order of a day).
A - .

’

o . .
similarity of these photometric variations tith those seen
- t .

in the helium-strong stars, and has suggested that many ot

these variables may have spotted surtaces, and measurable
magnetic fields like o Ori E. Also interesting is the tact

that, among early B tvpe main-sequence stars, only-the Be
R .
and® hetium-strong stars have lines of very high ionization

stages in their ultraviolet qpéctra (Harlﬁofough 1982). Thes
high ionization potentials of‘theseglines imply a non-

thermal, and possibiy magﬁeticuorigfn. [¥ would be ot

- -

cons.deﬁfble interest to monitor fﬁe Be stars, especially

those-with beriodic photometric ‘variations, tor :spectral and
A5

magnet fc field variations on the ,ame time scales as the

.

2089
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photometric variations. To date, no positive field
detections have been reported for Be stars (Barker et al.
1981; 1985). The author has been involved in a program in

@

collaboration with Hafmanec to examine several -of the
photometrically variable Be stars, usi®ag the UWO polarimeter
and‘the UWO 1.2 m telescope, in ah-attempt tg measure
p;;sible longitudin;1 magnetic fields. Some of ghe data 1is
suggestive of possible field detgctions. but at a low level
of siénificance. " This<project would-bénefit from time on a
larger telescope: . '
The helium-strong stars are the hottest known peculiar
magnetic stars. The low temperature cutoff of the magnetic
stars is thought'to be well understood. In low mass stars
diffusion occurs under {he surface convection zone. These
convection zones become very'gxfensi;e in stars cooler thah
" about FS5 leading to very long diffusion time scales. As a
result, abundance anomalies do net have enough time to
develfp. The %urface magnetic f;eld is believed to become
much more complex and ldcalized, as_in tﬁe active regions on
the sun, and hence, is undefegtable by conventionai
poﬁarimetr&; The apparent hig& temperature limit qf the
mag;etic stars is not as well explained. In fact, field
strengthg seem to inctrease with increasing effective
tempergture (Thompson, Brown, and andsgrégt 1987). Stars
hotter t%an 25000 K have strong stellar winds, which may

prevent the formatjon of extreme spectral peculiarities, sb .

there are probably few O-type analogues of Ap stars (Bolton

\



{1988, private commﬁﬁi;ation] has pointe? ot possible
exceptions, Zeta Oghiuchi And HD 9?521.,3ach of which has

. L] : . . * \
significant helium line variationsy. ‘These winds, however,
should not havq a large effect on the magneftic field.” There
may'theref%re be a {raction of apparently normal stars
hotter than 25000 K (earlier than Bl spectralvtype) wi;h
meigh;able mégnetic fields, unless some gther meghanism is
abting'go remove the field, change its tobology. or prevent
its formation in the firsﬁ’place:,/

A recent compilation of‘stgllér magnetic field
measurements (Didelop 1983) shows that only a h;ndtul of
stars hotter than'25009 K have been searched for magnetic
fields. An addit;onal observéﬁional'projecf that should be
carried out E& a.polarimetric survey of bright earliy B and 0O

stars. If any fields are detected, a follow-up program will

be necessary to determine tHe'ﬁﬁgﬁetic tield variations ot

each object'%s a function of time. Agaln, some eftort has
been made along this line by the author: observations ot
[ ]

early B and O stars in the Orion OB1 association have not
indicated any new. magnetic stars as yet. The possibility of
detecting magnetic fields in O stars is quite exciting, and

would be of considerable signiticance to studies ot
~ . °
non-radiative processes in.-0B and Wolf-Rayet stars. THhe
Y : ‘
need for such a project-has often been cited,in the

literature (e.g. Walborn 1984).
Little has been said about "the modelling ot the

circumsteliar material, and winds of the "helium-strong

(=]

211



..“ . ‘-‘U. *

. N .
’ Y . . ~

starg. Bolton is.currently using much of the same CFHT data

discussed here to tackle the problem of the Ha emission

source for o Ori E. 'His early analysis has been dis-ussed

above, Ve?& little guantitative work has been carried out

vet witﬁ regards to the variable winds of these bbjects.
Barker (1986) has-discussed the observed behaviépr and
correlations of the wind gyaFuges of éhe helium-strong
stars, as reléted to other observations of the same stars.?
His main conclusion:is that the_strongeét and most
asymmetric C IV emission.occurs in the stars that are viewed
approximately pole-on or are the slowest rotators (e.gj HQE)

-~ &

58260). Ha emission is strongest in the rapid rotators.
This is in agréement with the theoretical work of N;kajima
(1981, 1985). | | -
Mugh progress has been made theoretically in recent
years, but much remains to_bf done. Nerney (1980), Barker
(1982); Friend and MacGregor\(P984), and Poe and Friend
(1987) have demoﬂ%trated the import&nce of rotation and
magnetic fields on the,wind; of hot, stars. Exte:jions of
this work shou{d include the effects of arbifrary
obliquities of the magnetic axis, aIFhough:such work will be
very difficult and require three-dimensional models. The
works of Stepien (1978), Pétersan and Theys (£981). Havnes
and Goertz (1984), and Landstreet (19875 have given some?
indication of the importance of incorporgting:Ehe effects of

the magnetic field into the structure of the atmospheres of

the pecuiiar stars, and work should continue along these



IS

lines. Theoretical calculations of the diffusion of silicon

. N ‘
- and other-elements in the presence of a magnetic field, and

.

atr temperatures appfopriate to the helium-strong stars are

badly needed. )

It is hoped that the results of the present

.

%
invettigation will provide the initiative for some of these

suggested investigations. The abundance and magnetic tield

4

geometries derived for tlris small sample of helium—sfrohg
. . N

. N »
stars prbvide an important observational constraint for.

future diffusion calculations, and alsoc the required

v
* -

boundary condition for theoretical investigations regarding

the winds of .these remarkable stars.

<

»
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