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ABSTRACT OF THE DISSERTATION

Circumstellsr Grains ard the Intrinsic

-Polariza.tion of Starlight
by
William John Forrest
" Dector of Philoscphy in Fhysics
' University of Californis, Sen ﬁiego, 197k

Professor Wayne A, Steln, Chalrman

Twenty~four late-type variable stars exhibiting intrinsilc

variasble polarization have been monitered over the range 3.5 p to

11 u for severzl cycles. Ho conclusive evidence for gross -changes
in the smount of circumstellar grains have been found. i’hﬁs,
circumstellar infrarved emission is attributed to the totel abun-

- dance of grains surrounding the star which does not change by a
large amount.with time while intrinsic polarizat;l.on :Ls attributed
to more localized scattering end absorption effects or possibly
to aligned grains, Spectrophotometry ﬁth A)\/ A = 0,015 over the
T.5=13.5 p wavelength range of several stars with different chémi-

cal campesition indicate excess emissicn characteristic of 3°

types of grains: (1) "blackbody" graims, (2} silicete grains and
(3} silicon carbide grains.
]ft is fourd that the Mira carbon stars and V Hya have an

energy distribution that is quslitatively different then the semi-

'regular carbon stars and the oxygen-rich stars. In addition to

the spectral festure due to sllicon carbide grains, which alse
appears in the semi-regular carbon variasbles, a major fractiom,
‘from 0.3 to 0.8, of the cbserved emergy frow the Mirs carbdn stars
appears a.s a cool component characterized by =n approximatély 7
950 °K blackbody. Thus, the ratio silicon carbide to "blackbody™

excess appears Lo vary greatly among the carbon stars. A plausible

mechanism to explein the excess over all wavelengths seen in the

ca.rhon- Miras is sbsorption of starlight and thermal re.radiation
by graphite grains in the circumstellar envelope.

Similar infrared observetions of the varisble star R CrB
over the period 1970-19T4 have been made and discussed in terms
of a single or double star model for .this object, On the ;ingle
star modei it is found that duét made on or ahouf JD 2,441,033
was subsequeptly ejécted from the star with an apparent .reces_sional
velocity of 27 km/s. There w-as no visual event directly asscciated
with this :l:nfra.reld activity but if the spparent recession is

extrapolated linearly back in time, the material would have left

the stellar surface on JD ~ 2,450,400, and about this time there

was & visual event, Spectrophotometry with 'AI\/X ~ 0,02 over the

3-4 u and Al/k = 0.015 over the 8-12.5 W wavelength ranges show




an excess emission vwhich is completely smooth and featu_reless to
the accuracy obtéined, in distinect contrast rto the spectra of all
the M and £ sté.rs observed in this study which do show features,

Models to explain the intrinsic pole.rizatic-)n of starlight
in ‘terms of scattering.and é.'bsorption by circumstellar dust grains

-are discussed. Tt is found that the rapld variability of ﬁolarj.-
zatirun and the opticel depth of t'helshell ini‘eri-ed from infrared
measurements put severe constraints on the asymmetric envelope
nodels aﬁd suggest small cloL"nis,. perhaps close to the star, must
be responsible for the polarization. Alternatively, it is found
that asymmetric gfa.ins in the extended clrcumstellar envelope
may be aligned by the Davie-Creenstein paramagnetic relaxation
mechanism, The time scales for alignment would be 1-3 dayé and -
if the field is dipolar (1) a stellar surface Field of epproxi~
mately. 16-100 gauss 15 required, and (2) the expected infrared
polerization may noht necessarily be large.

The mass loss ﬁ'om 1at.-e-type stars has been re-im-restigated
and it is found that the cbserved persistence of dust grains in
the clrecumstellar envelope. requires continuous condensaticm and
ejection of grains leading to e minimum gas loss rate > 10-6 M@/yr
necessary to restrain the graln outflov. The grains must be
momem';um coupled to the gas as suggéstéd by Gilman for ctherwise
theg-r would exit too rapidly. In eddition, it is found that the
momentun coupling of gas to dust a.l_:d the minimum éa.s loés ra.ter

consistent with the obzerved dust loss rate 1imits the Supersonlec

terminal velocity of dust grains relative to the gas to aﬁproxi-
mately 5-10 km/s. For the oxygen-rich Mira varisbles the ca.lculate.d
mass loss rates (using a simplifiéd modeél., for the eircumstellar
envelope) are ~ 3-7 x 10'6 MG/yT and the dust loss rate is ~ 1/300
of this in silicate grains. For.the carbon Miras the gas énﬂ
graphite dust loss rates are approx;.mately twice this and, in

addition, the ealculated rates agree with the lower 1imit to mass

.loss given by the minimum radiation pressure exerted on the gralns

(consistent with the observed infrared excess and conserva.tioz-l of
energy) and the conservation of moﬁwntum. Thus, the idea of Gehrz
and Woolf and Gilman thet mass loss 1n late-type stars may be
driven be radiation pressure on the circumstellér dust grains is

sixp'ported.




I, INTROIRJCTION

This study was stimulated by the discovery (Dyck_g_‘g al.
1971) that there was a good eorreletion’ (Fig. 1) between the
average Inirinsic visusl polarization and the izifrared excess of
F where T. is
‘ _u/ 3.5u’ R}
the ‘apparent flux, ‘w/cm2 B, from the star at wavelength A. 'fhis

cool stars as measured by the flux ratio FZL‘L

correlation was understandable on the model that infrared excesses ‘
are caused by re-radiation of thermalized starlight from circumstellsr
@ust grains and these seme grains , through their scatiering end
sbsorptive properties, i:qlafized the Inftislly unpolarized sterlight.
Since the polarization was dmown to be time variable (Shakhovskol

) l§6k; Serkowski 1966 a, l'b,' Zappala 1967), it was desirable to obtaln
simultaneous infrared and polarization measu.rem;nts to see 1if the
large and sometiwes rapid va.'riati.ans in visual polarization were
assoéiated with corresponding variatians In the infrared flux.

In addition, the identification of silicete minersl grains
as the radiating materisl around coocl M stars (Cillett, Low, arnd
Stein 1968; Woolf and Ney 1969) and the identification of = similar
material as & component of the int.ezl'ste]_‘l.a.r dust, viz. the emission
spectrum of thel Trapezium obtained by Stein and Giilett (1963}, 1ed
Gehrz and Woolf (197l) to comsider cool stars, specificaily M-type
Mira vafiables , &8 candidates for the production of this ;c.ype of
dust, They concluded, from their calégla.te& mass loss rates and
the dis‘c;ributiun of Mira varisbles in the galexy, that M-type Mira
variables sgppeared sufflcient to éupply a.ll of this type of meterial

to the Interstellsr medium. In addition, Hoyle and Wickramasinghe

1

Fig. 1:

Average polarizaticn ms & function of infrared excess

as measured by the flux ratjo F]:L

{1971)

s&/FS-Su-

Trom Dyck et al.
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. objects, mostly in the wavelength range Ah T.5-13.5 u but also, in

(1962) hed, before the discm;ery' of circumstellar dust shells,
suggested that carbon Miras might be the seat of production of at
least some of the interstellar grains. They epeculated cn the cone
ditions necessary for the formation a.nd subsequent ejection of .

graphite grains from these cool-star atmospheres. It was thus

_potentially very iuterestihg to try and study the detailed dynamics

and other aspects of this dust production, i.e,, does dust production

oceur steadlly or sporadically, are the dust grains (as éxemplified
by t;’neir infrared spectra) the same for all M-type stars? How do
the earbon staré (C-type) end S-type stars fit into this picture?

To this end, light curves {F?L vs. time) at broad band infra-
red gavelengths:lo‘: 3.5, h-..9, 8.k, and 11.72 1 have been measured
for t_he approxiwately 25 late type, variable stars and R CrB in
'i‘able 1. R CrB is & pecul_iar hydrogeﬁ-_‘deficient, carbon~rich veri-

zble whose visuai light curve (Toreta 1934; ¢'Keefe 1939) ana

infrared excess (Stein et al. 1969) suggest the existence of circum-~

stellar dust grains, Tn addition, medium resolution spectrs,

{(A\/% . 0.015) have been cbtained for some of the stars and related
8 few cases, AN 3=5 . These speétra, along with flux measuregents'
at longer and shorter wavelengths may be used to ﬁnterpre'f: the broad

band energy distributions end light curves in terms of the model:

- star + dust. -




1I. TECHNIQUE

The .jphot.on flux received a.%: earth from a celestial source
can be chéracterized by its four Stokes parameters [intensity (flux =
F,, W/(:m2 k), linear polarization (P, %) and po-ﬁition angle (8, °),
snd eirculer pc;lar:l.zation {Q, = 4] vs. wavelength {A,p) and time.

If the source 1s extended, whic’h &11 will be to sn;ne extent, there
1s aleo information =8 to the a.ngﬁlar distribution on the sky., In
the presenf study, intensity (flux) received st infrared wavelengthe
vs. time for a 11_5"c {Table 1) of variable stars was made. The
technigues used to do this ﬁu be briefly described below. - )

The infrared recelver employed for this study was desigﬁed
and built at UCSD by ¥. C. GIllett, The ‘dewar cor_i-sist;s‘ of a L He
imer flask surrounded by & I, "Na outer flask and encased -1:1 a room
temperature enclosure —- the inside- is evacuated but the L N2 ad T He
run at a.uﬁ:ient pressure. Thé detector _e_mployed for the most part
wag & Hg-aoped Ge photoconductor (semsitive to photons with hy >
bend gap, A <15 u) run -at I He temperatures in order to (1) reduce
the number of thermally excited charge earriers and. (2) reduce the
thermal background flux cn the detector. The ~ £/11 field of view
of the detector, sppropriate for the Mt. Lemmon telescope, 1s
defined by & L He. fileld lens at the focal plane @pd a L N2 haffle.
The wavelength résolution 15 provided by interference filters in the
field of view of the detector. Fixed band pess, AASA ~ 10-20%!
filters are used for the b.road ‘band measurements and varlable band-
pass, A.A/k ~ 1-2%, for the medium resolution spectra. The filters

run at L N2 temperatures to reduce the thermal background flux cn

the detector.
A fundsmental difficulty of measurements made st the wave-
lengths cconsidered here is the existence of a Jarge thermal background )

{BG) due to the ~ 300 °X terrestrial sources (namely the telescope and

“the sky) in the field of view of the detector. At A ~ 10 p, even

3

for the brightest-sources BG/sig ~ 10° and for the faintest sources
BG/Si'g'z; 5 x 101*, 50 & relisble method of detecting the emall signal
fron the "stér" in the preseﬁce of this large background flux nust
be devisad. The p‘roblem is amalogous to trying to dp visual pho-
tumétr_y— durlng the day with a fluorescent telescope. . The signel
from the' {discrete) slta.r is extrected fram that of the (diffuse)

sky by "chopping." An -osgi}_‘l.a.ting disgonsl mirror near the focal
plane shifts ‘;he field of view of the detectc:;r a;ternatély betwéen
a beam which contains only sky end an sdjacent beam which contsins
star + sky. The preamplified detector signal (S}_) is fed :Ln*-tc a
synchronous demodulator (phase semsitive detector) which detects
only the part of the signal wﬁich is st the chopping freguency
(t}fpic:a]ly 5-10 Hz). This signal, (SE} would be directly proportional
to the flux from the ster except for {1) the offset caused by the
varn telescope itself end (2) pnss;ble differences between the two

sky beams (l.e., even with no star in either beam, 82 # 0). This

. effect is cancelled by "wobbling" the telescope, the star being put

slternately in cne (52) end then the other (8,') sky beam, the
reference besm being alternately on one side and then the other

side of the ster. The net signal, which is proporticnel to the flux




from the star, is then 153 =8, - 5,'. The signals 5, are recorded
directly. on a chart recorder and elso digitized and sent into an
integrator where the &iffereheing to get 53 is performed. Wobbling
is done once every 10-30 sec, in the case of & faint sowrce mwany 53
are combine;i,to glve an average signal, 5, and standard deviation
oi;.the‘mean, T .

For all the measurements described here, a 28" beanm diameter
and 36 w chopping-wob'bling.distance, as projJected on the sky, was
employ'ed; The broad band filte;s used had central wavelengths Ao

and widths A\ (FWHM) given approximately by:

L9 2280 3.5 49p Bhp 1l.2p 125w 184

AL 0.5 g I'l.ou L.Op  0.Bu 204 | 1.7 u b

Monitor (light curve) wavelengths

4nd the narrow band Filter wheels cavered the ranges

Mo2.8-5.5 AMM ~2.29
A T.5-13.6 @ A A . 1.5% .

The observations we.re made, almost exciusively, during the night
using the 60" metal-mirror tel'escopé of the U. Minnesota-UCSD .
Infrared Observatory on the peal (. 9300 £t. high) of Mt. Lemmon,
Arizona. Flix messurements are wade by comparing the sig_nfsl 51 from
a target hb,ject at a pertjeular wavelength to that from a "sta.ndlar "

star or stars, In the first epproximetion, the flux will be

F, {standard)

Fl(ob,ject) = Sx(oh,}ect) g}m . (11-1)

A._Brod pand

The broad band flux from "standard® stars (Table 2a) is
derived by this technigue using the fuhdamental stardard star
ofyr (Sp:A O V) eund the flux for zero magnitude IFK(O mag) =
FA(QINT)} given by Gillett, Merrill and Stein (1m}. In addition,
the secondary standard star of Ma (Sp: A IV) was used for cali-
brating the ‘standards assuzing Fl(uCMa}/F-'l(mLyr) = 3.4, const,
At wa\}eleng'b.hs other then those given by Glllett et al. (1971} the
flux for zero magnitude was extrapolated using m 10,000 °K black
body appropriste for olyr, eCMa, for A > 1 y and using the cali-
breticn of Johnson (1965) for .?t <1 w. The broad band fluxes &t a

wavelength A are conveniently expressed in "magnitudes," {A], where
F, {star) = T, (0 mg)lo-[*]/2-5 : . ' {II-2)

The (assumed) megnitudes for olyr, oCMa and derived megpnitudes for

the other standard stars are given-iu Table Pa along with the assumed

flux for zero magnitude. - In general, the repeated mes.sureménts of
standards were consistent with (1) the magnitudes listed and (2) no
time \.ra-x‘iahﬂi;cy, within ~ £ 5%, The sbsolute flux calibration is
lese certein and could differ by as much as % 20% from that listed.

Standard sté.fs were measured regularly through the night at
all wavelengths used to establish the sensitivity of the system ’ -
[i.e., SL(*)/F)L(*)I and possible variations in sensitivj,ty or

deviations from eq. (TI-1) due te:




{1) Telescaope focus
(2) Sky transparency vs:
{a} time
(b) =zenith angle, Bz
(e) azmﬁth angle, ¢

(3} Detéctor bean alignment
{ll-). Guiding errors
. {s) ﬂan-linearity of detector system

{6} other.

These measurements were combined to 'give the adopted sensi-
tivity through the night which was applied to the target stars
(eg. II-1) to give the cbserved fluxes (magnitudes). In general,
target st&ré were cbs,eﬁed near meridian transit so as to mini-
mize the corrections due to differing zenith angles,

The errors to be assigned to the. broad band measurements
are di_i"ficult to asBsess & posteriori. In most cases the statils.
tlcal errors were very stﬁm {<< % 5%) end the true error is
probably of a systematic nature. Verlable sky transparency was
wost .trou‘blescm at 3.5 p and, especially, k.5 p-where the filter

bandpmsses overlep the wings of the atmospheric HEO absorption.

The B.4 p and, especielly, 11 4 filters are placed in much dleaner -

atmospheric windows. A statisfica.l anslysis of t'.he- systematic
errors was made by comparing measurements of the same bright
target star made more than once during a week's observing runm.
We aspume the star's flux d1d not vary on & few dsys' timescale

and the measurements (Qi) are disgributed normally sbout the

10
mean (Q), i.e., the probabiiity P(Qi) is given by:
' -2, 2
o~ (@1-8) /20

P(Q,) = conss.

Then 1f & =z IQCL - QEI/{Q]_ + QE)’ the average standard deviation
is given by (o/@) = (1/ &) (AE)J./E.

pendent pairs epd gave for (6/Q):

The average from ~ 60 inde-

Time (3.5 u] [b.94) [8.4 n] ' [11.2 p]  [12.2 ]
| (3.5 8] <[3.5 w1 -[3.5 ] -84 gl
1970.8-1972.0  0.07' 0.07 0.07 0.07T - 0.05
1972.0-197%.0  0.04% ST  o0.04 0.0k © 0.0k
oo\ '

i.e., the 1 ¢ systematic errors improved from sbout x 7% during

the first year to+ 4% for the last Lwo years.

B. ' Narrow Band

The primery standards for the ‘nevrow band spectre Ak 8—.13 p.'
were wBoo and alau, assumed to be L0O0O. °K and 3500 °K blac;k bod.iés
respectively normalized to their broad band fluxes (Table 2z},

The standard and target stars were measured &t close tc the same
zenith distence (within ~ 0.2 sec 8 ) but’ different times, the
flux is then given by eq. (ITI-1)., Broad bend measurements {at

Bl p, 11,2 i, and 12.5 p) were also mede 88 & cross check on

the corrected spectra, At these wavelengths the primary atmos-

pherie absorbers are water {* < 8 p), ozone (AR 910 p pesking
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at ~ 9.6 u) and co, (A > 13 p). The ozone and CO, sbsorptions - ’ IITI, THE STARS
seemed to be fairly stable through & night snd from night to -
’ : ) . The program stars {Table 1) are all of late spectral
night but the H20 could be highly variable, especially on "wet" .
. : - type {excluding R CrE, described more fully in Chapter vI),
nights. As e check on the procedures, two spectra Ak B-13 p .
which implies a low effective surface temperzture {T, ~ 2000~
of the ssteroid Ceres were chtained. The corrected spectra .
‘ 3000 °K). The stars are s}l "giants" or "supergiants,® which
Pollowed a ~ 220 °K black body within the statistical (~ 5%) 23
: . implies a much larger stellar radivs (r, ~10°.10° r_ } and a
errors, so it is believed there are no gross systematic ervors © .
. ruch higher Luminosity (£, . wdae’ = ) than stars of corres
being introduced by this procedure, : ® .
. ponding spectrel type on the wain seguence. The masses of the
The errors iIn & given spectra for A » B p cen be estimated .
} ' stars are not well known; for the M-type Mira verisbles and R CrB
by '
o . it is believed M, ~ 1-2 M®. The structure of the stars consists

(1) Scatter in adjecent points {we take ~ 2 points per

of & hot, dense core {Mco ~ 0.5 I-{*) where the prodigious lumi-

resclution element) e
_ -nosities are generated by nuclear reactions; this énergy is
(2) Statistical errcrs arrived at in averaging two or : : . :
. transported by convection to the stellar “"surface™ and thence
more spectra together, Co . .
radisted to the observer. For the late type stars the "surface"
Method (2) 1s to be preferred, especially when cne is looking - . :
is actvally en-extended atmosphere; the atmospheric scale height
for real features in the spectra.
(h = KI/ug) is comperable to the stellar radius {n/r, ~0.05).

The chemlcal composition of the cbserved atmsjheric layers is
Indicated by the sp-ectra.l type. The. M-type stars ]:Lav_e close .

to solar ebundances for most elements, The carbon sters ('C-type)
are defined by Nc > ND’ ‘and there are other sbundance anomslies,
The S-type stars are notable for the relative over-abuﬁdance

of heavy metals of the Fifth and sixth perfods of the periodic
teble (Sr, Y, Zr, ¥b, Te, Ba, und Ta). M and C stars may also
exhibit some § star charascteristics in their spectra. R CrB

i1s hydrogen deficlent and carben rich, The sbundance anomalies




13

are helieved to be the result of nuclear processing of Initielly
éolar-type material aft some time in the stars' past. . In this
regard the existence of Tc99 in some M, 5, and C stars, with
a half-life of 2 x 105 years is especially significant. The
nuclear reactlons must ha.vé cceurred in thé recent past and
there m_ust be fairly rapid Fleli\rery of processed materisl to
the observed atmospheric layers. . -
The stars are also variable ir luminosity to Some extent
(Pettit and Hicholson 193'3-; Strecker 1973). The period of vari-
ation is given approximately by the free-fall time T ~ (Gp*)'l/ 2.
The Mira variables (15 of the program stars} have regular periods
around one year in which they vary in spectral type ; temperature
{T W/Tm ~ 2500 °K/2000 °K .. 1.25), lumincsity (. L mag =
factor of 2.5) and radius _(rm/r ~ X.35).
Irn 2dditlon to the ebundance ancmalies there are various
- spectral peculiarities of which we mentfon the (1) "yeiling" or
apparent weakening of the stellar absorpticn iines » {2) occaslonal
appearance of Eﬁc-rong emission lines (hence the "e™ in Mfe) in the
spectrum, and {3) existence of very narrcw zbsorption lines with
an approximately constant veloelty blueshift:ed (i.e., to shorter
vavelengths) ~ 10-20 lm/s from the stellar velocity, In the
Mira varisbles the "velling" effect is varisble from cycle to
eyele and could be due to (a) opacity effects (i.e., turbulence,
etc,) in the "reversimg layer" where the absorption lines are
formed; (b) overlying continuous emissién which reduces the

contrast seen in the underlying stellar spectrum, or (c) scattering

Ik

of the starlight off a radially expanding circumstellar envelope,
The existence of emission Iines in such cool (T* ~ 2500 °K) stars
is quite unusual and Indicates some energetic , non thermal-equi-
librium processes are taking place. Scme of the emission lines
(hydrogen, calcium) aré believed to originate, at least in part,
from below the reversing layer (Merrill 1960) whilo._e others

(fun 1], [Pe II]) probedly originate sbove it (Nussbaumér and
Swings 1972), The narvow, bluéshifted gbsérption lines probably
originate in coel, c:l:cumétellar gas in our iine of sight to

the star which is flowing smoothly awey from the star. This
implies there is mass loss gccurring Trom these ﬁtars‘(redshif’cs
are never seen}. The majority opinion holds that the Mira
va.riables are relatively old stars which have evolved sway from
the ma:Ln seq_qencé. Kukarkin (1955} proposed the opposite view
that Mires are young, pre-main sequence which should tell us
about the conditions of star fomtion.

The stars are linearly polat"ized at visual (AX 0.35-1 )
ws.{'f-:lengths. At least s;om.e of this polarization [I11:]St .be Intrinsic
to the star because (1) the polarization i:s va:riable with time,
(2) many of the stars with large polarization are at high galactic
latitudes, and (3) the waveleng"ch dependence of the peolarization
1s quite different than that of interstellar polarization. The
polarization 1s. variable both i'n_ degree and in position gzlgle.
The variation is, in genperal, q_uite chaotis but there is often

& tendency in the Mira variables for the maximum polarizetion




to oecur st visual minimum or, in some cases, on t]:nle rise to
maximum light. The degree ?f polarization can change {increase
or decrea.se) by factors of 2 or 3 on altm.esca.le of = 30 deys
{€ 0.1 period}. The angle of polarization can also change by .
~ 907 on these short timesceles. ﬁe degree of polarization

generally increaees towsrd the blue and is guite smell by h ~ 1 w.

IV, BROAD PAND OBSERVATIONS

Table 1 summarizes the stars cbserved in this study. In
addition to the star name, the spectrsl type, variability class
and period are swumarizéd from Kulkarkin et al. (1969). The day
of zero phase [DO(O)] in eolomn (7) is descriﬁe& in Section C.

The range of visual veriation from Kukarkin et al, (1959) and the

-ovserved range in [3.5 p} are shown aleng with 1imits to the cbserved

variations in infrared colors in columns (8}-(13). In the case of
the Mira variables and R CrB the + numbers refer to the author's

estimate of the actusl range of varistion from the observed light

'curve, In the cage of the SR variables théy refer to upper limits

to the amount of variation,

A. FEnergy Distributions, M =md § Stars

Tn order %o interpret the chserved Light curvés (flux vs.
time} in terms of radia.tion. from the star on the one hand and radi-
étion from 1ts associated circumstellar dust grains on the other,
one must make an attempt at -sepa.ra.t‘ing these tuo contribubions to
the chserved flux., Appendix A gives the model adopted hers to guin-ie :
this interpreﬁation: The observed flux is the sum of attenusted
sta,rlighf Plus the radiation from the circumstellar slhell. The
relative _bnlometric excess o = ratio of total appérent flux from
the shell o the totalrobser\red Sflux is one measure- of the amount
of excess. The monochromabic excess 8 = [Fl(tot;ta.l) - Fk(coutinuum)]

x fk“l(éontinuum) measures the size of an emission feature relative

16




TABLE 1 ' [
Stare Included in the Obzerving Progran

(n 12) 3 4 (5) (6} . (M (8) 9 {10} 11) nz) (k3

) . D 10} Visual )

Namn HD IRC Spectrum  Variability Iz:;;:: J. D 2,440,000+ Magnitude [3.5 p}* [4.9 p]-[3.5 pl* [8,4 p]-[5.5 w]e [1L wl-[3.5 pl* 11 p}-{6. 4 o]
oCet 14386 ©£0030 KM5e-M9a M 331. 7 82¢ 3., 7-9.2 ‘_3.48, -2,83 -0. 3040, 65 -0. 900, 06 -1.6B8+0. 08 -0, 76£0, 06
Z Eri 17491 -10040 M4 I SRb 8D {746) . 6.4-7,8 +0.10,+40,26 +0,17%0, 07 -0. 2849, 10 --l. 04£0, 11 -0,76=0. 10
W Par 237008 460097 M5 S5Rb 169 8.7-11,8 .1,57,-1,30 .0, 15%0,05 -1. 000, 10 -2,5820.10  -1.5630.10
R Lep 31996 10080 C7.e M 432.5 {40 yr) B0G 6.8-9.6 -1,23,-0,68  -0,3040,10 ~1.2024, 19 -1.90£0,1C .0, 66=0.05
Y Tau 38307 20121 Ciye &Ra 240.9 {1750) 6,8.9,2 =0.40, .0, 15 -0, 0420, 04 -0. 760, 06 -l. 460,10 -0.67+0.07
vori 39816 420127  Mébe-MBe M 372.5 782 6,3-12,0 .1,70,-1,00 -0, 3540,05 -0, 9040, 10 -1.7020,15  -0.78=0.10
TV Gem 42475 420134 Ml Iab SRe 182 : 6.6-8,0 +0.50,10.66  -0.10%0.08 -0, 920, 08 -1.90£0,09  -0.97=0, 04
UU Aur 46687 #40158 ° C5y ' 5RbL 235 (3500} 6, 1-6,8 -1.28,-1.08  +0,0B£0,G4 -0, 53£0, 04 -0, 9420, 06+ 0. 4220, 04
R Gem 5379L 420171 83, %c-56,% M 169, 6 728 7.1-15.6 +1.12,42.04 .0, 24%0,05 -0, 88D, 05 J1.2220, 18 -0.2020.20

. R Cnc 69243  +10185 Mbée.MBe M 361.7 595 6.8-11,2 -1.35,-0.90 ~0.40£0, 08 ~0. 82z0, 10 -1, 30%£0, 10 ’ -0,48=0, 08
R LA 84146 +302157 M7e-MBe M 372.3 610 T.1212,6 -1,35%,-0,80 -0, 4020, 08 -0, 32£0. 04 -1.70+0. 10 -J.72£0, 05
R Leo 84748 +10215 M6, Ge-M9%e .M 312 6 740 5,8-10,0 -.3.23, -2, 68 -9, 30xG, 07 =0, 7520, 10 -1, 482010 -0, 72=0. 05
v Hya -20218  Céqe _ BRa 529 (18 yr) - 6,0-12,5 .1.90,-1,50  -0.52%0,05 ;1.?5iu,na -2, 300,05  -0,5520.06
vV Cva 115898 +50276  MdeMébe SRa 191, 9 6, B-8.8 +0,66,+0,80  -0,27%0,07 -1, 16%0, 10 ~2.2220,08  -1,07=0,09
R Hya 117287 20454 . Mobe-MBe(S) M 388, 0 . 875 D 4.5.9.5  -3.04,.2,68  -0,05£0,08 -0, 5540, 97 -1,1820,10 -0, 6020.10
SCeB 136753 430272 Mhe-MBe M 360, 4 ) 640 7,3-12,9 .0,75,-0,37  -0.35%0,10 -1, 2020, 15 «2.20+0,20  -0,92%0,10
RCrB 141527 cEpep R CrB 5.8-14.8 41.27,42.95 -1.05+0, 23 -2, 32z0, 48 -2, 6420, 60 -0, 30=0. 10
v GrB 141826 440273 €6, Ze M 357, 8 930 7.5:1L.0 40,40, 41,28 -0.65%0.10 -1. 2540, 15 -1,9420. 18  -0.63:0.06
X Her 144205 +50248 ' Mbe SRh 5.9 {746) 6, 3-7,4  «1,7),-1,563 w0, 04£0, 07 -0, 550,05 -1.36£0.05 -0, 80=0. 06
U Her 148206 420298 M6, 50-Mbe M . 4054 520 7.8-12,5 1.24,-0,65  .0.4040,05 -0, 9040, 10 ~1.75%0,06 -0, 220,08
T Dra +60255 CBe M 421, 7 995 9,6-12,3 -0,30,40,64 -4, 8320, 48 -1.B&20, 14 -2.42x0.1-6 -0, 60:-0, G5
X Cyg 187796 +30395 57,1e-510, 1e M 406, B 890 5,2.13,4 -3,20,-2,42 -0, 1220, 10 ~0. 7020, 15 =1, 40£0. 20 -0,70=D.0£
RW Cyg +40424  M3la SRc 586 TeT=9,4 0,04, +0,10 0.0 +0.04 -0, 9220, 06 -2.63x0,08  =1,71=0,09
V¥ Cyg +50338  C7,4e M 421.3 650 9. 1-12.8 -1.65,-0,83  -0,83%0,08 -1. 8040, 15 -2.41%0,15  -0.6020.06
R Cas 244490 450484 Mbe-MBe M 431, 0 410 T.012. 6 -%.84,.2,006 -0, 380, 08 «1.10£9, 10 ~2. 040, {0 -0, 9240, 06

¥Quoted values_represont those results nctually obasrved, None of the atars wore gbaerved through all phases of variability,
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The date is from Table 2a,

Energy distributions of selected stars and the Trapézium
and is displayed in the format log (\.Fk) + const V8.

region of the Orion Nebula.

log Ao

Displayed in this mannef, blackbody fuwnctions of

different temperatures have the same shape but are

displeaced in wavelength and blackbody functicns with the

[}

same height correspond to egual total flux, ¥ = j' = FJ; ar,

o
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where F; is assumed to be represented by the blackbody which fits
the shorter wavelength data, cortinued to A » 8 w. The parameters
o, Bl, and the color temperature of the excess Tcexc derjved on

this model a.'ndrthé T, edopted appear in colums (2}-(6) of Table 2b.

The bolometrlc excess o is found to be gquite small, ranging from

U 0.01-0.03 for the Mirs variables to & meximum of ~ 0.0% -for the

supergiants RW Cyg end W Per. Thus, less than 10% of the total
observed energy is radiated by dust grains apnd the asswuption of an
gptically thin shell would seem to be appropriste. This question

is discusged further in Chaptersrv, VII, and VITI.

"B, Star X

The Mire variasbles sre known to exhibit eyelic femperature

and luminosity variatibns {Pettit end Nicholson 1933; Strecker

1973). In order to separete this effect on the observed inffareﬂ

fluxes from possible v;riationé in the amount of dust around ‘the

" star, a synthetic star - Star X - has been consiructed. The flux

from the star is initially tazken to be & blackbody 'with the tempera-
ture and luminosity variation through the cycle given by Stirecker
(1973) for the variable y Cyg. . The phase ﬂ@enﬁence and range -qf
temiaera.ture variation of ¥ Cyg was fairly typical of the M and Sl
stars studied by Strecker (1973) and Pettit and Ficholson (1933).
Po this has been added.m dust component which radiates & constant

fraction 0.02 of the total ensrgy (i.e., & = 0.02) with a epectral

Vdependence (Bh) given by the observed spectrum (Teble 2a, F:lg.r_2‘, -

Chapter V)‘ of the Tré.yeziuﬁ. in addition, the color temperature



TABLE &b

Derived Source Parameters from the Data in Teble 2a on thé Model P:ba =T+ F;xc

1) (2) 1) Tk (s}
exXc
Star @ B(x.) * e Cyr A - S
(1.2 u, 18 ) {11.2 o, 20 u) (3.5 u, 8.k )

oCet ©.013 1.h . o La . 2100
Z Er1 9.003 0.65 . . ' 3000
W Per 0.046 6.0 360 Loo 2600
E lep 0.30 1.1 (3.5 p) ) : ) %50 2350
t Tau 0.00k4 0.8 2200
U ort 6.003 L3 : 550 - 2300
T Cem 0.011 2,2 - . : 3000
U Aur 0.0020  0.51 - 2400
R Gem 0.0066  0.60 : . zhog
R Cne 0,0058 0.8 . o - . 2400
R LM " o.oL 1.2 580 . 2400
R lea 0.0089  ©.97 500 2600
v Hya 0.ko 1.6 (3.5 u) o 900 2400
vim 0.023 2.9 _ 2600
R Hya 0.0052  0.65 Lo : ' 2500
5 CrB 0.025 2.6 &0 - . . 2300
¥ Cry ook 1.h (3.5 8} ) 1000 2200
X Her 0.0075  1.05 Leo ‘efoo
U Her 0.020 1.6 880 2000
T Ira 0.79 8.0 {3.5 u) . ' 900 2200
% Cyg 0.0125  L.b C e n 2300
BY Cyg 0.0k1 5.5 : ’ : L8o . 2500
T o8k 9 (5w | %0 2%
R Cas o025 1.9 ) : 2100

Trapezium P - . 200 Lo -

- l =11.2 exce;pt for those dea:lg':mteci as X = 3.5 1

* 4, refers to the best "blackbody f1t" to Fy* vhlch s used to derive F°°° and columa (2)-{L)
ua deseribed in the text. Briefly, F* 18 sumed to be represented 'b} the best"blackbody™
Tit" to the short wavelength data extended to lopnger wavelengths. Then -

L£XC obe obe .

LY Fl = Ty*, where ;7" 18 the observed flux

BNy = FRO/E,

“'I exc dl/f“ o‘bs A, ama

(Ll,la) = culur tempars.ture of the excese between A, and 12
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of the dust, T (11 u, 18 u), tracks the star's luminosity according

to the law

/L
T, ~ (5,)
expected (eq. A-10) for dust at a fixed distance fromw the illuminating
source, The observed erergy is divided into the 8-14 u reglons and

16-20 p regions according to the ratio BlOp,(Tc)/B }, where

18|.|.
B)\(T) is the Pla_.m:k fupction. The fraction of grain energy occurring
in the 16-20 i window veried from ~0.20 (1, = 2300 °K, T {dust] =
460 °k} to ~0.26 (T, = 1750 °K, Tc(dust) = 350 °K), so this latter -
assumytién is not too importsmt. The light curve of this star is
given in Flg. 3. Flotted vs. plase (Q) are. the visua..l magnitude

for y Cyg (AAVSQ mean Ilight curve, Campbell 1955}, the average color
tewperature Tc(l.oh p, 3.5 p) of % Cyg (Strecker 1973), and the
‘calenlated 3.5 p magnitude {3.5 ] end caliore: {9 ul ~ [3.5 pl,
[8.4 p] - [3.5 [.l-]_, [11 u] - [3.5 p.]',.and 11wl - [B.h ul Vi‘or Star X.
The magnitude at a. wavelength ll’ I?\l} » ié a logarithmic measure .
of flux as discusss;d in Chapter IT [eq. (IZ-2}]. The cnlor [ll, -

[12] is 8 logarithmic messure of & flux rafio, i.e. using ‘eq_. (11-2)

Py ¥ (zero uag) 1o~ (D l-aal)/2.5
i"i'é' W ’

Which 1s zero for & hot blackbedy such &3 o Lyr (T, -~ 10,000 °K}
and beccnigs idereasingly negative if there is & relative excess in
F, at kl. Thus, & negative color [?\l] - [?\.2] iIndicates either an

A

excess at ?Ll or & deficiency at )\2 reilative to a hot bls.ckbbdy.
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Fig. 3:

Cheracteristics of a hypothetical variable star surrownded
by eircumstellar dust (Star X) as Geseribed in the text.
The curves labelled "W" include the possible effect of

,0 absorption at [3.5 k] end the s0lid triangles indicate

‘the expected change in the infrared due to & 50% increase

in the amount of silicate dust,
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The visual magnitude (V = [0.55 pl) fullows the temperature
varlation because A = 0.55 p 1s on the exponential tail of the
blackbody; this is accentuated by the increased molecular opaciti'es
at 0.55 u at lower temparafures Emak 1-96h; Strecker 19'lT3). The
(negative) [4.9 pl - [3.5 u] color pesks at ﬁ:inimu.m temperature
because this is just the color temperature of the blackbody assumed
for the star. The [11 u] - [3.5 p) color on the other hand shows
a minimum &t temperzture minimum. This reduced conbtrast of dust
to star at 11 u 1s moetly due to the lower temperature of the star;
for a 10.‘.-131‘ star tempersture rela.tively-more of the _s__‘cf_z_‘_:_g total
flux appears in the 11 . band while the change‘ in the reletive
amount of flux from the dust in this band due to changing tempera-
ture i1s much smaller. Briefly, Buu‘ decreases frem ., 2.0 at
T, = 2300 °K to .. 0.9%2 &t T, = 1750 °K. The [I1 u} - [8.} u] color,
which is an indleator of the smount of silicate-type excess {Chapter
V), shows the effect of the reduced contrast lﬁore ‘strongly with a
deeper ﬁinimum at temperature minimum.

As & Tirst order treatment of the possible effects of
molecular opa.éities the effect of H20 absorption on Star X hes been -‘
eonsidered in & semi-empirical manner, épectra obtained bjr Wooif
et al, (1964) in the 1-3 p reglon of the late-type M stars oCet and
R Leo showed strong a.bso@.ticn bands (centered at 1.4 ' l;9 B, and
2.7 p) which vere attributed to the cpacity of hot weter vapor.
Subsequent calculations (Tsuli 1.966; Amman 1966, 1967T) confimea
H20 rapor as & :mla,jor source of opacity for these spectral types.

Spectra In the 3-1k | renge {Gillett et al. 1968) of oCet showed

an mpproximate blackbody continum (T .. 2500 °K} for AA 3.5-5.5 @
with a "rollover" or apparent absorption A < 3.5 u.which was
attylbuted to HEO sbsorption in the wings of the 2.7 u feature.
This absorption wi]_'l.'reduce the flux of the star as measured by
our 3.5 u (A 3.0-4.0 p) filter. .

In addition F‘roéel {1971} hes wessured HEG absorption at
2.1} in the wings of the 1.9 feature in late~type M Mires and
fi;lds the absorption varies with phase, reéching a maximum approxi-
mately at visual (i.e. temperature) minimum and vice versa. To
estimate the possible effect of this variaticn with phase cn the
observed 3.5 u broad band fli;;':ces we have u.;sed the following pro-
cedure. Using the pbserved ‘spéctral shepe Ak 3-I g (in addition
to oCet we have obtained spectra of R Cas, R Leo, and S CxB which
show & similar "rollover" A < 3.5 u} we calculate the expected
reduction of the flux in the 3-U4 W band A fo_z_' & glven monochro-
matic absorption at 3.25 W and find

by
T, (cbserved) &i F {oba)
4= -r3p.1+ o F0.5 41+ ]5‘3.2S cont b
3.25

m
_j‘ F, (cont) dx
3

The few availsble spectra, in comparison with Frogel's measurements

at & similar phase, indicate that sbsorption at 3.25 y =~ sbsorption

at 2.1 y. We take this to be an equality, aversge all of Frogel's

2.1 p absorption vs. phase dats on' M-type Miras, calculzte the
expected depression, A, on the 3-4% pflux for s given 2.1 w (=nd
therefore 3.25 ) depression, and spply this to Star X. The

observed 3.5 u magnitude including the effect of water absorption,

28



ag
[3.5 u]w, will be related to the un-abscrbed megnitude (3.5 p.]x by

[3.5 ul, = [3.5 Kl - 2.5 1og§ .

With corresponding changee in the colors Involving the 3,5 p magnitude.
The results are shown ir Fig. 3 (‘#'s). -Tt should be emphaslzed that
other possible effects of ﬁmlecula.r opacity, ‘for imstance HEO
absorption et shorter and longer wavelengths and CO absorpticn in
the 4.9 p band, have been ignored here.

It is seen that adding water to Star X can change Vthe
observed colors considera‘bl;}. In particalar the {11 ul - [3.5 W)
coler n.o longer_ shows & minimum at temperature minimum but now looks
rather flat, In addition, varlations from the averé.ge HEO absocrption
as seen by Frogel (1971) can change this from cycle to cyele for a
réa.l star. The {11 a] - [8.% g] color is, by ass@tim, not affected
by }120 asbgorption and therefore mey be & better index to wateh for

possible variations in the amcunt of dust.

C. Light Curves
1) M-Type Miras

Light curves for selected M-type Mira varisbles are plottedr
in Figs. 49. The oréina.tes of these figures.is "instantaneous
phase” ¢i(l\1) where for each cycle N the day for zerp phase, DU(N)
and pericd P(N} has been determined from tﬁe visual observations
of the AAVSO supplied by Mayell (1973). The instentancous phese

for day I 1= then

D-D (N)
b 00 = —gy—
ically the pericds vary less than ., 10% from the average period
P given in Table 1 so the approximate expression for the phase
' D - D_(0)
¢1(N) = ¢'(N) S - N
may be used with the day for zero phase, D.G(O), glven in Table 1
to retrieve the spproximate Julisn dates of the observation. The

different cycles, N,' are dencted by symbols:

N 5 «b -3 .2 1 0 L o2 3 b
Syubol: X § mAe® x OADY

with time Increasing with Increasing cycle nmnber.
The gbzervetions plotted are, from the botbom up, {1} visual
megnitude estimates of the AAVSO (Mayall 1973). The solid line is

the AAVEO mean Ilght curve ~ 1920-1$50 given by Campbell (1555).

“{2) [3.5 pl, the 3.5 ¢ flux expressed in magnitudes. (3) The

calors [h.9 k] - [3.5 ul, [8.5 u] - [3.54], (12 w] = [3.5 ], and

{11 ] - [8.4 p}. The deshed curves sre the author's estimate of

_ the mea.n behavier and errpr bars represent typical estimated £ 1 o

errors as discussed ‘in Chapter TI., Above these photometric measurew
ments are plotted linear pol?.rization measurenents in the v:l.sual
region (U = [0.36 wl, B = [0.M4 ul, v = [6-55 url.), using the same
convention for cycle number and phase described above. The polari-

zetion data has been taken from the following sources;
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1. Serkowskl 19Tha

2.  Dyck 1972

3. Zeppala 1967

4, vVardanian 1968

5. Dombrovskii 1570

6.  Dyck 1968

7. Serkowski 1966a, b

8. Dombrovskii et al. 1973
3.  Kruszewskl et a). 1968
10.  Shawl 1572 '

11. Dyck end Sanford 1971

. The phase coversge of any one gtar is somevhat limited by
the time it was available as a nighttime object, The infrared
meagsurements were ms.dé almost exclusively at night and only if the
star could be measured near meridisn transit to minimiie atmospheric
extinctilon effects. mus, there is en.~ 0,25-0.50 gap in the phase
coverage and since -the perleds are all the order of 1 year {hese .

gaps usually tend to overlap from cyele to cyele.

Description of Light Curves

Studles of the temperature, radius, and luminosity variations
cf M end 8 type Mira variables have been made By Pettit and Nicholson
(1933} and Strecker (1973). ILockwood snd Wing (1971} and Lockwood
(1972} discuss the near infrared ‘;:ehézvior in the 1 p region. Frogel

(1971) has studied the 2 p spectra and the varistions of the 2.1 "
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stars. Various autbhors (Dombrovskii 1970; Serkowski 1671; Shawl

0 sbsorption and 2-.3-2.5 i CO Av = 2 @bsorption bands in these

1972) have measured snd commented on the variable, intrinsic linear
polarization.of these stars, '

The 4 A infrared light curves presented here are typical
of all the M ¥#'s cbserved in this program. The peak 3.5 pu flux
comes at phase ~ 0.1;0.2 near the mawjmum stellar luminosity as
noted by Strecker (1973). In genersl the chserved cdlcr variations.
gre fit fairly well by Star X, aliowing for possible variations in
the HEO aiasor'ptinns from the a.v;erage‘. Rep,]_ deviatigns in the
observed [%.9 p] - [3.5 w] colors from those of Star X could be due
to (1) different stellar temperatures, (2) different emounts of E,0
;a:bsorption in the 3.5 p bénd, {3) molecular sbsorptions in the
4.9 u band as due, for instance, to 00 or H,0, (k) possible contri-
bution of dust emission in the 4.9 p bend, or (5) any combination
of the above. fThe [11 k] - [3.5 1] should be & good indicator of
the smount 6f dust {50‘116. triangles, Fig. 3) but fhere is st111
uncertainty due to possibly varisble HQO absorpf:iﬁn in the 3.5 p
band. . ‘ . )

The tll pl - [B.4 u] eclor, which 1s elso & good indicator
of "silicate type" excess anﬁ is possibly less affected by stellar
absorptions, shows very little variation with phase.. This is in
eontrast to the predicted behavior of Star X (Fig. 3) which has &
m.‘Ln:Lmu-m (negative) color at § = 0.5 as discussed earlier. To

improve Loe phase coverage and statistical signilicance the (nor-

malized) [11 k) - [8.% p] colors of all the M stars were averaged
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vs., phase. The ‘reSult confirmed this impression,_ i.e. the average
[11 u] - [8.5 pl c-olor was constamt + ~ 0.05 mag = + 5% from

% = 0.0 to 1.0. This seems to imply that there 1s & tendency for
more dust to be i)reserrt {i.e., larger &) near the visual and tem-
perature minimum of these stars, A 0.2 mag increase in this color
a8t ainimun relative to Star X corresponds to sn increase in w by

a factor 1.5-1.8; which is & significant amount. Tt is belleved
the principal assumptions of Star X which would affect this result
are (1) & smooth, or at least constant with _pﬁase, continuum of the
star AL 8- 13 TS 'l'his assumption draws support from the agreement
,Of at least some star excesses with ‘t.he Trapezium flux (Chepter V)
derived using this assumption. (2) Dust grains sre equally efficient
at absorbing the stellar readiaticn as the star temperature changes.
This requires the absorption efficiency {Appendix A, B) Qe {A) of
the grains to be approximately constant for A ~ 1.7-1.25 p.
Unfortunately, opi;‘ical constants for realistic silicate materjals
aren't available in this region, ITf Q,abs(k} } &, as for graphite,
the expected minimum in [11 p] - {8.% p] would be even more
pronounced, (3) Effect of H-0 on total stellar lumincsity. Woolf
et al. (1964) noted that ~ 25% of the stellar flux was absorbed
compared to the blackbody assumption adopted here. TIf this fraction
varied with phase, 1t could a.f;t‘ect the apparent "amount of dust.”
Again, if (bolometric H,0 absorpticn) i1, as found by Frogel
) {1971) for the 2.1 4 HEO sbsorptlon, the expected minimum would be
even mere pronounced. In summery it eppears that the M Mira light

curves imply more dust 1s present (l.e., larger ¢) &t minimum than

3

maximum; this questlon should be. investigated further o see if this

can be definitely eséablished.

(a) oCet

The photometrie and polarization date in the ¥ band for oCe1-;
is shown in Fig. 4. Mira (the "Wonderful") is tﬁe pretotype of its
variable class, discovered to Be variable in modern times by David
Fabricius, August 13, 1596, Infrareci observations for mll the stars
in this study were made during the ~ tne week per nmonth observing runs.
When possible more than one measurement was made during the week to
check for possible systematic errors (or sudden variations). The poinks
plotted sre the averages ic:.f these measurenments, plotbted at the .
average phase (day) for the m;'eek.

The light curve of cCet seems to be adequately'described.

By Star X, plus possible varying amounts of .HEO absorption in the
3.5 w band, It appears that ;che (11 p] ~ [B.4 p} Hght curve is
-flatter than for Star X, mhich ﬁay imply more dust at ainimum as
dizscussed earlier. There are no large increeses :Ln this color or
the [11 p] - {3.5 ;-L] eclor as due, for instance, to the sudden
ﬁro&uction of new dust during the lobserving period. There does’
seem to be & significant change in the {11 @] - [8.4% 4] color from
the early spectrum by Gillett et el. (1968) tzken 17 Qctober 1967
when cb(-h) = 0.96 which is i;idicated as a solid dismond on the
light curve, Tt is estimated that this cclor change would Indicate

an increase in o by a factor ~ 1.8-2.3 over ‘the present epoch. The
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. g

Polarization and photometric data on oCet, The convention
used for denoting different cycles and a deécription of

the plotted date 46 given in the text.
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change 1s also evident in the 'na.rrow pand spectra discussed in
Chapter V. Thus, a secular decrease on & timescale ~ 4 years in
the amount of dust by ~ a factor of 2 seems to have-a océurred for
oCet, During the current observation pleriod, ~ late 15971 - early
"1974, ne further chapges in the broad band colors and only small
- changes in the narrov band spectra (Chapter V) ‘are t-avident.

The u band polarization data show the large and sometimes
rapld varlation in both degree and position zngle menticned earlier,
Shawl (19"(1, 1972) has discussed the polﬁizatim extensively and
points ou-t that there is a sudden increase inlpolarization neer
¢ ~0.8-0.9, i.e. vhen the visusl light .is rapidly increasing. The
data plotted show this trend {at least for cycles N = «5 to -2) but
also that polarization cen be high at other phases (PU = 3.8%,
$(1) = 0.03, B, goes from ~ 0.5% to 2.6% for §(~1) ~ 0.49 to 0.51,
i.e. in ~ 10 days). Unfortunstely wost of the polarization coverage
is :Ln the past and there is little coverage of phases 0.5 to 0.8.
The available infrered data in the 0,B-0.9 phése region (only cycle
3) indiéa.te no iarge increase in the {11 p} - [3.5 p} or [21 ) -
(8.5 p] colors as woald be expected. for the injecticn of a ia.rge
amgunt of new dust. The angle of pelarizatioln usually. seems to -
wobble arouz;d- between GU ~ O“—MO_", there being mo large angle changes
associeted with the pola.fiz.ation changese at q) ~ 0.8-0.9. During
the -1 cycle, _howeve’r, ther -angle wén“_: from BU ~ 10° to ,., 130° from
$(-1} ~0.43 to 0.49, 1.e. & change In angle of at least £0° In only

- 20 deys, and decayed back to BU ~ 500 wy §{-1) = -0.81¥, i.é. another

A® of at least 80°. The other measuremepts beiween phases 0.5 and
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0.6 also gave angies {~ TO° and ~ 90%) larger than at other phases.
The gimultaneous infraréd and polarization data during the
0-2 cycles indicates (1) changes in poia.rizatim bty factors of 2
or 2 vs, phase during & given cycle and (2) similar changes in
peolarizetion &t phase ~ 0.25 vs. cycle nupber,; sl1 with no large
changes in or noticeable correlatiocn with the [11 .u.] - [3.5 u.]‘ or
[11 u} - [8.4 u] infrered colors. Thus the changes in the amount

of dust during the polarization chenges must be at wost small.

(b) U Ori

The vlsual, Infrared, aland polarization data for U ori is
given in Figure 5. U ori is & 1. 35 cm Hy0 maser and 18 em OH "main
line" maser solu.rce {Schwartz and Barrett 19T0e;Wilson and Barrett
1970). Tre i_ufra.red'light curvtIg is again-delslcribeﬁ fairly well by
Star X. The larger [11 u] -« [3.5 p}, [8.% o] - [.3-5 pl, and
(k.9 u] - [3.5 ] colors furing the Pirst (0’s) oycle could be due
6 depressicn in the 3.5 w band as would be cazused by an incresse
in H,0 sbsorption. The {11 p] - [B.L u] eolor sgain shows & tendency

2
to be constent with phese, averaging arcund -0.75 to -0.80. The.

" polarization data is meager and no large "events" occurred during

the infrared monitor period, There was an ~ 50-90° 8 flip in B adU
‘on a short timescale near ¢(-1) ~0.45 and a subsequent decay through

~ B0° in 8, during the next cycle [4(0) ~ 0.35-0.531..
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Polarization end photometric data on U Qri,
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!.c) R Lea

The photometric and pola.x'imetlric data for R Leo are shown
in Fig. 6. The' spectrum of the excess in R Leo seems different than
thet of the Trapezium (see Chapter V) but probably still represents
cireumstellar emission from silicate-type grains.

The 3.5 p 1ight curve peaks st ~ 0.1.0.2 phase as for the
other Mira varisbles. lThe fh.9 ] ~ [3.5 p) Llight curve is sdequately
deseribed by Star X but the [8.4 p] - [3.5 |.J.] color is more nearly
like the ster alone (~ - 0.6 to - 0.8) than the star plus Trepezium -
likcl-: excess of Star X, ‘This supports the finding in Chapter V that
the spectral excess for R Leo has relatively less flux Ak 8-9 lp. than

the Trepezium, The {11 w] - [B.4 L] color seems approximstely

constant with phase here (~ -0.75) rather than following Star X. . Fig. 6:

Coverage near 41 ~ 0.8‘ shows no sudden inerease at this phase.

The:l'e is gquite good polarization coverage of this star.
VIn particular there is e polarization "event" which occurred Quring
the infrared monltoring of the zeroth (X's) cycle, The pelari-
zation at BandVsterted at a low value (p, ~1.1%, P, ~ 1.8%) at
${0) ~ 0.68 reached a maximum (B, ~2.4%, P ~3.78) at $(0) ~ .78
and then &ecayed.back to the origina.i values by ¢(0) ~ 0.9, On the
next cycle, the polarizaticn redched even lower values (PV ~0.3%,
P, ~0.74) at §(1) =0.9. During this time the [11 k] - [8.4 y]
‘and [11 u] - [3.5 e} colors were approximetely constant -- if any-
thing;' the [11 pl - [8.4 p] color was actually.hijgher et $(1) ~ 0.9,

Again, the Infrared is not correlated with the polarization changes.

Polarization end photometric data on R Leo.
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7 discussed sbove 8

Neither can the polarization event be explained by a sudden blockage

of the direct, unpelarized starlight by a fortuitously placed eloud

of dust ‘grains vhich moved, or was formed, ¢n our line of sight to

the star {as discussed in Cha.éter VII}. on tilnis model, an increase
by & fector of two in poiariza:bion requires a reduction of the
unpolarized light by the same amount (~ 1 m&g. decrease) a.nd‘this

is not seen in the visusl light curve. Rather the increase in
polarization would seem to require an actual increase énd subsequent
decreasé) in the polarized intensity on these short, < 30 days,
timescales. @Sinee the infrared measurements indicate po large
change in the "amount of dust" as measured by @, it would seem o
require either (1) rapid chaenges in the polarizing efficiency of
the existing enlvelope, either through chenges in geomeiry, or grain
alignment (see Chapber VII), (2) injection of 4 small smount of new
dust grs.ins vhich are very efficient pelarizers, (3) injection of
new dust gr_ainsrwith low absorptivity, so they don't contribute to
the observed infrared or (L) a mechanism other then scattering and
shsorption by circumﬁte]j.a.r grains to explain the polarizaiion.

- The position angie of polarizaticn aq_so shows interesting
variations, Sometimes the angle is 9 BO-ZLGO"’, sometimes 8 ~ 0-20°,
and sometimes 8 ~ 140°.160°, i,e. halfwsy between. During the event
0,5 started st m 145° at polarization maximum
(§(0) ~0.78), decmyed to ~ 300° by $(0) ~0.92, 1.e. 40 ~ s 1n .
~ 45 dsys. By the end of the next cycle [$(1) ~ 0.9] -eB,V ,T,'l.m,
i.e. a.-pproximate polarization reversal (A® = 90°). Another ~ 907

a cha.ngé oecurred in the U band at ¢ ~ 0.15 between the -5 (.‘.‘s}

and- -L (@ 's) cycles.,

Ly



{4) RHy=

Th_e l_ight curve and polarization data 61‘1 R Hya appears in
Fig. 7. The [4.9 ] = [3.5 p] eolor {(~0.0 to -0.1) is less than
for Star X, even leaving out water. This corresponds to & color
temperature ~ 5000~10,000 °K.wh:Lch is much too high for the spectral
" type tMée-MSe) S0 it must be due to either excess emission in the
3.5 W band or gbsorption in the 4.9 y band., The latter 1s more
likely and could be due to the Av = 1 fundamental vibraticn-rotation
system of CO as suggested by Solomon snd Stein (1966), The [8.L pl -
[3.5 u] color {~ ~0.5 to -0.6) is again lower then for Ster X and
corresponds to & color fe@e_rﬂ:hure of ~ 2800-2500 °K. This ﬁay
indicate a si:ectra.l excess more like R Leo than oCet (Chapter V);
ﬁaclcmé]l's (1971, 1972) spectrum in the 8-13 4 reglon supports this.
The [11 p] - [8.4 p] color is fit somewhat better by color = constant
than by Star X. ' ‘
The polafization agaln shows variation in both position angle
. and amount, The polarization seems to peak at ¢1 ~ 0.5, i,e. minimun
light, rether than -~ 0.85 as for oCet. The "preferred” position
angle seems to be & ~ 120° but there are excursions down to ~ £0°
and up to ~ 180“’_, somevhat like R Ieo. The quasi periodic varigtion
~in position angle, with a.._period twice the visual period,- has been
discussed by Serkowskl (1970). 7
-A polarization "event” cecurred during the infrared moni- )
toring in the zeroth (X's) eycle. The éulariza.tion started at

PV,E,U ~0.2%, 0.3%, 0.5% at (0} ~ 0.3 a.nﬂ.. shot wp to PV,B,U ~

b3

Fig. T:

Polarizaticn and photometric: data.‘cn R Hya.
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1.7%, 2%, 4% by ${(0) = 0.6. By the next cycle [§{1) ~0.2] the
polerization had returned to small velues again, though BB WaS
~ 80" different than BB at ${0} ~ 0.3. Duriné this time the

[1L p] - [8.4 4] color was approximetely constant at ~ -0.68
except for ane low measurement at ¢(0) = 0.37. In particular,
there was no sudfen increase In this cclor during the ~ 4O days
from ${0} ~ 0.5 to 0.6 when the polarization was increasing by
approximately a factor of 2. As in the case of the 'pola.riza.tion
event in R Lec Jescribed earlier, the absence of significent infra-
red change or a suddeh decrease in visual light here puts severe
constraints on models which explain the polarization in terms of

scattering and zbsorption by circumstellsr grains,

(e} 8 crB

) .The pelarization, infrared, a;.;d visuel dsta for S Srk are
presénted in Fig..8. S CrR i;{.t g 1.35 cm HEO'msser and 18 em OH
"main-line" meger source (Wilson and Barrett 1970; Schwarts and
Barrett 1970a), The infrared excess for this star (and R Cas

following) is the largest of the M ard S Miras in Table 1 and larger

. than Star X. In additicn, the [4.9 pl - [3.5 p] and especially the

[8.h pl ~ l[3.5 wl] eclors are larger than expee"ted for the star
temperature end the aﬁount of Trapezium-iike ':'silicate" excess
indicated By 'the [11 ] - [8.4 u] eclor. TPart of the color may be
due to increased 520 absorption in the 3.5-;4, band but the 1arge-
[8.4 pu] - [3.5 ] color may also indicate a smooth hlack body”

component to the excess in addition to the Tra.peziumd.ike‘excess
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indicated by it infrared fluxes (Pables 1, 2a). Another possible
indication of an extra comporent in the 8.4 u band 1s the tendency
for the [8.% ] - [3.5 u]- to reach & minimum #t $ ~ 0.5, contrary
to Star X with or without 1,0 bsorption. | This 1s en intriguing
possibility but better spectral coverage and resoluticn {to estab-
1ish the stellar "continum” at shorter wavelengths and the shape
of the resulting exc;ess) or spatial résolution (to separate the:.
fluxesd from the star and eircumstellar shell at A -~ 8 _p.) would be
needed to definitely establish it. .

The behavior of the [11 u] - 18.4% k] color vs. phase Seems
to follow the "Star X" curve, _iﬁdica.’cing an approximetely constant
emount of dust, rather than the approximately constant color of
other stars, though the scatter is large, There is an indication
of larger smoungs of dust than aversge on cycle 1 (0's) _and smaller
than aversge on cycle 3 ([1's) during § ~ 0,1-0.3.

ﬂne polerization shows the typilcal Mira star chaos.
Polarization can apparertly be high anywhere between ¢ ~ 0.0 and
0.6. There seems to be & "preferred angle™ of ﬁo].arization . 60;50°
but during the -1 and zeroth cycles BV went from ~ T0° down to: ~ Q°
and back up to ~ .70°, the latter transition taking place in Ad ~
0.11 ~ 40 days, In sddition at §{-%) = 0.1, 8, ~150° which is
~ 80° the other wgy'from the "preferred angle." Again we see the
1a:ge a-.nd sometimes rapid pésition éngle flur_:tuations , of the order
90° , which Mire variables cen exhibit  (though in this case when -
the polertzation 1s very high the position angle is at the "preferred"

angle). The polarization "event™ in Py et qJ(O) ~ @46 would, as

52

for R Ieo and R Hys, seem to represent an actual increase in the
polarized flux since there isn't eny corresponding depression in

visual 1light at this time.

(f) R Cas

The photometric data for R Cas is given in Fig. 9, no
pola.riza.tion measurements could be located but this star was
included because of the Tairly good phaze Qoverage, the large
excess, and the extensive series of Ak B.13 y spectra (Chapter V)
which heve been obtained., R Cas 15 &n 18 em OF "main line" maser
.Er..\urce (Nguyen-Quang-Rieu et al, 1971). The [3.5 u] light curve
shows the cﬁaracteristic peaking at § ~ 0.1-0.2. The [1l+.9 wl -

[3.5 ul, [8.4 u] ~ [3.5 p), and [1L p] < [3.5 w] color curves are
fairly well explained by Ster X frith & little more Tr.a.pezium excejs.s)
affecﬁed by verying amounts of absorptich in the 3,5 i band. In
partjeular there is np extra emission in the 8.4 p band evident.

The [11 u] - [8.4 u) color curve seems to be fit- slightly better

by color ~ -0.9, constant them by Star X (a coﬁstant’)-; this is also
seen in the series of spectre. (Chapter V} taken at different phases,
There is no evidence for sny large changes (> 0.2 mag) in this color
over the monitoring pericd. .

(z) Other M-Type Miras

Idght curves of the remaining M-Mires (R Cne, R IMi, and

U Her} are not presented but they continus the trends found sbove. _
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R Cne has the smallest Infrared excess of all the M stars studled
here,‘ ﬁth [11 p] - [8.% u} = -0.5 =spproximately constent § ~ 0.8
to 1.3. There is no evidence for any large increase :Ln this color
after ¢ ~ 0.8. TFrom the beginning to the end of the zeroth cycle,
the position angle Bv went fram ~ 0° to ~ 90° while the smount of
polarization didn‘t chenge (EV ~ 0.5%}.

RIMi iz & (u'ea.k). 18 cm OH "main line" maser source (Filiit
‘_gE &l. 1972). The phase coverage 15 § ~ 0.78 to 1,32 and the infra-
red color curves are f&i;-ly well represented by Star X. Again, the
tendency is for the {11 pl - {S.h K] color to be approximately
ccnstant at ~ -0.75 and therg are no large excursions from this
during the observing periecd or near phase ~ 0.8 to 0.9. No polari-
zation measurements could be found.. . |

U Her 1z an 18 em OH "main line" maser and 1,35 cm H,0 maser
source (Schwartz and Barrett 1970a; Wilson snd Barrett 1970). The
infrared coverage ls ¢ ~ 0.17 to 0.55 and the pclarization coverage -
(in the past) is from ¢ ~ 0,6 to 1.05, 1.e, oﬁhogonﬂ coverage.
The infrared color cuz'v.es are explained fairly well by Star X. The
tendency for the [11 p] - [B.4 Vp.} color to remain constant (a£ ~ -0.8)
qccu:.cs , but there is an Indleation that the color ig even larger
(~ -0.9) near minimum, i.e. opposite to Star X and indicetive of |
mers dust (larger a) nesr minimum, The polarization can be high
anyvhere from § ~ 0.6 to 1.0, The “preferred angle" 1s 8 ~ 70°
I;out there alre_ occa;sionai excu_.rs:l.ons up fo 8 ~ 1300 aﬁd down to
8 ~00, During the -2 cycle from $(-2} = 0.81 to 0.88 {i.e. ~ 30

went from +70° to -10°, -

days) PB went from 1.5% to 3.0% while BB

i.e. an 80° p-flip.

ii1) Semiregular M Stars

Compared with the Mira variables, the semiregular varldbles
are nearly constant, AV < 1 mag, 4[3.5 |.a.j < 0.3 mag, The stellar
temperatures are, therefore, very hearly constant and we may i.nspect_
tllxe colors drirectlyr(without resort to Star X} to look for possible
changes in luminosity, st.e]_'l.a.r opecity (ebsorptions), and/or in the

Yamount of dust." The spectral excesses of the semi-regular vari-

" ables (Chapter V) seem very similar to the Trapezium so the [11 p] ~

{3.5 u] and [11 p] - {8.% u] colors should be = direct measure of

the "amownt of dust," at least in the silicate component.

{a) Vv cin

The infrared, visual, and polarization light curves for
¥ CVn are given in Fig. 10. The variation in V {(~ 1 msg) apparent

in the earlier (JD ~ 2,140,200) dats had damped down by the time

(JD ~2,451,000) the infrared monitoring began. Consequently, .

there i no well defined "pﬁase“ and the data is plotted vs. time
{Jp). It is seen that the infrared mgnituﬂes end colors can all
be fairly weu_repx.'esénted. by everﬁhiég constant. _The dotted lines
in Fig. 10 are the aversge of all the measurements .JD 2,440,980~
2,J+1ti,8h5. The standard devistions of the measurements from the mea.n_.
(Table 1) are oﬁly Slightly larger then those expected dué to sys-
tematlc errors alone (Chapter IT) 2o the true variation duriﬁg this
t_ime must be at most the order of * 5%-T% In the infrared magnitudes

and coiors. A change in the {11 p) - [8.4 i] color of ~ 0.1 mag would .
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Fig. 10:

Pelarization and photometric date om V CVn.
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correspond to a cﬁmge by a factor of ~ 1.25 in @ end a change in
the [11 ] - {3.5 p] color of 0.1 mag would correspond to a change
in a of & factar of ~ 1.12, Inspection of the light curves shows
that the changeé In @ (~"amoumt of dust" Appendix A4) are at most
~ 10%-204 during the ﬁ:ogitoring period. 1In zddition, the colors
found here agree H:Ltﬁ the earlier measurements of CGilletd et al.
(297). ' '

The energy. distribution (Tables 1, 2a) indicate an ~. 0.2
mag excesé .:Ln the 8.4 p ba.mi.in additicn to the excess expected for
& Treperiim-like excess with the cbserved [12 p] - [B.4 ] ~ -l;OT
color. As for S CrB this may Iindicate & Eacmd, "plackbedy" like

‘ component to the excess emissirm,. but moré observetions would be
needed to establish this.. ﬁzterestMg]J, Shawl (1972) in fitting
the obgerved ﬁola.rization with circumstellar grain scattering
models found 1t impossible to £it V CVn with swall silicate grains,
because of therrels.tively et wavelength deﬁe.ndenée of the amount
of polarization, but he could get Tits using iron or graphite
grains. These grains could give a bla.ckbody‘type éxcess;

The large variations in polesrization for V @n have been
afscusped by Kruszewskl et s1. (1968), Dombrovskil (1970), end -
Shawl (1971, 1972). Unfortunately, slmest no polarization data
simultanecus with tﬁe present infrax;ed data could be found, Shawl
{1572} notes some simildrities of the polarization of V CVn with
the extreme infrared stai- VY CMa, 1.e. 8 pola.rization minimum at '

1.65 kb rising to 2.2 B and &n ~ 90° 6 change from ~ 1 p to 2.2 .

(b) HW Cyg

The infrered snd visual light cﬁrves of BW Cyg are presented
in Fig. 11. Xo polarization measureﬁents could .be found but this
staz.‘ was .incluﬂed because it hs.-s the largest [11 ul - [8.4 p) and
[11.1] - [3.5 p] colors and largest w (~ 5%) of the M stars studied
here. The energy distribution is given in Fig. 2 and the B-13
Bpectrum is discussed in Chapter V. To ‘lﬂ.rge variations are evident
in the AAVS0 visusl (V) estimates and, as for V CVh, the infrared .
Light curves appear to be colnsta.ut. & 0.1 mag change in the {11 u] ‘-
[3.5 p-.] color cor.responds &pprﬁxima.tely to & 10% change- in o here )

;d that over the 1680 days of monitoring this star, ﬂ'ie "&ﬁmun'b of
dust,"” as reflected by a, has changed ab most ~'t 10.15%. In
sddition the col:.:rs here B,ré in agreement with the earlier nmesasure-
ments of Gillett et al. (39m1). 'I‘ilus, even in the absence of .
temperature andl luninesity variations (V,I3.5 p] ~ constant) this

star has menaged to maintain a large and stable dust shell,

(c) Other SR M Stars

The remaining SR varisble M Stars continue the trends nutedl
_a.ﬁove (i.e. nearly constant) and are not plotted. . W Per ha.s an
excess approximately as lerge as RW Cyg, There are small variations
in ¥ (~ 1 mag) and '[3.5 p] (~0.2-0.3 mag) during the mond toring
pericd {JD +825 to +1675). The "amount of :dust". as indicated by
[11 p] -« 3.5 ¢] and [1T k] - {8.k u) cplox-s, has changed < 10-20%

during this periocd. Polarizetion measurements on Jp +910 and 955
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give_‘_:"B ~ PV ~ 3."{% which is high but its position mear the gelactic
p]__.ane (bII = -29) meke this Inconclusive regarding intrinsic
polarization. 1TV Gem ie like W Per but with & smeller excess (small .
variations in V and [3.5 ul, Aaf/iz < 10-26%). Likewlse X Her and

Z Eri, though there may be a small secular decrease in g of ~ 20-%o4,
from JD 4900 to 42000 for 2 Eri. Eri has & smaller [8.4 4 -

[3.5 u} color and & larger [12.5 4] - [11.2 ] coler {Teble 2a) than
would be expected from the smouwnt of excéss cbserved ;at f11.2 ks
similer to B Leo, but higher resolution spectra would be needed to

determine the scurce of these E.néma.lies.

ii1) S-Type Miras

(a) % Cvg : ! . : Polarization end photometric data cm' X Cyg.
—— R S 7 Fig., 12:

-The infrared, wisugl, and pﬁlarizaﬁiuu datae for % Cyg is
given in Fig. 12. The energy distribution {Tables 1, 25.-, B, slpectral
excess (Chapter V) e.ﬁd_ temperature and luminosity varietions
(Strecker 1973) for &t 1es.st"some S Miras s.ré Bimilar to the M_
M:Lrag 5o & comparison with Star X (Fig. 3) regarding possible
changes 1 the emount of dust Is velid. Spinrad et al. (1956) snd
Frogel (1971} find that S and MS type Miras {including- x'Cyg) have
lesé H20 absox:gtionzxjela.tive to the pure M-types so the apprnpriﬁte
-curves would be th_ose. without the inclusion of water {X's}. The
[3.5 u] flux peaks at § ~ 0.2, zimilar to the cther Mirs variables
in this study. The apparent hump or flat area oﬁ the rising branch

of the [3,5 ul light curve between b~ 0.7 eng b ~0.85 was




discovered by Strecker (l9'f3) with much better pha.ée coverage and
is undoubtedly real, It corresponds te a less pronourced hump in
the visusl light curve.

The [%.9 u] - [3.5 p] color is less negative than expected
for Star X and elso doesn't show the peak st ¢ ~ 0.5 a8 e}@ectea -
this could be due to the effects of stellar cpacity (absorpticn)
in the broad bend 4.9 p filter —- the 2.3 p CO Av = 2 bands are
known to be strong iIn ¥ Cyg {Frogel 1971l) so the 4.6 u A\Jr =1cC0
fundamental band.s could be ome source. 'The 0.2 to 0.4 mag varia-
tions in the [8.4 p] - -[3.5_;1.} and [11 p] - [3.5 ul colors are
probably. real-mininum colors coming at ¢ ~ 0.2 and maximum color
at § ~ 0.85. The [8.% u] - [3.5 W] color is more like the -0.6 to
-0.8 color expécted for & star without silicete excess and could
represent a deficiency in the A <- 9 W sPect:l-um of the excess similer
to that cuserved in R Leo and T Cas (Chapter V). 7The variations
in color could be due to 2 cpmbination of the change in stellar
ten@érature_ and opé.city (a‘usorptrion) in the 3.5 y band, The
a.ppr'-oxima“ce constancy of the [11 p] ~ [8.4 ] coler with phase
could indicate a relative increase in .the "gmount of dust" of
approximately & factor 1.5-2 near minimum cr could be dus to changes.
i.n stellar opacity in the 8-13 p region with phase. -

The polarization data shows the large and sometimes repid
variations in both amount and position engle of polarization, vhich
sre tyﬁical of the Mira variabtles in this study. Of psrticular
interest are the position engle changes during the -1(.) cy'.cle,

 From ${~1) ~ 0.24 to §{-1) ~ 0,75 the positicn sngle went from
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8, ~ 4125° to B ~20°, i.e. 48 ~ +75°. Then from ${-1) ~ 0.86
to ¢{-1) ~1.03 {~ 60 daye) BB went from ~ +30° back to ~ 130°,
i.e. AGB ~ =807, All the ﬁile_ during this cyele, the degree of .
polarization changed very little, ?B ~ 0,5-0.%. The slow and
steady increese in polarization and rotation of position angle
during the zeroth (X) cycle were not accompenied by any iﬁ.rge
increase in the [11 p] - {3.5 p] or [li k] - [8.4 u] colors, indi-
cating the change in amount of dust wes at most quite small (< 50%)
during this cycle,

{b) R Gem

The infrared, visual, and polarization data for R Gem arer

glven in Fig. 13. R Gem 1is the only "pure" S star in this study. Fig. 13:
Tt is similar in spectral type (S3-,9e) visual range (AV = 6.1 mag)
and in the [3.5 p] light curve over the phase covered to the S8 star
R Cyg studied by Strecker (1973). R Cyg had the largest [3.5 p)
{~ 1.2 mag) and bolometric -(~ 1.4 mag) ranges of the stars studied
by Stre;:ker; the large varistion in [3.5 w] observed here i‘of R Gem,
~ L mag, is probably correct and would probably be even larger 1f
observetions st earlier phases were made. The [ii:.9 Bl - [3.5.8)
is appro};imately constent with phase and is probably cons:l'.stentl to
the small changes éxpected due to changés in the stellar temperature.

- R Gem 1s the faintest star in this study st infrared wave- -
lengths so the .errors in the 8.4 & and 11 . measurements ‘are larger

than for the other sters. The [8.% u) - [3.5 u] color is approxi-

mately comstant with phase at ~ -0.9 but the {11 u] - {3.5 u} color

Polarization and photometric data on R Gem.



140

- 82 100
60

150

5% 1o

. 4
R% 4
v 3
R% 2

e

[1d-[844] g:: ]

254

fBul-35u [

[4.94]-[35.]-0.2 C

1.2
[354]
1.6
8
\Y; 10

69

TO

appears to incrense from <~ -1.05 at ¢ = 0.35 to -1.4 at ¢ =0.85. .
If a blackbody through the A < 8 p points (Table 2a} is adopted

for 'phe stellar con'hinui:m, then there is an appro}_cim&tely equal

excess (~ 0.4 mag) In the [8.% B] snd [11 u] filters at § ~ 0.35

but B considerably larger excess .(~ 0.75 mag) at [11 p] at § = 0.85.
The origin of this apparent spectral varia.tioh cf the excess is
unknown at present; there appears to be & smell amount of dust :
present at all phaées but the spectrum changes. This could be due
to varlations in the stellar continuum or ¢ould be due to & verying
retlo of "blackbody" greins as seen in the 5 star W Agl to "silicate"
grains ag seen in the S star R And (Chepter V). The [I1 ] -
[8.% pn] ecolor, which is subject .tolla.réer stetisticel errors,
doesn't show the apparent spectral variation with phase ss clearly,
but does seem at least to indicate an increase in the color from
the zercth eycle (~ -0.1 mag)and the earlier measwrements of
Gillett et al. (1971) (~ -0.18 meg) to the méasurements In later
eyeles {~-0.k meg). This slower f'simescala varistion could be '
understeod in terms of produc£ioh of wmore silicate grains with a
falatively constant zmount of blackbody gr-ains present. More pure
S stars should be monitored at these wavelengths to see if these .
possible phase and/or secular variatiens in spéctral BXCeS5S are
wide@res.d. 7 )

.'I‘he polarization shows large and sometiwes rapid changes .
in amount a.nd pesition angle with time. Duriﬁg the =3 cycle (M}
tiie polarization decayed from -PB ~ 459 at §(-3) ~ 0.6 to Py~ 1%

by ${-3) ~ 0.9, i.e. a factor of 4 decrease over approximately 37




 days; while the pc-'sition angle was constant st QB ~110°, During
this time there was nmo corresponding incresse of visual flux as
wo@d occur if the star were coming out frpm behind an obséu.ring
cloud and contributing relatively more unpolarized direct starlight,
These rapid decreases In polarlzation .a.r"e quite difficult to u.nder-.
stand on the assymetric shell model (Chap‘_t:er VII} as they seem to
require either (1) a rapid change in therinitia.'ll]r aligned shell
or (2} repid dissipation through evapeoraticn of dust érains. The
polarization during the zeroth cycle (X) also showed Interesting
and rapid variations in pcl,arizatim. P, went from ~ 0.9%, down
to ~ 0.3% and up to ~ 2,4% In the space of ~ 0.15 cycle ~ 55 days
and returned to ~ 0.1% by cycle's end. EB made & rapid transiticn
from ~ 50° to . 150° and then returned to ., 50° by cycie‘s end,
Unfortunately the infrared data during this time is fa.ther meager
but at least there doesn’t seem to be any large increase .:Lu the
[11 u] - [3.5 ] color which should eccompany the injection of new

dust,

D. Fnergy Distributions -- Carbon Stats

The infrared megnitudes taken at a particular time for the
- carbon stars in this study are éi\ran in Table 2a. Bread band energly
distributions for selected carbon stars are plotted In Flgs. 2, 1k,
and 15. The energy distributiop;- of the semi-regular variables
U Aur end Y Tau are similar to the M-type sté.rs in thet they can

be fit by & blackbody of typilcel stellar températures, T, ~ 2000-2500 °K

Fig. 1b: . Energy distribution of the carbon stars ¥ Hya, R Lep and
Y Tan. The data is from Teble Zs and the format 1s the

rsame as Flg. 2.
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to which is added a small smount of "excess” et A % 8 u. The

AL B.13 p spectrum of the excess (see Chapter V) is different than

V Cyg

the M sters and there is no large excess st 20 p as for M stars.
The apparent "amount of excess™ as measured by o is very small
(o ~ 0.2¢ UJ Aur, o ~ O.44% Y Tau) using this separation of "star"

from "dust" in the observed flux. Devistions from the stellsr

TTTTIT]

blackbody are evident at A < § p due to the wavelength dependent

steller opa.citieé, bub the overall shape and level seems fairly

[

well defined. The temperatures a;ssigned here agree fairly well
with temperatures assigned by other means. Fujita {1956) amalyzes
the relative strengths of atomic lines arising from different levels

of the same atom and derives a ten;pérature sequence vs, carbon

5 3
Ca ~ M8; T, X 2350 °K. Thus the carbon étar seguence would be

_subtype (Keenan-Morgen system). He finds C_ ~ M_; T, = 2750 °K %o
* .

T Drﬂ roughly comparable to the M, sequence in terms of photospheric
temperature, Empirical studies of the slope of the continuum
(i.e, flux level between strong absorption features) indicate

similar {emperatures. . Fay et al. (1973) made scanner observations

Ll

between 0.51 w and 0.59 1 of carbon stars {including 6 of the T

stars studied here} and fouwpd "continuum" color temperatures ren-

ging from ~ 2200 °K for the Mira variasbles V Cyg, T Dra, R Iep,

and V CrB and the semi-regular verisble V Hym (g to CS) to ~ 3000 ®K
for UU Aur (CS)'. Baumert (1972), using narrow band filters in the
range A ~ 0.7l § to 1.10 u, found similar “continum" color tempera-

tures for these stars T ~ 2100-2900 °K.

0

!’|111| R NRE.

05 10 20 50 10 20 50
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For the Mira eérhon stars and V Hys, the situstion ie
different.  There the observed energy dfstributions (Figs. 1L and
15) are broader than = single bla.ckbod‘y. This broadpess is not &
funetion of spec.tr'al type, i.e. compare V Cyg ‘CT,lie with ¥ 'lfau,CThe,
but rather of variable type. The Mira varisbles (and V Eya) have
the broader energy distributif_an vhile the semi-regular variasbles
do not. The extreme exarples in this study are ¥ E}yg and T Dra.

If & blackbody of temperature corresi:ondiug to their spectral type,
gay T ~ 2000 °K, is run through any wave].‘eng_th, there will be -an
apparent excess longward and an apps.rent; deficiency shortward of
that wavelength. We therefore propose that the cbserved energy
distribution is actually th:e sum of the flux of the star, possibly’
modified by circumstellar attenuation, plus the flux from & circun-
ste]iar‘ shell. For the star we propose tc; adn]_:}t g bl'a.ckbc_)dy with
temperature given by the spectral tﬁe and the near infra.l"ed

{AX 0.6-1.1 ) measurements mentioned sbove, i.e, Ty ~ 2000—2505 “K.
This will be normalized at near Infrared ﬁavelengths (X ~1-1.5 p)
taking into accougt the departuree from & blackbody shown by real
cerbon stars of approximately the same spectral tyﬁe (i.e, W Aur,
Y Tau here), l The smount of excess flux at longer wavelengths will
then be attribgted to radiation fromr the eircumstellmr ;envelope.
Only in the cese of V Cyg and T Dra (Fig. 15} does this procedﬁre
result in a well-defined separation of star from dust. For these
stars the star blackbody which fits the short..wa.‘a‘elength fluxes

. falls far short of.explain:l.ng the eﬁer;gr cheerved at A > 2 p. The

flux left aver (excessr) can be it by an ~ 1000 °K biackbody plus

8

8 spectral feature in the AM 10-12.5 u region which is discussed
in Chapter V. In additicn, this cool excess rel-aresents most of the
observed flux, 1.e, here o ~ 0.80. This means the shell is going

optically thick, i.e. 1 = e‘(TﬁbS) ~w = {T

Vabs) ~L.T. The

" problem of interpreting the observed fluxes is now guite difficult

because the observed stellar flux will now be modified by (Appendix A)

>

FAObS - F)\* (e"T)\) + deust
and now T,, the effective attenuation of stérligﬁt by the rlus%:_shell,
is not small and will be & complicated function of cloud géometry '
and grain cpacities whose solution is given oﬁly’ by a ,completé
rediation jtrénéfer treetment wh;?:h will not be attempted hére. We
S-hal]_. try and derive some simple conseq'_uen-ces of the observations. .
{1} The broad band energy distribution of the excess is represemted 'V
fairly well by & T ~ 1000 °K blackbody. IT this is an actﬁ.a.‘l. tem-

: o 2
crra . . = (m .
persture of the ewitiing region, then Rshe}_’L/r* (l*/Tshe]_‘L} L,

~ The mQSt'plau.si‘olle emission mechenism to explain this is radiation

from circumstellar dust greins. The dual e;mergy di;tri‘bution might'
indicate a binary system but the infrared varies wiih the same
periocd as the visual (see 1£ght-curves) 8o it a.ﬁaea.rs the dust
grains derive their emergy from the stellar radis.tion field.r.

{2) Rediation from the dust begins to be a significant
fmcticﬁ of the chserved flux at wavelengths as short as A = 2 o
for V Cyg and T Dra. This means that the stellar absoption features

should appear weakened ("veiled") relative to a star with no dust
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excess. Thls effect hes been cbserved by Frogel and Hyland (1972}
who found the 2.3 k bands of CO In carbon stars vwere wesker in the
Ma variables rEiat:LVe to the seml-regular variables of the same
Egectml. class, Thia weak.ehing was correlated to the redness of
the infrared colors, i.e., the Mira variables {and Vv Hya) hed
redder [3.5 p] -.[1.25 p] and [12 pl ~ [3.5 k] colors than the semi-
regular variableés. The authers concluded this might be due to tﬁe
result of overlying radiation from a circumstellar shell. The extreme
example df the stars they studled was V Cyg, for which the CO bands
'-rére Just barely visible. This agrees with the Interpretation of
thé cbserved energy distributions proposed here, f.e. for V Cyg (a.ud;
T Di‘a‘) c:_l.rcumste]_'!.ar radiation represeiﬂ:s ~ 2/3 of the cbserved
radlation at [E..B_ | (EE-3M = ej, B0 We would gxpec;c. ‘ste:l.'l.a.r features
to be ~ 1/3 s strong,

An extreme example of this effect is tne infrared star
IRC +10216. The star has very red eclors (~ 600 °K blackboldy 2.5 ,
excess abt longer and shorter )\’s) znd the 1.5 g4 = 2.5 W spectra
(Becklin et al, 1959) show no discernible stellar absorpticn features.
Spectra i_n ‘the 1 p reglen (M:L'Iier 1970; Herbig end Zapalls 1970)
show. chara.cteris_tic carben :_atar absorption features and result in
.1t.s being classified es a 1&1§e-type carbon star {~ like-V' CrB). - The
. supposit_idn that ciréumsteilar enission 1s responsible for the
"velling" at longer waveleﬁgths was confirmed by Iunar oceultation
measurenents of the source (Toombs et al. 1972) which showed the
2.5 p radietion ceme from a ~ O.hrrdisk with brightness temperature

~ 600 9K ~ color temperature, i.e. an optically thick source much

larger tham & 2000 °K star (8, ~ 0.05")} would be." For IRC +10216
& separation of "star" from "shell" as dome for V Cyg results in
~ 10 exd @ ~ 3.9%. :
52_3,# : 995
With this proposed Interpretatlon of the energy distribution

of carbon stars the situation regarding Bepara‘hi:;g ster from dust

and possible time veristions in o becomes quite diffieult. The

[3.5 p] - [L.0% p] collar' no longer measures T, {as for M stars) and
the 3.5 p flux is no loenger directly related to the total apparent
flux from the star ¥ =] : Fl* dh, as there is a contribution at
3.5 W due to the circumstellar envelope (dust grains). In addition
& << 1 no loanger holds so (-rabs) << 1 and the assumpticn of an
optically thin envelope (Appendix A) is not valid. Thislmeans the
observable parsmeter o = 36‘““/ (3dust + @) is no longer a linear
neasure of the amount of ‘dust {eq. 15-19 Appendix A). For instence
for V Cyg, & ~ 0,82 = » (Tabs) ~1.8 and & 50% incresge in {Type?
es due,'rfur instence, to the :Ln‘jec"c.ion. of a large amount of new dust
would only incresse o £O ~ 0.93. The colors in the iqfrafed might .
chenge even less. In this case,' the shorter. wave‘l.engthé become &
better méasu.re of the-a.mount ;Jf dust, at least elong our line of
sight to the star, due to the mt.poﬁentis.i attenuation ~ & A 7‘(eq_. A-1
Appendix A) of the stérlight. If the grs;in opacity is & decreasing
'functic.nn c_:f wavelength, as- for small graphi.te greins {Appendix B},
‘then an incresse by 50% in {Tops? ™ T1-5u for V Cyg woudd result .
in & decresse by more them & factor of 2.5 (i.e. > 1. mag) In the

visual (A = 0.55 u) flux from the star, sesuming. the shell is

spherically symmetric.



The additional possibilily that the circimstellar shell be
non-spherica.]_‘[_y-s-ymmetric, as well es optleslly thick, makes the -
interpretatién of observed 'ﬂﬁxes in terms of "amounts of dust"
more difficult. It i easy to imagine situationKs in which the
cbzerved total Tlux, 3obs = {qust + F* 15 less than the total
apparent flux from a sta»r:s.lone_ (1 = 0) (without dusf; cloud},
e.g. & single small, cptically thick oceulting clowd r, <r . <<
R ougss It 18 even possible to imagine g shell which will give
RPN (7 = 0) for an observer in = preferred direction (thermal
focussing). F.:nergj conservation of course requires ‘!-sobs ngn =
[ & (r=0) tPaq = I, vhere £ = luminoslty of the ster apd D = .

Ohs, sdu.st need not be spherically symmet-

distance star-earth, but ¥
rie for optically thick shells.

In summery, the semi-regular variable carbon stars U Aur
and ¥ Tau have energy distributions which are similar +o the M stars
studied here with the star dominating the energy distribution for
A<Bpanis smali excess at longer wavelengths ‘(rx < 0.G5). The
Mira carbon stars (and V Hya.)_on the other hand, appear quite
different, with- excess. "blackbody"” 1ike radiation at A > 2 p which
represents a considersble fraction (w > 0.3) of the cbserved energy.
If t.l'-Le excess 16 attributed to circumstellar grains, then the early
neer infrared ﬁaaﬂurements of ¥ Cyg by Pettit =nd Nicholson (1933)
which Indicated an extremely low temperature {T ~ 1350 °K) should
probably be considered .tile Pirst (unknowing} detection of an infrargd
excess due to circumstellar grains. Definttive tests of this zﬁodel

might be {1) high spatial resolution measurements, as for IRC +102165,
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to determine the size of the ermitting/scattering regions at various

- wavelengths; (2) high spectral resoluticn messurements from 1 4 to

' 5 k. On this model one expects inereased weakening ("veiling") of

the stellar absorption features as o (or BA) increases. The "veiling"
should Increase with wavelength snd be much stionger in the Mire

variables and V Hya (large o, BA) than the semi-regular variables.

E. Light Curves - Carbon Stars

Besides the effect of opticel depth discussed earlier, the
temperature and luminosity varistions of the Mira varisbles will
affect the .shé.pe of the light curves. The luminosity varia:tions
are clear from the infrared light c;.lrves (Figs. 16-20) and tempera-
ture varieticns are indicated by the ~ 2 to 3 magnitude variations
in visusd light. 4An estil.nat.e of the stellar temperature and
1umiﬁosity variatioﬁs was made using the [1.Ch pu] "continuum®
measurements of Baumert (1972} and the -V magnituﬂé given by the
AAVSO {Mayal} 1973). The 1.0k p flux is thought to be relatively
near the "continuun" at these wavelengihs (< 0.2 mag depression)
and is a short enough wa;!eleng‘th so that emigsian from the ~ 1000 °K
excess can be ignored. The V = [0.55 k] megnitude is blanketed but
includes the "conbtinuum” region 8t h > 0.57 i (Fay et al, .1973).

A color tempersture was calculatéd' for the avalleble Vda.ta and plotted
v, phase, The color temperature for V Cyg, with the best phase
coverage trac.]lied ~ 50-100 °K below the assumed tempéra.ture of Star X

(Fig. 3}. The color temperstures of R Lep and V CrB tracked at
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~ 100-150 °K above that of Star X. Thus it seems that the carbon
Mires studied here &re similar to the M-Miras Ih their temperature

fluctuations, T st $ = o, Tin %6 ¢ ~0.5-0.6, snd 2 /T~
1.3. V Cyg and T Dra have color temperatures running ~ 250 °K
below V CrB and R Lep. The spparent iste:i_lar luminosity variations,
derived from T clor and [;.Ok p] were less well behaved but seemed
cansistent with maximum stellar Luninosity at § ~ 0.1-0.2 and ~ 1
mag variztion in lu;ninosj,ty s:ltmi_lar to the M stars.

"To try and separale the effects of the temperature and
luminesity fluctuat_inn from thgse due to changes in w, a model star
has teen constructed. The star 1s assumed to be & blackbedy of
T = T, to which is added a blackbody excess which represents a
fraction « 9f the total luminosity at a temperature TB_B = % Ty
T* and o 6re now varied., The total luminosity is assumed to go as
T*{'L, i.e. ignoring ra&ius changes which would effect the cbserved
colors (flux ratios) ‘only In the second order through TBE"
different @ = 1 - o~ '@bs?) the totel Luminosity is held comstent

For

and the giar is assumed to be neutrally extinguished. The results
are given in Table 3. '
For R Lep, V CrB, and V' Hya o ~ 0.3 and an increase to

o~ 0.5 ({7

abs) = 0-36 to 0.69) as due to a factor of ~ 1.9 increase

in the "amount of dust" re_sults in oniy an -0:13 mag Iincrease in
[3.5 4] and ~ -0.21 mag increase in the 8.4 p} ~ [3.5 w] eolor.
The color changes would be hard to distinguish from a change due
to a temperasture change. For V chrg and T Dra, & ~ 0.8 end the

color changes for a given change in {-rabs) will be even smsller,

TABLE 3

{11 p] = [3.5 ul

[%.9 k] - [3.5 W]

Charecteristice of the jiypothetieal Cerbon Star
(3.5 pl

[8.% w) - [3.5 ul
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Thus for the Mira carbon stars (aud V Hys), changes in the "amount
of dust” will be harder to detect then for M stars. Thls is due
tos
{1) None of the infrared monitor wavelengths used here
measures radiation purely from the star; the ~ 1000 °K blackbody
excess Vca.n conbribute significantly to the mesgured flux at 3.5 W,
(2) The excess is broad and smoocth in rature In contrast to
the well-defined "silicate bump" in the M stars. There is a
sharp feature In the excess Ak 10-12.5 p (see Chepter V) which is
monitored by the [11 w] filter but the adjecent [8.4 ) Filter
monitors a continuwm which is alse part of the excess. Thus an
- equal Increase in both components of the excess may change the
[11 p] - [8.4 p} color very litﬁle.
. Flg. 16:
(3) The optical depths for the circumstellar shells deduced
from the observed energy distributions ({7 } ~ 0.36-1,h for Mira
varidbles) are no longer << 1 so the simple—ﬁ.inded model star

presented here may be misleading,

i} Mira Varisbles
(=) RIep

The light c.urve and polarization data for R.Lep are given
in Fig. 16, the format is identical to that of the M stars. As for
the M and S type M:Lfas, the 3.5 p flux peaks somevhat after visual,
meximm gt ¢ ~ 0,1, The small changes in cclors du.ring. the cycle

are consistent with temperature changes in the excess, maximum

Polarization and photometric dats on R Lep.
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tempersture coming at § ~ 0.1, 1.e, bolcmetric meximum and minimum
temperature at ¢ ~ 0,6, bolometric minimm. The [11.2 1] - [é.h w]
color is 'approximafely constent at -0.66lwhich is consistent with
a constant amount of "silicon carbide" excess {Chopter V) relative
to "blackbody" excess.

The polarizatfion, on the other hand, shows chactie behavior
simller to that of the M end 8 type Miras. ‘A suspected ccmsté.nt

interstellar component to the pelerization (P = 1% 8 = 35%) kas been

* subtracted as suggested by Serkowski (L9T4b), but this will not

affect the existence of changes in the poiarization. The degree
of polarization is capable of being high (or low) during sny part
of the cycle, There may be some enhanced activity around ¢v ~ 0.5
and § ~ 0.8 in the blue region, but this is not apparent in the
vigusl regicn. As for meny of the. M snd 5 Miras, there a-eems to
be a “preferred angle" € ~ 20° with oceasional lerge excursions
down to 8 ~ 100%°, The behavior of BB with time is partieularly
m.triguj.ng. During the -3 cycle (@) GB ~ 20° , begimning with the
-2 cyele (A) BB ~ 20° but sround § ~ Ol.S oppavently transited to -
8, ~100°, begimning the -1 cycle (@) 8, ~100° but by § ~ 0.3

BB ~ 20° mgain. Then beginning tl‘;e zeroth cycle (X) BB ~-20° tran-
siting perhaps at € ~ 0.5 to resch BB ~ 100° by c‘ycle't.s end.
Continuing into tﬁe +1 eyecle (0) BB' ~ 100° trensiting at perhaps

§ ~0.5 to By~ 0° by $(2) ~0.8. This cyclic behavior of 8, 1s
reminiscent of the RV Tauri star U Mon studieﬁ by Serkm;sl:i o),
here the period of_ angle var;la.t:_:l.on would be twice the visual period.

Such guasi-perio@le sngle chenges with double periocd, have been

a8



noted by Serkowski (1970) for the Mira variables oCet and R Hya.
The polarizetion activity in the blue mear ${0) ~ 0.5 and
the aforementicned angle variations during the zeroth (X} and
first {0) cycles in B end V are not acconlpa.';lied by zny large
deviations in the Infrered colors and megnitudes from the mean
behavior (dotted lines in Fig. 16). In particular, there is no
evidence for the production of & large amount of new dust near

$ ~ 0.5 to account for the position engle variatians,

{t) v CrB

The infrared, vlsual, and polarization data for V CrB ris
given in Pig. 17. The increase in ini_’ra.red colors toward minimum
1s again probably consilstent with the changes expected due to l@i~
" nosity and temperature chenges with a constant average “amownt of
dust" present. The range of variation at 3.5 u is la.rger for -

V CrB than R Lep (~ 0.9 mag v8. ~ 0.55 mag}, so one might expect

the larger color variations vhicﬁ are observed, The [11 w] - [B.& )
eolor 15 approximately constent .&.t ~ =0.65 except for one high
measurement. gt $(0) ~ 0.22 end cne low messurement a.t. b (2) ~0.85,
again consistent with an approximately constant amount of "silicon-
carbide" excess relative to "blackbody” excess. One interesting

and u.ﬁique {among the Mira varisbles studied here) feature of the

V CrB light curve is the apparent decrease of ~ 1,5-2 mag in the
level of the visual light curve from the "mesn light curve" given

by Campbell (19‘);5). The mean 11§ht curve is tj:te average of AAVSD

visual observations over the perlod ~ 1920-1950 &nd so should be

B

f‘ig- 17

Polarization end photometric date on V CrB.
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compareble to the current visual estimates; for &ll the other M, S
and ¢ Mira variebles the current eye estimates tend to cluster
around the mesn iight curves given by bampbell (1'955).7 This
decrease in V could be due fo .(l) A change in the magnitude sequence
assigned to the stars around V CrB or in the AAVS(Q observers.
However, other red stars, such as R Lep, V Cyg, doh't show such an
effect. Tn addition, phgt.,oelectric measurements by Mendoze (1967),
Serkowski (1966a), Dyck {1968) and Dowbrovekii et al. (1973) also
indicate a decrease in the visual flux from the -7 cycle to the -3
threugh -1 cycles, though thislresult depends mostly on the early
neasurements by Mendoze (1967), which we_ré.;‘ close to the "mean 1ight
curve" level,

(2) A change in the actusl luminosity or temperature of

the star. This should be noticeable in the spectral type of the

star.
(3) ‘he mppearance of or increase in the optical Zepth of
a dust shell arouild V CrB. The current infrared energy distribution
(Table 2a) indicates (Table 2b) a shell which radistes & fraction
~d. and
15w >

1f we assume the gpacity of smia.llr graghite gmiﬁs, ‘TO 55u ™ 2.5,

o~ 0.}& of the total enefgy of the system. Thus T

Thus, if in the pest, the shell was much thinmer, 51, the

0,551
apparent visual flux would be incregsed by the required smount

(~ 1.5 mag), - Unfortunately, there are no earlier measuremsnts of
the Infrared energy distribution to test this hypothesis. The timew

scale for this ~ factor of twe incresse in the amount of dust weuld

be, using the photoelectric visual data, on the order of 3-l years, -
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i.e. similar to the timescale for secular decrease in the amount
of dust vhich wes posaibly observed in oc_:et.

V CrB shows & guite high degree of polarization, up to
~ 5% ut V end perhaps even 10% at B, Thére does not seem to be a
preferred phase for high polarization. The "preferred angle" for
polarizaticn appears tc he BV ~ QB ~ 100, The series of measure-
ments during the -3 (M)} cycle for which Gv ~ h0° are all due to
Dyck (1968) and may be in error because measurements by Shawl (1972)
during this time gave 8, ~ 1lso°._ Thus, V CrB ma.y be one of the
few stars in this study which does not shbw large changes in position
angle of polarization, The decrease in polerization during the +1.
cycle (0); Py, from ~ 4 to < 0,74, B, from ~ 2.7% to 0.9%; was not
accompanied by any noticesble incresse or decrease in the infrared
magnitudes from the mean 'k-:-ehav:[.or; Nelther was there a large
difference in the visual magnitude for thie cycle. Agsin apparent
changes in the polarized flux are not accompanied by large changes

in the infrared.

() T Dra

. The infrared, visual, and polardzetion deta for T Dra is ]
given in Fig. 18. The AAVSQ visuml cbservations were few end
scattered so the phase was not well defined. The 3;5 p light
curve 1s unique for this study In that it peaks before the adopted
zero visual phase -- this prohably mea.nslthe.pha.se 15 wrong and
should be shifted ~ +0,1 to +0.2, This would probably not &is_agree

with the availeble AAVEO visual estimates. The [B.4 u} - [3.5 p)

Fig. 18:

' Polarization and photometric data on T Dra.
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and [11 p] - [3.5'-1.;} colors show smell but probably real variztion
with phase similar to V CrB; they are probably consistent with an
approximately constant "smount of dust," The [11 p] - [8.% ul
eclor 1s spproximately constant at -G.63, indiesting no 1a£'ge
apparent chenge in the amomnt of "silicen carbide” relative to
"blackbody™" exéess.

The polarizaticn data is meager but does show (1) large
visual pelarizaetion, up to Pv-"-' 3_.5%, consistent with the large
excess Tor this star (large [11 p] - [3.5 u] color, o ~ 0.3).

(2} 1erge changes in the degree of polarizaticn, ‘and in one case
an a short (~ 50 deys) timescale. (3} A large change in fhe
position sngie of polarizaticn from GV ~130° 0 ~ 90° in ~ 15 days
during the -2(A) cyele ending up at Bv ~ 50° in the -1 (@) cycle,

i,e. & change of at least 80° in position angle through cne eycle.

() Vv cye

The infrared and visual date is given in Fig. 19 == no

polarigation data‘ could be loceted for this star. As for other

‘Mira variables the 3.5 p flux peaks at ¢ ~0.1-0.2, The varisticn

in flux ratios 11 g, 8.4 p, 4.9 p: 3.5 p are similer to the other
carbon Mira.s, the minimum retics coming approximately at 3.5 p )

{~ bolometric) maximum end the maximm retios at 3.5 u (~ bolometric)
minimum.' These variations are probably consj;stent with & constant |
average amount of du,ét excess, the changes being due to variations

in the temperature and Luminosities of the star end dust, with the
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Fig. 19:

Photometric data on V Cyg.
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relative luminosity in dust, «, approximately‘ constant. Agein,

the [11 u] - [8.4 p] color is approximstely.constant ab -0.60, which
15 consistent with & constant ratio of "SI1C" excess to "blackhody™
excess,

V Cyg and T Dra have very similar epergy distributions (Fig.

15) and spectra in the XA 8;13 W région (Chapter ¥). Curiously
enough, these two stars hafe almost i&entical pericds, differing

by only 0.4 dsys. The energy distribution 0,55-20 p is cha.racterf;zed
by an ~ 950 °K blackbody, & small emission femture A 10-12.5 p
attributed to emiselon from SiC 'grains as discussed 1n Chapter V,
and an excess at shorter wavelengths (A < 2 u) which can be charac-
‘terized by an ~ 2000 °K blsckbody, As .disc-ﬁssed earlier, lone
possible explanation of the extremely cool 'enei-ggr distribusion is
re-redistion of absorbed Bta:iight by elrcumstellsr grains.. The
éxcess radiaticn at shorter wavelengths would rep’reseﬁt transmitted
stariight which is stienuated and possibly alsc reddened by the
circumstellar shell, If this interpretaticn is truﬁl' snd the .
sépa.ration of star and dust a5 given in Flg. 15 1s adopted, then

the fractiona)l ampunt of &pﬁueﬁt energy rediated by the cireun-
stellar shell 1s & ~ 0.8 for these two stars, which is the largest
velue for o of the sters In this study. One conéeq,uence of this
) is‘ that a.]_'l. +the infrared monitor \.Javelengths measured here;, 3.5 u =
11 p, refer now more or less to radietion from the c_i'ust directly;‘
if the weakening of the stellar 2.3 p CO baqu found .b3-r Frogel and
Hyland (1972) for V Cyg 1s due to overlylng emission from the qust,

then by 3.5 w the dust will probably cozpletely domimate because .

00

over this range the .. 950 °X dﬁSt blackbody VincreaSes by approxi-
metely a factor of 2 while the ~ 2000 °K stellar blackbody falls
{ignoring possible i-eddening effects) bz;r approxjmately a factor

of 2; Assuming this to be the case, the 3,5-11 p mea.surements.
should give informaticn directly sbout the temperature and
luminosity of the circumstellsr shell vs, phase, The [:L‘Li wl =

[8.4 u] celor is appipxi:q‘ately constant for these stars, indicatring
the strength of the "SiC" feature (discussed in Chapter V) relative

td Tlackbody corntinuum is approximately. constant with pheseé. We

" have used the mesn [8.4 p] - [3.5 pl light curves to define the

color temperature T, (3.5u.,f-3.1¥;.|.) of the excess vs. phase given in
Pig. 20. Further, assuming the emergy distributicn of the excess
is sctuslly described by & blé.ékbo@v of this color. tempersture, a.s
indicated by Fig. 15, HE have derived the apparent engular sizé,

a,, and the apparent bolowetric luminosity, L of the excess

‘vs. phase, also shown in Fig. 20. The spparent angular size is

© defined by

where A = 3,5 p or 8.4 p. Q, is the sngular size a blackbody of
temperature Tc would ha\fe.to gi\re the obseﬂed flux. The total

Integrated fiwe is then gilven by

3%C _ J. e : ok

lrdl=ﬂa7r"[l‘c ’

- and is related to the bolometric magnitunde by
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Fig. 20: Variations In the color tmpemture; apparent sngular size,

and lumincsity of the excess with-phaée for ¥ Cyg and

T Dra as described In the text.
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. E(Omg)lo_mbol/g,g - 3FXc

when HOmag) = 2,52 x1072 W/cm2 i8 the total app;arent flux for
zero bolometric magnitude (A'llen 1963}. 1In the optically thin
case, where Tc referred to an actual temperature, nﬂ would be
related to the ‘1"..01:.&]. mess of dust Md radisting {see Chapter VIII)
oy V

o = :grainacahs _ " .Md « i s

& DE 'D2 d

whers w, 1i& the (constant) mass absorption coefficient of the
grains and D is the (constant) star-earth distance. In an actual
clrcumstellar sheli, (4 will be a function ¢f the run of densi.ty, .
temperature, and optical. depth through the shell.

The colc;r tempergture show;s only small variation with phaée,
Tc(max)/Tc (mip) ~ 1;15 Bo tﬁe bolometric magnitude essentlally
tracks the [3.5 p] magnitude, with a range of ~ 0.8 magnitudes,
‘similar to the range of bolometric megnitude found by Strecker
(1973) for M and § Mire varisbles. The variation 1= Q,
Qa{m;ax)/ﬂa.(mi_n) ~1.,31, 1.68 for ¥ Cyg and T.Dra respect'-j.vely,
with :n’inifnum na cnmmg-approximately at'bolcmetx_-ic ‘winimm could -
be due to a relatively smaller effective amount of dust radiatiﬁg
at minimum as due for instance to production of dust néar tie star
with a larger relative absorption cptical d:epth than the same amcunt

of dust after it hes moved further from the star.
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ii) Semi-Regular Carbon Stars

. (a) V Bya

The infrared, visual, and pols.riza.t_ioﬁ data for V Eya are
given in Flg. 21. V Hya has the E_ma]_'l. visual variation, AV £ 1 mag
during the observing period, of thé semi-regular variables and an
enefgy distribution, Fig. 14, similer tb the Mira varisbles R Lep
and V 0rB. On the circumstellar dust shell model, the excess radi-
ation longward of A ~ 2 4 is attributed_ to re-radiation of absorbed

starlight and represents a fractional ampumt of the total flux from

.V Hym of @ ~ 0.4 The [3.5 4] flux Has approximately equal contri-

By 5 ~ 1.6, and the

butlons from the star and the shell, i.e.
longer wn%elengths- have incree.sing.ly more relative flux froﬁ: the
shell, f.e. szc(3.5 @, 8.0 ) ~ 500 °K. Thus, .the colors [A] -
[3.5 k] convey poténtial information sbout the smount of dust excess
vs, time. ‘ ‘

The variatinﬁé tn [3.5 p.]r are probubly reel, i.e. A[3.5 p) ~
o.h mag,' with the 3.5 p flux sppreximetely in phase with the visual
flux, AIl the colors [A] . [3__5 ] and [311 p] - [B.k u] are statis.
tically consistent with essentially no variation over the ~ 500 day
cbservation period. Tﬁus , there is no evidence for variation in
the amountrof dust, in either the blackbody compoment on the Tsic" .
couponent, over this 6bservation period., Now fhe timescale for
verfation in fiux due to a given mess of 2ust would be t ~ Ta.'bs/}abs ~
é Rd/l'?d, which for the parafueters given'in. ‘Chepter VIII
and V

a= Ry = 20 km/s give t ~ Slyears.. ‘me lack of eny variation
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Fig. 21:

Polarization and photometric data on V Hyae.
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over the ~ 2 l/? vear observation time and the agreement of the
present measurements with earlier measurements of di;L’Lett, Merrill
and Stein (1971) indicate that over this time, dust productiom must
have been taking place, for other‘wise we would see a decrease in
the infrared fluxes end an increase in the vial;a.l flux, Thus, the
large oscillations in temperature, 1umﬁosity, and diemeter of the
Mira variable stars do not seem to bera. Decessary condition for the
productior:l of @ust in carbon sters -- V Hya manages quite well with
consiaemply smaller oscillations. 7

) The polarization of ¥ Hy‘a'duesl not shm:r the large and rapid
chenges in degree and position angle of the Mira varisbles. There
1_135 been & slow decay of sbout & factor of 2 in amount of 'pola:i-
zation from the earliest measurements but there are no cconcurrent -
infrared measurements to teat if this is correlated with smount of
dust, The positlion angle of polarization i remarksbly stghlé at
Bv ~ GB ~ 180°; the polarization data voﬁld be consistent with an
asymetric shell of a.ppruximateiy constant geometry or with aligned

grains with spproximately constant net alignment,

(&) Wy Aur

The infrared, visual, and polarizati_on data for U'U Aur 1s
given in Fig, 22. The varistions in the 3.5 p flux though - swall,
af3.5 u] < O.E‘mag, are probably real because they are correle.teﬁ.
with the small variations in visusl flux. The colore [A] - [3.5 ul
and Iill pl - [8.% pl are essentially constant within the ~ 5%

systematic errcrs expected., The energy distribution ‘of U Aur

107
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Fig, 222

Polarization and photometric data on UU Aur.
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(Fig. 2) 1s more like the M and S stars than the carbon Mirss and
V Hys -- most of the energy is represented by the ~ 2400 9K stellar
blackbody and only a very small fraction of the energy (o ~ 0.002)
is radiated in the 10-12.,5 i emissicn feature (Chapter V) which ean
be attributed to circumstellar SiC grains; There could be an
additicral smooth, blackbody excess of a <0.05 wnich could escape
our .notice , given the uncertainty #n the true stellsr continuwum. .
56111, it seems that the ratlo of flux rediated by BiC is lerger
relative to the blackbody excess for this star, o!(SiC)/d(hlackbody)Z
0.0L, than for, say V Oyg with o($iC)/u(blackbody} ~ 0.02, though
this cuulﬁ be partly an optical depth effect and doesn't necessarily
prove the relative dbundance of SiC grains to blackbody grains is
greater for UU Aur. 7he constency of the {11 pl - £8.4 @] color
(~ -0.42) and its &pPrdximate agreement with the earlier measurement
of Gillett et ai. (1970) agein indlcates continuous dust production
with the {even smaller} veriaticns of this star. .

The small am@t of polaerization (]E'V ~ 0.5%) is consistent

with the small emount cf dust excess obser;ved here,

{c) Y Tau .

The deta for Y Tau was similar to that qf W Aur end is not
displayed, The variations in 3.5 p flu for. Y Tau was A[3.5 p] ~

0,3 mag. The [4.9 k] - [3.5 &) color. was approxinetely constant

‘but there may be a significa.nf. variation of ~ 0.2 mag in the [8.4 u] -

[3.5 u] and [11 u] - [3.5 u] colors vhile the [1L u] - [8.4 u] eolor

vas spproximately constant at -0.67. The energy distribution (Fig, 1k}

1o



is very Similar to UU Aur except the emission feature at {11 p] is
relatively larger &nd there may be a small excess of ~ 0.5 mag at
[20 p].' Interestingly, the ra.t?.o of observed flux to continuum in
the 11.2 1 broad bend filter is (using the [11 u] - [8.5 ui color
excess) a[llu.] ~ 0.7 which is the largest value for the carbon
stars in this etudy. V CrB has about the same relative bump with
B[]_}.u] ~ 0.7 and for the other stars it 1s smaller, i.e. B[llu] -
0.45 for V Cyg and B[uu} ~ 0.35 for UU Aur, A blackbody cogtinuum,
17 it exisﬁs, mast be small oblackbody) < 0.03 so the ratios
o:(sm)/a(blackﬁoa,y) > 0.08 whiéti sgaln is larger than for the Mira
variables and V Hya. _ )

V The polerizaticn for Y Tau, ?v ~ 1%, is spproximately twice
as large as for UU Aur, conslstent with the apprarimately twice as'
large 11 y bump. It is also as Largé as for the ;':feéent level of
polarization of V Hya (Fig 21), whose energy distribution Indicates
o shell with considerably larger absorption optical depth. However,
since ';rs.ris.tions in the polarization of Y. Tau haven't been cbserved
over the ~ 100 days of polerizaticn dsta, some of the pnlari?ation

could e interstellar,

V. SPECTRA

Higher resclution spectra in the infrared are importent to

" the interpretation of the broad energy distributions discussed in

Chepter V. If the long wavelength excesses in stars are due to
thermal radiastion from circmsﬁella.r dust grains, the detailed
spectral .shape will have information as te the identity of the
radiating materiel. 'i‘he 'spectrum is ﬁeéessary for & comperison of
the dust grains around sters studied here with (1) the expectea
emissivities (Appeﬁdix B} of known materials measured in the labore.~
tory end (2) the dust grai:us in other celestial objects, such as

H II reglons, highly extinguished objects, comets, planetary
nebulae, the Galactic center, and extragalactic objects. The work
presented here is essentia.ny 8 continuation and extension of the
earlier medivm resolution (Al/)t ~ 1.5%} spectra by Gillett et _a}_};

(1958) and Haclwell (1971, 1972) end high resolution (AA/A ~ 0.2%)

spectra by Gammon et a.l. (1972), Treffers and Cohen (197L4), and

Treffers (l9rr3) of similar stars,
In this chapter we present medium resolution (AJ\/JL ~ 0.015)

spectra in the AA 7.5-13.5 p regicn of some of the stars kmown to

‘exhibit intrinsic polarization and related objects,

A, M Stars

i) Cbserved Fxcesses

" The energy &lstributions of the M stars (Fig. 2; Table 2a)

in thie study are described moderately well by en ~ 2000-3000 °K

12
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blackbody (with absoi'ptions at some wavelengths) plus apparent excess

at A > 8 p. The hot blackbody 1s undoubtedly due to the star; za

a working hypothesis we assume this i-s so and also that the ste]iar

continuum Fh*at A >8 u 1s represented by the continuation of the

blackbody which fits the A <6 u data 3% Then the excess

radiation due, presumably, to thermal radiation from dust grains

is giveﬁ by
exe obs ~ Ob8 cont
= - B -
By Fy F*=F E
The excesses derived in this manner for M-type Mira varisbles is
given in Fig. 23. 'The pa:ameter'ﬁk' = (F:bs - F;mt)/ Fiont
the amount of excess relative to continmum. For olet, R Cas, U Her,

measures

and U Orl the excess is seen to rise rapidiy, by a factor ~ 3-L4,
from 8 p to the peak at ~ 5.75 ¥, fall slowly to ~ 11 u and then
fall mwore repldly, by & factor ~ 2.5, to 13 p. For RL Mi apd
expecially R Leo, the rise to maximum Seems to be more-rapid and .
the fall thereafter less pronownced; the ratio Fge};ﬁ/Ff;: ~Lh
for R Lieo and ~ 3.1 for the first four sters. In _addition there
mey be & small, ~ 15%, ~ 0.7 p wide dip in the spectrum of R Leo
centered at l:I-_.B‘u..

The excesses of the semi-regular varisble stars X Her (giant} :
end RW Cyg (superglent) are compared in Fig. 24 vith the t;otal flux
from the Trapeziim ‘xjegion of the Orion nebula. The Trapezium was
measured with. la. 22 aperture in December 1971, -~ there is essentially )
no cortribution frem the hot Trapezigm stars or a free-free continuum

at these wavelengths (see Fig, 2), o no subtraction has been

Fig .. 23:

Spectral emergy distribution of excess emission from

several M Mira stars as described in the text.
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Spectral energy distribution of excess emission from semi.
reguler M stars compared with that of the Trapezium

region of the Orica Nebula.
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. performed, The average error for all the points in this spectrum

(adjacent points have ;oeen awera.éed) was g/8 ~ £ 5% and errcr bars
are shown if G/S > 10%. This spectrum essentially confirms the
finding of Stein and Gillett (1969), i.e. the .spectrum of the
Trapezium iz quiﬁe similer to the excess fluxes observed in late
type M stars. The Trapezium is part of a galactic nebuls where star.s
heve recently been formed and are possibly still forming. Other

hot fieid stars surveyed by Key et al, (1§T3) don't show this
characteristic excess emission so the emittiué dust grains must
elther be part of the interstellar msterisl which has condensed to
allow the foz;mﬂ.tion of stars here or possibly the dust is a by-

product of star formation.

‘The slightly steeper rise to maximum at 9,7 w and slower

‘fell thereafter for the Trepezium compared to the first four Mira

- veriables in Fig. 23 can be attributed, at leest In part, to the

lower temperature of the Trapeziumm dust -- the 11-18 b color
temperature of the Traperium is ~ 200 °K while for lthe. star excesses
1t is . 400-600 °K (Table 2b)... Otherwise the spectrs are, to ﬁtb:l.ti_
the ~ 5% measurement errors, essentially idemtical. The @écﬁr&.

of the éemi-regule.r stars are alsoc similar to the Tré.pezium, showing
the peak at ~ 9.7 u but. 6 possibly steeper fell-off to either side.
The subtraction procedure sdopted should be most nearly valid for

RW Cyg, it nas the largest excess {Blop ~ 5.6) of the M Btars
considered in this study so the true shape of the stellar continuu:_n

i5 much less imfportant, especially for A > 10 p. ’I‘heksteeper spectrum .



A =104a mway, &s before, be due to hotter dust. The steeper spectrum
A< 10 u is less certain as the assumed stellar continuum is becoming
tore important here. It is significant‘;. though, that before subtrac-

tion, the total flux of RW Cyg was approximately as steep as the

- Trapezium; if there is any stellar continuum it will be even steeper

on subtractlon. If real, the 8-10 i steepness could not be due to

the temperature effect (wrong sehse) but could be due te (1) a

slightly different material radiating (2} an additional smooth com-
ponant t.o the radlatlon from the Tra.pezmm becoming important at
the shorter wavelengths. The near identity of the spectra A > 10 B
argues for the second explanation. The smooth compenent could be, -
for instance, due to "blackbod;sr" gra:':ns such a8 graphite as discussed
in a later section. The data hers (one'spectrum of RW Cyg) is
insufficient to establlsh this rather subtle but possibly mportant

po:l.nt. What is needed is a highly accurate determmatlon cof the

stellar cont.lnuum at 2 < 8 B, using spectre if possible, simultenecus

with spectral measurements in the 8-13 u region. Btars with large

10 1 spectra.L features but otherwise normal energy distributicns would
be the best cases, we suggest g Cep and RW Cyg in the northern hewi-
sphere as being the best and brightest for this. High spatial
resolutlon measurements at A ~ §-13 u to separate the star- from the
dust would be more direct but the necessary resolution, ~ O. 05", has
only been achieved tc date by lunzr cceultation measuremén’ts-of the
brightest stars.

The suggestlon that the excess emission in M stars found by

Gillett et al. (1968) was due to small s:.licate wineral grams Was

119

madé by Woolf and Ney (1969). Silicates are a common terrestrial
nmineral composed of the ‘a.nion Sion, n> 2,. with metallic cation

Fe, Mg, Ca, ete., in a erystal structure. There are many differenf
types of silicates, each with its own characteristic spectrum, but

they all show a resonance in the 10 p region due to the stretching

- frequency of the 5i-0 bond and a second resonance in the 20 p region

due to the bending frequency of the O=-3i-0 bonds. The identification

_with silicates was thus strengthened by the discovery by Low and

Krishna Swamy (1970) that o Ori, an M supergisnt wi;ch typical

"silicate” excess &t 10 i, had such 2 second feature at ~ 20 w. The
second rescnence is clearly shown for the Trapezium (Fig. 2, -Ney et
ak. 1973}, where there is no possibility of confusion with a stellar

continuum. This identification with silicates is strengthened by the

-work of Gflman (1969) on the likely condensates in the circumstellar

He found that in an oxygen-rich atmosphere (i.e. Ny > K.

as for M stars) the most likely mineral condensate wag Just this sili-

environment; .

cate material. The silicate which makes best use of the least
abundant species, 511_3.con, is (Iv!g,Fe)‘,‘;,S:LO]_+ (ollvene) far which the
mass fractlon for sclar abundances if f ~ 1/300. Qutside the earth,
silicates are an mportant constltuent of stony' meteorltes and are -
also found on the Moon (Perry et al. 1972) . The silicate identifi-
cation thus seems at least qualitatively re_asona.ble;_ a pogitive
identification vrou.ld probebly result if a sample of comet dust could
be obtained -- some comets. [Comet Bennett 19691: Mpas- et al. (1970},
Hackwell (X9mv), Ney (1973); Comet Kohoutek 1973f: Forrest.aud

Merrill {1974}, Ney (1974}, Merri_u. {1974)] show 10 p and 20 u
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emission features which are quit;e similar to those seen around M

stars and in the Trapezium.

ii) Expected Emission from Dust Grains

The flux at earth from a dust grain of radius a; at a

temperature T, will be given by (Appendix A)

i i 2 .
R g ) ma.
i abs abs i - . .
Fl = D_E B]\(Ti) = _;'2_"— B)_{Ti) 2 - ) (V'l)

where D = distance, grain-carth, Bl(Ti) is the Planck function
(W/c::z:2 i sfer) and Q&bi(l) is the grain absorptivity (= emissivity)
at wavelength X. In Appendb; B the‘o:paciﬁies of grains as a fuhétion
of ¢ = m2 = the complex dielectric constant, grain size and shape is

considered and it is shown that
T bs Z'KL("Lj’ai) My N - (v-2)

_where X, = mass absorption coefficient (f:ma/gm) M, = mass of the
grain, and the L 4 are shape paremeters of the grain, L 4 = 1/3 for
spheres. Further, for sﬁgu grains, 2frai/l << 1, LY is inﬁependent

of grein size. Combing (V-1) and (V-2) we have

S
im0 M B (T)
- Ba—

N

F

A - ' (v-3)

Fexr an ensemble of grains in an optically thin cloud, the

total flux from dust greins Fi, vill be the sua of the F,, i.e.

Ay Rt o1 (' y : 4
Fl— :i Fl =]-)§ Kl B)LTi) K . (v_)

where M, =:‘-L M, is the total mass of dust ra.di.ating and (nliBli(Tij) =
(v 2 By (T, )/h, 1s the aversge over the cloud. He see thab the
pl:;.ysical Lerameters which will be important in detemining ‘the shape
of the cbserved emission will be (l) the optical constants e of the .
grain me;'terial(sj, (2} the grain sizes and shapes, (3) t*;he run of
temperature through th_e cloud and (k) tf:e optical depth eof the cloud.
The 11 -20 p color temperatures of "silicate type” excesses of the
stars in this study (Table 2b) are in the range 400-700 %K. Since
the ewissivity at 20 g is less than at 11 p for most silicate
materials {Ney and Stein 197k, Chapfer VIII), this implies grain
tempsratures in the range ~ 250-500 °K. It is seen from thérblack-_

body curves shown in Fig. 25 that Flanck functions of these

. temperatures tend to be flat in the range 8-13 u; if there iz a

distribution of grain temperatures ; the average (I&) will be even
flatter. Therefore, the temperature is of cecondary importance in
determining the shape of the cbserved emission, at most it can apply

a tilt to the approximate relationship
Cd ]
F 2" 6(-1) i 2 - (v-5)

which will be used in the following sections.




1ii) Bilicates

In Fig. 25 are given the sxpected absorptivities {= emissiti-
ties) of lunar and meteoritic silicates and the selected blackbody:
functions discussed above. Curve A4 is the n, for & lunar silicate
(Moon Rock no. 14321) calculated for @ = 0.2 b sphere by Knacke anﬁ-
Thomson (1973) from the optical constents measured by Perry et al. -
{1972). knacke a.nld Thomson found this particular lunar sample to give
the best fit to the observed emission froml the Trapezium. The f‘it
to our spectra (Fig. 23 é.ud.El}} is seen to fairly goocd except for
(1)} minor bumps and wiggles which dqn"t show up im the obszerved
spectra [even st ;c.he higher resclution AM/x ~ 0.2%) employed by
Gemmon et al. (1972), Treffers and Cohen (_197h}, and Treffers (1973}1,
and (2) a too rapid fall off longward of ~ 11 |.s These two deficiencies
are actﬂlually quite'general properties of mest lunar and lterrestria,l
silicates which haeve been measured. Hackwell (1971) studied the
absorption of various grcl:und—up ‘silicate waterials and found that
some meteoritic silicates seemed to have (1) a smoother spe’c;t'rum and
{2) more opacity at longexr wavelengt_hs s than the terrestrial silicates
he measured. Shown in Fig. 26 are nis data for material from the
"Cold Bokkveld meteﬁrite [{Curve B, type II carbonacecus qhondrite,.
mostly olivene and "modified” olivene (Du Fresne and Anders 1362)]
and from the Goslpara meteorite [Cnlrva C.; Mureilite," ~ 90% silicate
" (Urey and Craig 1953)1. .

The Cold Bokkveld m&tg:arial gives the best single material

fit, with no additional assumptions, to the observed spectra. It
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Fig., 25:

Mass é.hsuq:tinn coelfficients of lubar and meteoritic
Bilicate minerals and selected blackbody fumctions as
deseribed in the text. Curve A: Moon rock mo. 14321
(Kn-acke and Thomson 19T73; Perry _'t_e't_'._ al. 1972); Curve B:
Cold Bokkveld meteorite (Hackwell 1971); Curve C:
Goalpara metecrite (Hackwell 1971); MIX 1: x, (Mix 1) =

D, (8) + w () 1/2.
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fits the spectra of X Her and EW Cyg (Fig- 24) quite well, but is

somewhat too peaked to fit the 'frapezimn and the first four M stars

in ¥ig. 23 -~ a fit longwé.rd of 11 1 and shortward of 9.5 p can be
made but then there iz too much emissivity in between. The effect
of a mixture of minerals is elso given in Fig. 25 -- thg', expected
emissivity of equal parts of Méon rock no. 14321 sphereé and the
Gealpara mineral is shown (Mix 1)." The addition of Goalpara ureilite
boosts the emissivity at longer wavelengths and gives a better fit

to the observed 'spectra.

Ancther effect which mey be imporfant in' determining the
observed spectra of siJicé.te grains is their possibly non-spherical
shapes. The observation of lipear polarization of the Becklin-
Neugebauer object in. the Orion Nebula (Dyck ek al. 1973} which was
correlated with the 10 p. absorption feature attri’buted o cold
silicate grains (Gillett and Forres_t 1973} can most easily be
understood in. terms of absorption by sligned, non-spherical grains
in our line of sight. Non—ﬁpherical silicate grains are also indi-
cated by the work of Arrhenius and Asunmaa (1973) on the structure

of the carbenacecus chendrite meteorite Allende. They found that

the ow density "matrix" or "ground mass" structure was a.ctuélly

made up of silicéte-flakes, ~ 0.l x _O.l g x 0.01 y, loosely _
adhering to each other. Again, sam.éles of cometary dust might shed
1ight on the likely shapes of circﬁlstellﬂ silicate condensates.
The imporfa.nce of shape effects on grain cpacities has been
emphasized by Gilra (1972a). The effect of different shapes on the

opacity is discussed in Appendix B; a general ellipsoidsl particle
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will have different polarizability and hence opacity depending on the
orientaticn of the electric fectlor with respect' to the grain axes.
Fcl)r smail grains, the mass opacity H’.R(Lj) simplifies to eq. B_,
Appendix B, -where €., 32 are the cptical constants of the tlnateri&.l
and the Lj's are the {three) shape parameters of the grain, I‘_j =1/3
for a sphere .. Usiﬁg the cptical constant data for Meon rock no. 14321
from Perry gt al. (1972) we have calenlated the expected opacities

as a function of the shape parameter Lj’ the results for some shapes
ere given in Fig. 26. It is seen that since s.l(l)> 0 for this
material_., there are no strong sharp resonances. ‘JIhé eff’ect of a
lower Lj lS to (1) inerease the ovei-all.emissivity and (2) push the

Fig. 26: - Effects of particle shape and size on the sbsorption

peak emissivity to longer wavelengthé. The first effect is easy to

coefficient of a :L_.tmar silicate, L. is the shape -

d

understand as small L 4 corresponds to the electric vectqr along one parameter, Mix 2 is the absorption coefficient for

of the longer axes of an asymmetric grain and hence higher polariza- a mixture of shapes, end Mix 3 is the absorption

bility and opacity. The second effect is due to the increasing coefficient for & mixture of equal masses of & < 0.2 &

importa.nlce of 22, which pea.k.s. at A = 11 W, in detefmining the shape aﬁd a =2y grains as described in the text.
of the resonance {eq.- 8, Appendix B) The existence of scme ’

aémmetric grains, with LJ. < 1/3 will thus {1) tend to smooth ocut

the emissivity structure and (2) boost; the emissrivity_ a.tl J.on-ger

wavelengths. A simple mixture of one part sphere [L = (1/3, 1/3, 1/3)]

plus three parts of asymmetric sphercid [L = (0.1, 0.35, 0.55}] .

denoted "Mix 2" is shown in Fig. 725. The resulbting emissivity is

almost ideqtical in shape to "Mix 1" considered earlier, witﬁout the

objectional bump at ~ 10.5 p. B gives a closer repregenta;tion,

though not exa.ct,' of the cbserved spectra than spheres alone.

The grain size will also affect the emissivity; for large

grains calculation.; are only tractable {Appendix B} for spheres, so




MOON ROCK  #1432I

we will only consider large spheres here. The opacity for Moon rock
no. 14321 in the 10 p region is nearly that of small spheres for ay
the grain radiws, < 1. Tor a > 1 i the opacity at A ~ 8 pis
unchanged, the pesk opaéity is decrzased, and the opacity at longer
wavelengths is incréased; i.e. the 10 p feature is flattened cut.
The result for a = Ly (i.e. 2wa/h ~ 0.63) is nearly identical to .
the Curve "Mix 1" in Fig. 25 The result for a = 4 p is shown in
Fig. 27 in comjplarisén to the spectrum of R Lec. The result for a
mixture of equal masses of ‘& < 0.2 i grains and a = 2 | .grains
(="Mix 3") is given in Fig. 26; it lprovides the best £it to the
observed silicate features of the mixes considered here. The
question of the existence of some larger grains is wncertain; the
interstellar grain modzls (Aa.nestad and Purcell 1973) and circum~
stailar polarization models (Sha;tl 1972) indicate a § Q.L g, i.e.
spall grains. However, an admixture of larger grains, which would
have relgtive_'l:y less opacity/ma.ss and give neaz;ly neutral extinction
at visual wevelengths does not appéa.r to be ruled out. The problem
of growing such larger grains in the circumstellar envimnmeht may’
be more difficult. -

In summary, by: consider:_‘l.ng only a few reasonable physical
effects, che;nical composition, grain size and shape, a fairly good
fit to the observed emission spectra in some M stars and the
Trapezium cen be obtained from the availsble data on lunarr and/or
meteoritic silicates. We copsider this as sufpnrtive of the silicate
hypothesis. It sl;;ou.},d be ﬁoi'.nted out that whatever mechanism is

invoked, it must be fairly ubiquitous, many stars showing nearly
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identical spectra which are in turn nearly identical tb the emissioﬁ
spectrum of the Trapezium which in turn provides ‘a good fit to the
10 ahsorpt_ion féatures found in highly extinguished objects alil
over the galaxy (Gillett and Forrest 1973; Gillett et al. 1974;
Airken and Jones 1973; Merrill end Soifer 197%) and at the galactic
Ccenter (Weolf iQ’(Q). Again, samples of comet dust could help

answer some cof these questions. In addition, further information
about the cptilcal constants of meteoritic silicates, such as the
silicate flakes described by Arrhenius and Asunmara (1973}, or on

. other smorphous silicatermateria}., would &id In the interpretation

of the observed spectra. . ) o -
' Fig. 2T: Spectral energy dlstributicn of the average excess

emission from R Leo compered to the a'b_sorpti& coefficient
iv) R Leo -
i .of large lunar silicate spheres and the pos;ible effect
The excess emission from R Leo (Fig. 23} seems to be signifi- of optical depth on the Trapezium spectrum =& described
cantly different than some other M-Miras and the Trapezium in that ) T . in the text. -
there is relat.ively less flux X < 9 y and more fiux X > 11 p than for
these other cbjects. These peculiarities have'beén noted by Hackwell
(1971, 1972) .a.nd Treffers and Cohen (197h4); the difference can't
entirely be due to the normalization of the ‘stellar continuyum which
is subtracted because the specirum of R lec is &ifferent then, say,
oCet  even before subiraction. To improve the statistical significance,
excesses from the three available spectra of R Leo (taken in January,
Ma-rch, and May of 1972} have bgen derived by subtraction as described
ahove, normali."zed and aversged together; the result is shown in Fig.l

27 with error bars plotted if a/s > % 104 plus some typical error
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bars in the range 9-13 p. The features noted a‘:.;;ove are evident and
the ~ 15¢ "aip" centéred at ~ 11.8 p mentioned earlier is still
present. The “dip," if real, could be due to n prain material of
different chemical composition, as there is no such dip in the
Tralpe;ium or the Trapezium-like excesses, or, alternatively, an

~ -15% dip in the stellar continuum. The "dip" is not seen in the
{elbeit noisier) spectrum of Hackwell (1971, 1972) so it mey be
spurious. We will consider possible physical effe;ts .w}iich might

explain the different spectrum of R Lec.

First, assume the grain material is the same for R Tec as for,

éay, oCat and the Trapezium. Then the grain temperé.ture, size and
shape of the grains, and the optical depth of the shell may affect
the observed spectrum.

IFir._st consider grain tempe-rah:.'re: to give the cbserved
deficieﬁcy for A < 9 p and enhancement for A > 11y, a grain tem-
perature < 200 o {see Fig'.725) would be required. However, the -
11-20 W calor tempirature of the excess in R Leo is (Table 2b )
~ 500 .fK, and this implies, as discussed earlier, probable grain
temperatures in the range ~ 300-k00 °K. Fur-ther, this color tem-

perature is typical of other M stars and much higher than for the

. Trapezium; therefore, independent of the emissivity ratio e.]lg/a20p,’:'

@ much lower grain temperature for the dust around R Lec relative to
othef M ,éta.rs and the Trapezium is ruled out if the grain material
is the same. Thus, grain temperature alone is insufficient to

explain the cbserved spectrum.
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The 10 % emission from the Trapezium is known tc be optically
ttn (1o ~ 107%, Ney et al. 1973). If the opticel depth is
increased, the emission peak will tend to be flattened out. As a
first approximation, neglecting the radiation transfer problem in att
optically thick cloud, we consider the radiation from the Trapezium

to be given by

Trap
n . =Ty fpean &) 2

where Ty _<< 1, nbea.m is the anguler size of the observing diaphragm
and (BJL)- is the average Plenck function for the beam used. ‘Then, if
<Bl) ~ const A 8-13 4, Ty Ffra.p and the effect of increasing the
optical depth will be, neglecting température structure in the hebui&,

given by

R =1-Ra, (&)

|

sl -a ™
..1_1._9.._.._._ ) Fi'ra]? (r=0) .
by
- - N Trap s
The resulting spectra, with Ty ™ Fl {observed), for different
1 ) = £
values of TlOp. is sho@ in Fig. 27. The curve for TlOu <1l
corresponds to the chserved Trapezium spectrum. It is seen thet -
Tloﬂ ~ 2~3 is required to give the neceséary enhancement at longer -
. wavelengths. In this case the simple stubtraction of steller con-
tinuum is no lonéer valid -~ the continuum wiil be modified by the
opacity of the envelope. The poésii:ility of optical depth as the

sole explanation of the long wave excess appears to be ruled out

by (1) lack of corresponding increase at A < $p in the observed

spectre and (2} the fact that R Lec has, if anythiﬁg, less bolometric
excess than the aversge Mira varia.blg; if the shell were going
opticaliy thick at 10w we would expect an increased optical depth
at 1.5 u and therefore more absorption and re-emission of starlight
by the shell (i.e. larger ). This is not cbserved (Tables 2a, b).

Grain size and shape will affect the emissivity. Using Moon
rock no. 14321 as en exsmple, we see (Fig. 26) that shape alone is .
insufficient to explain the emission longward of 11 w. The caleulated
emissivity for a = 4 u grains of Meon rock no. 14321 is shown in.
Fig. 27; the flatter spectrum with emissicn at longef_wavd.engths is
Jjust what is needed to explain the R Lec excess. However, the more
rapid fail off kA < 9 is not reproduced, bub this feature iz sensi-
tive to the level of the assumed continuum of the star for R ILeo.
This requires very large grains, more tham 10 times the size
noxmally thought to exist in circumstellar and interstellar space.
In a‘ddition; the intrinsic peolerization of R Leo doesn't suggest
such large grains (Shawl 1972). Large grains appear to be one

possibility for explaining the observed spectrum, bubt questions such

"as other observable consequences of large grains and the problem of

growing such- grains around stars would have to considered also.
The chemical composition of grains will certainly affect the

spectrum. However, it is not trivial to find a silicate material,

vwhich appear f._o be the most likely circumstellar condensates, which

give as much emission A > 11 p as seen in R Ieo. In addition, if
large grains &nd/or a different chemieal. composition are. invoked, one

has to explain how they ccour in R Leo, which is believed to be a
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perfectly normal M-type Mira, and not, say oCet or R Cas. -Further,

the mechanism can't be too prevalent because there is little if any

of this meterial present in the presumszbly interstellar dust graias

of the Trepezium. A larger grain albedo 1-5 § 18 & possible alternative.
The finel possibllity which will be considered is deviation

of the stellar continuum from the assumed ~ 2500 °K blackbody. Since

the peculisr R Leo type spectrum only cccurs in stars with smell

excess (i.e. ElDl* < 1), this seems entirely possible. In stars

with 8 large excess, i.a. > 2.5 as for R Cas, RW Cyg, b Cep, the

ﬂlql-
derived excess is seen to be quite similar to the Trapezium. There -
are, however, scme M stars with small excess, i.e. oCat, ﬁlOp ~ 1.23,
whose derived excess isn't noticeably peculiar ~- one now has to
explain why cnly some stars have pecuila.r continna. On the other
hand, 1t is significant that the "excess” es derived by subtracti.on

ix‘,: > 03 whereas an apparently negative "excess"

is. always positive, F
would be possible for a sufficiently depré_assed stellar continuum:
This question cowld be resclved by high spatial resclution measure-
‘ments to sr.:parate the stellar and circumstelisr contributions to
the observed fiux. -

We conciude that large grains, ‘& éifferent chenical compo-

sition of the grains, or a non-blackbedy stellar comtipnuum may be

the cause{s) of the anomalous spectral excess of R Leo.

B. 8 Stars

The excesses of the "pure” S star R And (Sp:36,6e), the

S(M) star X Cyg (Sp:ST7,le) and the M(S) star T Cms (Sp:Mde, S star

charac.teristics noted by Spinrad and Newburn 1965) derived a.s for
the M stars is shown in Fig. 28, along with the total observed
flux from the "pure” § star W Agl (Sp:S3,%e). TFor W Agl the
energy distribution could be described by an ~ 1300 ®K blackbody
plus an excess described-b;r an ~ 550 °K blackbody at longer wave-
lengths. If the cool blackbody is ascﬁhed to circumstellar
emission from dust, the fractional amcunt of energy from dust is
{550 °K) ~ 0.66 and ElOp. ~ 13, so contribu-tion i‘rom the star is
neglig.ible here. The spectrum of W Agl is seen to be qﬁite smooth.
A "silicate" anissj.on festure, if present, is £ 10% of the contiouum.
The other S stars have excesses which are similar to the M
stars considered ear:u.ei. For ¥ Cyg and especially T Cas _the peak
at 20 p is less pronounced and there is relatively more excess at

longer wavelengths; the same considerations which apply to R Leo will

7 apply here.

In summary, fblr some S stars the excess is gquite similer to
tha.tr cbserved for M stars; an explaﬁatiou in terms of silicate grains
is indicated. For W Aaql, the excess is smooth and blackbody-like,
similar to the spectrum of R CrB (Chapter VI}. In addition, the .
bolometric excess, @ ~ 0.66, is much larger than the other M and 8
stars conside-red here and is more like that see.t:n in the cﬁrbon
Miras &nd R CrB- Ao explan-at.icn in terms of silicate grains in'an
optically thick cloud is possible but the optical depth {Fig. 27)
necess-ary to suppress the 10 p "silicate feature™ is on the order
'rle. > 3. Alternatively, & different, "blackbody” grain material

could be present as is seen in R CrB and the carben Mires.
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C. Carbon Stars

i) Observed Emission

The spectra of the carbon stars in the 8-13 p region consists
of a smooth continuum on which is superimposed an emissicn feature
in the range 3% 10-12.% p. 1In the cage of the Mira variables and
V Hya it is believed (Fig. 14, 15, Chapter IV) the continuum is inm
excess of. that expected f:rcﬁn the stay alopne end is ascribed to
rediation from circumstellar grains with opacity at all wavelengths
Gusarved. Such “blackbody” grains elso would explain the broad,
smocth spectra seen in W A.qi!. and R CrB. The adﬁj_.tiuna.l emission
feature A 10-12.5 p has been observed by Haci:well {1971, 19727} and
Treffers and Cohen (1974) end attributed by Treffers and Cohen {1974)
and Gilra {1972e,b) to radiatior from small silicon carbide (8icC)
grains. ’

_ﬁe total observed speétmﬁl for V Cyg is shown at the top -
cf Fig. 29. It is seen to consist of the ;a.forementionedr smooth
continuum, with a possible- downturn X < 8 k; Plus the emission
feature. The contiﬁuum A<10p and k> 12.% for the carbon stars
_ has beéfx fit with a singl_e blackbody functicn, as shown in the
figure for V Cyg- The continuum is then subtracted, the resultant
exéess. emission featu;es are mlse shown in Fig. 29. The paraﬁeter..
By = [Fl(nbser\fed) - Fl(capt;.inuum}] Fl“l(contimlum) measures the
ét.rength of the emission f_ee.ture rele.}tive fo the continuuh, allu
reaches a maximum of ~ 0.75 for V Cyz and T Pra end & minimm of

+ ~ 0.23 for the extreme infrared carbon star IRC +10216. In addition,

bEN A

1h2

Fig. 29:

Spectral energy distribution of the emissicn feature of
carbon stars and the total flux from V Cyg. The sverage
of the pormalized ekcesses of V Cyg, T Dra, R Lep, én_d.

V Hym is plotted with error bars if o/ = + 6%.
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the normalized excesses of V Cyg, T Dra, R Lep, and ¥V Hya have been
averaged and are shown in Fig. 29 with error bars if o /5 > = &).

The emission features are all contained between ~ 10 g and
~ 12.5 u. The composite average shows a smooth "bunip" with a .broad
pesk .at. L ~ 11 p, & possible "step” at X ~ 10.3 u before the Steep .
rise to mﬁ.ﬁ.mn_n, and a relafively slowar rolloff iangward of maximmum.
The higher resclution (/X ~ 0.2%} employed by T::-'ei‘fersl and Cohen
(1974} revealed no further structure in this feature. The identifi-
cation with silicon carbide comes from (1) the well-defined extent
of the emission discussed in Secticn ii){a) below; (2)‘ the i)rediction
of Gilman {1969) that SiC would, aleng with grathite, be the most

likely condensate for stars with l\ic > N,y i.e. carbon stars. In

4]
sddition, Gilra {1972b) has suggested that the well-known "violet
depression” in late-type carbon stars comld be due to ebsorption by

SiC grains; the absorption edge of Si{ occuwrs at & ~ 0.43 .

" ii) Expected Emission

a) SiC

Measurements of the optical constants of pure SiC by Spitzer
et al. (1959a,'b) show that its opticel properties longward of the
intrinsic al:isorption edge at M ~ 0.43 b are pa.rtim:ia.rly simp.l.e.

The main feabtures are described In terms of a single, strong funda-

mental ia-.t'.t;i.ce zhsorption band st 12.6 . For small gra‘in.s‘, the peak

. emissivity (Appéndix B} will depend cn .the'sh_.apap'ara:meter Lj and

will range from }Lmax(Lj‘ =0) =12.6 = X where s_g, the-

transverse
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imaginary part of the dielectric constant, pesks to lma.x(Lj =1} =
_10.3 M= llongitudinal where el = 0. Thus one main feature of the
. qbsewed enission feature, 1%s limited extent, is explained-
Fuu;ther, Spitze;r et al. {195%)show there are no cther strong
resonances for A > 12.6 w so the lack of features at 20y is also
wnderstood, 7 7
E_[‘he‘mass absorption coefficient for a sphere, Lj = 1/3, is
shown in Fig. 30. The emiésivity is in the fox;zn of a sharp resonance,

of approximately Lorentzian line sheape,

Fig. 30: Mass absorption.coefficlents for small silicon carbide

~ ¥ max
i & 2 -2 2 . ° ' , : —
- [ o I : ) B . graing and graphite spheres, AL’ AT refer to the longji-
. fars )

7 tudinal and transverse rescnance wevelengths of silicon

centered at X_ = 10.7'p and with a full width hal? meximum given by )

o _ : carbide deseribed in the text and the shape mixtures

&, ~ 0.06 . For & general ellipscidal grain with three shape . : . S
: - ("A11 shapes," “"Prolate shapes") are from Treffers and -

parameters, there will be 3 resonances, each with its own set of ’

- . : T _ Cohen (197h).

parameters 10, o’ &k. Forl > Lj > 0 the 10 lie between

) s L 2
L_Long Sx, S Xipangy e . ie between 2 x 107 cm fam < Koo S

K
jut

8.5 x 10° cmafg;n, and the Ak lie between 0.05 ) < M\ < 0.08 u. For
non-ellipsoidal grains or & mixture of shapes these strong rescnances
will tend toc be washed cut. The results for two particular shape

mixtures taken from Treffers and Cohen (1974) is shown in Fig. 30.

It is seen that & smooth @istribution in abscrptivity between

16.3u 52 < lé.6 i can be explained by a smooth distribution of

shapes; it seems ressonable that by consideration of shape effects
alone, a feir representation of the observed Spectra (Fig. 29) may

be attained.
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Other physical effects which may be important in determining
‘the observed s_"gectra. are temperature, optical depth, grain size,
=~ and crystal impurities a.nd/or imperfections. ‘The teméeratuze of the
5iC grains is completely unknown -- there is no cqlor temperature as
‘for silicate grains and we only know & priori that O < Tgram < TmPor,
where Tvapor is the vaporization temperature for SiC, 1700 °K
{Gillman 1965). Because the wevelength range is small a2 temperature
can oniy apply a tilt to the spectrum, such a tilt is seen belween
the composite average spectrum a:nd that of IRC +10216 in Fig. 29.
This is expected because the blackbody témperature needed to fit the

"blackbody"” excess in IRC +10216 is lower (T ~ 600 °K} than that

needed to fit the "blackbody" excess in the other carbon Miras heve

{T ~ 1000 °K).

Optical‘depth will tend to flatten a pedked spectrum (see

Fig. 27). It will be hard to distingnish between the effects of

optical depth and the effects of different distributions of shapes,

or possibly non-ellipsoidsl shapes. If the optiéa.‘l. depth is- con-

giderable, T > 1, then the method adopted here to derive the

il ;
excess emission is not correct; the "continuum™ will be modified
in the 10-12.5 g region by the abéorption of 8iC in the shell,
Since_t,he peak strength of ther absorption feature of SiC
gn;.i.ns' is vexy large, w . ~ 10° cme./gm, grain size effects will be
important even for moderate grain sizes as the individual grain
becomes optical®y thick. Treffers (lQ’Ij) has reported.the work of
T Gilra wh;lcl; shows that for m = 1 y spheres, thére will be, izz_ '

addition to the primary resonance at ~ 10.7 u, & Secohd absorption




. peak which is even lerger at ~ 13.1 p. No such excess i > i3 K is
observed so the 8iC grains around ca.rhor_1 s?;ars mist be smeller than
T '

We conclude that small silicon carbide grains are probably
responsible for the M 10-12.5p emission Peature observed in _late-
type carbon stars. The emcoth nature of the peak implies that none
spherical grains must be present; a smooth distribution of shapes
between LJ. =0 and 1 or possibly noa-ellipsoidal grains are required

to explain this feature.

{b) Graphite

The smocth "blackbedy™ excess seen in carbon stars (Fig- lll,.
15, 29) requires e grain material with opacity at all wavelengths.
The most likely mgterié.l, both from the standpoint of abundance
{£(c} ~ 1/3001 in the carbon star atmosphere and likelihcod of cone
densation in the circumstellar enviromment érc.zlnd carbon stars
(Hoyle and Wickremasinghe 1962; Gilman 1969) is solid carbon. Solid
carbon comes in‘ many forms and it is unknown which will OCCUT; wWe
wi1X assume here that the cafbor_: condenses as graphite.

Graphite grows in a haxagonall lattice with the DC conduc- _
tivity parallel to the "C" axis {if.e. perpendicular to the hexagonal
planés) a] T 3 x 103 smaller than the conductivity perpendicular G.L.
This means the optical properties will be anisotropic, acting like. .
& conductor for EJ. and & dielectric for El | The optical constants

for F-field perpendicular te the "C" exis (E-vector in the "basal" =

1hg

hexagonal plane), EL, has been measured by Taft and Philipp {1965).
-Additiona.l work on. the 'anisotropy and dependence on surface structure
end’ temperature of the optical properties has been done by Autio

and Scala (1966). Calculations {Appendix B) of the absorption
coefficient for éraphite ;ising the data of Taft and Philipp have

been ﬁade; the calculations apply to the (two) directions parallel

" to- the héxagona.l planes, the {one) direction perpendicular to the

plane will probably have a much smaller absorption coefficient,' at
least for Pmafy < 1.

For small grains, the data of Taft and Phillip imply for

Az 3 ks Ly >0 (Appendix B)

ool L
2

X L'E 12

' Jd

i.e. the absorptivity (emi.ésivity) goes as ~ l/)\e. TMe exact result

for E  in small spheres (LJ. = 1/3) for X\ 7-Lb , is given in Fig. 30.
L

Over a short wavelength interval, small grains at a single temperature

may mimic & blackbody spectrum. Over a larger wavelength interval,

however, .the emission will (1) be narrower than a blackbody, (2} fall

off wore rapidly (¥, - 1/16} at long wavelengths then a blackbody

(Bl ~ l/ll"). The cbserved ~ blackbody shape, i.e. even out to 20 u,

the longest wavelength observed, the fiux deesn’t fall as fast as

1/16, could be due to (1) a distribution of temperatures in the

envelope [i.e. such that (n,‘\ El) ~ BL(TBB) (eq. v-W)1, (&) Optlﬂél
depi‘.h; an isothermal, optically thick shell of angular size ﬂshe].'l.

would give a flux
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{3) Grain size. Larger grains will have an opacity given by Ay ™
const for 2ma/l > 1 and *y 1/)\2 Tor 2mafh < 1. The long wave
opacity is enhanced overl the small sphere value for Ena./l < i.-

This wil) have two effects: (a) greins at a single temperature
will give-a blackbedy spectrum for A < 2ma but event.ua.'i_ly will fall
off rapidly ‘thereafter. To explain a blackbo_d,;,r out to h = 10 p
requires a2 ~ 1.5 y grains. To e:tplain & blackbody cut to XA = 20 4
requi_res & ~ 3P grains. These are larger ‘than the grains thought
to exist in iutérstella.r and circumstellar space {a < 0.1p)

(b) The larger grains will come to a lower temperature due to their
reduced ratic {evis/&IR) as deseribed in Appendix A. 7This will
enhance their contributicn relstive to small grains at longer wave-
lengths but will incresse the relative mass of large grains (eq. V-k)
required. (4) A combination of (1)-(3).

‘ In sumwary, it appears that graphite grains are good ce.ndida.t_as
fpr the source of the "blackbedy" excesses seen in carbon s'tz.a.fs (alsc
R OrR and, possibly, W Agl). ‘The abundance is large, condensation
is expected, t-he emissivity is broad and smooth as desired, agd the
observed blackbody shape may result from the reascnzbie rhysieal
effects di'scu'ssed‘above. The identification here is necessarily not
definite because there ﬁre no characteristic festures which identify
graphite in this wavelength range. If the downturn A < 8y seen in

some carbon stars is real (see Fig. 29, V Cyg), then it could give
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more information about the radiating materdial. . In additjion, the
narrow 3.1 p absorption feature seen in all carbon stars observed to
date {QJaustad et al. 1969: Johnson and .Mendez 1970; Gillett and
Forrest 197h4; Merriil 197Yb), including some with energy distri-
buticns which ipdicate .la.rge excess even &t 3 @, may indlicate

some thing about the grain material or the conditions in the cireun-

stellar envelope where the grains reside. A positive identification

with grephite would probably result if the 2200 )4 absorption feature

which i1s characteristic of the interstellar extinetion curve a.ﬁd has
been sttributed to small graphite grains {Aznestad and Purcell 1973)
were observed. However, these stars are cool and, in addition, have
the aforementioned viclet deficiency which would make this obser-
vation very difficult if ﬁo‘c impossible. Samples of comet dust
might shed scme light on this; in addition to the silicate emission
_features at 10y and 20 p there is élso_a.n ~ blackbedy coﬁtimrum
[Comet Benrett 19691: Mass et sl. {1970}, Ney (1973); Comet
Kohout-ek 1973f: Forrest and Merrﬁl {1974}, Néy- (1974), Merrill
{1974)]. In the mqrgerll-rich (8, >nc) solar nebula, solid

carbon is not likely to . condense but some of the s0lid
material in comets could be primordisl, I the case of
metet.)rites s the "carbonaceous chondrite"- type are notablg for con-

taining free carbon (Urey and Craig 1953}.

D. Spectra Vs. Tine

. To supplement the light curves (brdad band fluxes vs. time)

presented in Chapter 1V, spect-i-a. vs. time for oCet, R Cas and u Cep
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Bre presentéd in Fig. 31. The total observed flux, with arbitrary
vertical normalization, is plotied vs. wavelength with time increasing
dowhward. The blackb_ody curves are typical ste:_l.lar continua,
referring to the spectrum. Just above, which would I;e subtracted to
derive the excesses discussed in the earlier section. The spectra

of R Cas {late M Mira), covering the time November 1969 - September

1973 and phases 0.14-0.86, show nc large change in the strength of - ’ Fig. 31: Spectral energy distributicn s o function of time from
the "silicate feature” centered at A ~ 9.7 i relative to contimmm ' oCet, R Cas and u Cep. The dates of cbeervation and
with time. ZLikewise the earlier spectrum of u {cp {early M super- visual phases for the various sgpectra are as follows:-

glant) ‘taken by Gillett et al. (1968) on 17 Dctober 1967 UT agree

well with the spectrum obtained here in June 1973. In additicn, ' oCet - R Qas - o t Cep
' ' Date (UT) ©Phase {N) Date (Ur) Thase (W) Dete (UT) Fhase

broad band observations at intermediate times indicate only small

-8 1T Oct 67 0,96(- %) 22 Wov 69 0.86(- 1) 17 Oct 67 -
varietions in actual fiux for this star -- p Cep is another semi-

: b 13 Dec T 0.45(1) 13 Nov 70 0.71(0) 1T June 73 --
regular variable which has maintained a stable dust shell over the :

¢ 10 Jan 72 0.54(3) 17 Dec TL  0.64(1)
~ 6 years of chservation. )

‘ a4  limev 72 o0.b1(2) 4 ¥ov 72 0.39(2)
‘The spectra of oCet, on the other hand, indicate a decreese

. e I pee T2 0.50(2) 21 Sep T3 0.14(3}
in the strength of the silicate feature with time between the eariier .

. £ 18 .Dec T3 0.64(3)
(17 October 1967 URL) cbservations of Gillett et al. (I1968) and the )
present series (December. 1971 - December 1973). The present series

are prcbably consistent with é cor;stant spectral shs.pé,. the main

differences being in the 9-10 p region where the atmospheriec ozone

dbéorption can a.ffect the corrected spectrum as described in Chepter

II. The difference between the earlier spectrum and the present.

series is believed to be significant; if the Spectra are norma.}.ize;i

at A ~ 8, there will b_e excess ab all wa.velengfhs A>8u. In

addition, the early spectrum of oCet was taken on the seme night with
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the same egquipment and atmospheric correction as the early spectrum
of u Cep, whick in Turn agrees with the current spectrum of u Cep
using the current egquipment and atmospheric correction techniques.

Further, it is believed that tﬁe difference in phase {i.e. stellar

. temperature, lminosity) between the early observetion and the present

series is alone insufficient to explain the spectral difference,

witness R Cas measured at different phases. Therefore, we conclude

' the spectrs indiecate & secular decrease, on & time scale of < k4 years,

of sbout a factor of 2 in the amount of dust arcund oCet. On the
other hand, the time scale for "decrease of dust"” due to the departure
of gas and dust indicated by mass loss (Chapter VIIT) wiil be, in the
| H 1 .
~ T ~ =
absence of production of new dust, © Ta‘os/ abs "~ B Rd/Rd, where

2 - .
Tabs ~ Mabs (I-Id/hﬂﬂd ) Rd is (average) distance of Gust from the star

d

indicated by the data on mass loss and Vy =Ry =20 km/s typical for

M stars (Chapter VIIT), we have t > 1.5 years, so a decrease over the

and R 'is the recessional veloeity of the dust. Taking Rd/r* > b as

{uncbserved) four year period would seem possible, even with a

moderate rate of production of new dust.

156




VI. R CrB

A. Characteristics of R CrB Stars —-

Observations in the Visuml Region

The R CrB variable stars cowprise an extremely rare (~ 30
known in our Galaxy) group of carbon-rich, hydrogen-poor stars of
high luminosity. The characteristic temporal behavior consiste of:

{a)} A fairly constant brightress at waximum which may

persist for months or years but is eventually
interrupted by

{p) A4 sudden decrease, on time sesles < 10 days, in the

apparent visual brightness by considerable amoumts
{~ 1-9 mag, ~ factor 2.5-4000). The faint state may
last anywhere from tens of days to several years bub
eventually ends with

{c) A& rise back to maximom. The rise Lo maximum tends to

‘take longer (order of months) and be scmewhet irregular
following an extended minimum period but car be nearly
as rapid (% ~ 20 days) as the decrease following a
short, sharp minimum,
The drops.in brightness take place at irregular intervals; Sterne
{1934) has shown statistiecally that for R CrB itself the times of
minima were completely random over the pericd 1852-1933. Quoting
Sterne: "Most of the known varisble stars are periodic, probably

with errors of period that vary from star to star; but such stars
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cap 51ill be termed 'periodic.!' R Coronae Boreaslis is not at all
periodic, end the causes of such widely different types of
variation must differ. Bo far as causes are concerned, then,
variable stars of the ideally irregular type must be of a different
nature from ali others."”

The visual light at maximum is nearly constant but super-
imposed on this can be small oscillations, For R CrB itself the
cscillations have a range AV ~ 0.2 mag with a pericd ~ 4 days,

&and there may alsc be radizl velocity varlstions of ~ 5 ]s:m/ 8 (Fernie
et al. 1972). For RY Sgr the oscillations have been extensively
studied by Alexander et gl. (1972). The period is 38.6 d=ys,

AV ~ 0.5 mag, and the radisl velocity variation is ~ 30 lm/s.

This seems to definitely establish that st least some R CrB stars

sre also (s@ amplitude) pulseting veriables. Alexander et al.
(1972) also found that the regular oscillatioms in RY Sgr continued
unsbated even when the star was ~ 5 mag below maxjmum light., Taking
M=1HM, £ = 10t Lo T, = 6000 °K (L.e. 1, = 100 rp), then the free
£a11 time T = (Gp,)™/Z = 38 days, thus 3t seems 1ikely that the basic
wechanism of pulsation is similar to that operating in the Mirs vari-
ables, The existence of puleation ik at least qualitatively consistent
with the work of Trimble (1572) on the instabilities of helium stars.

The gpectra (of the ~ 15 -actually observed) et maximum sre
distinguished by evident high luminosity {i.e. low surface gravity),
high carbon sbundance (including bands of G, and CN), end the
almost complete absence of hydrogen (lines of hydrogen are only

Jjust seen at high disperslon, there is no evidence for the CE




molecule). The spectral classes range from ~ early B (T, ~ 15,000 °K)
throogh F (R CrB ~ FB, T, ~ 6000 “K) to late C (T, ~ 2500 °K}. The
peculiar abundences are thought to result from nuclear processing
earlier in the star's life plus the possible ejection of a hydrogen-
rich envelope (Warmer 1967; Wallerstein 1973). The existence of
helium in the stars® atmospheres has not been definitely established
by direct cbservation but is believed o exist in order to (1) con-
serve the mass of the originally hydrogen-rich material (Wallerstein
1973} amd (2) provide same of the continuous cpacity In the siellar
atmosphere (Warner 1967).

The spectra during = minimum exhibit meny peculiarities of
which we mention:

(1) As the star fades in light, the normal photospheric
absorption spectrum sppears unchanged except that as the star
approaches minimum the lines become "veiled® or apparently weskened.
In the case of BY Sgr the veiling has been attributed to overlying
continuum emission due to the electron attachment spectrum of CN
by Alexsrnder et al. (1972). Another source of continuum emission
at visual wavelengths might be the free-free radiatiocn from. a2 low
temperature (T ~ 3000 °K) circumstellar plasms discussed by Milkey
and Dyck (1973). Alternatively, the "line weskening” could be
caused by scabtiering off an expanding circumstellar dust envelope
as suggested by Woolf (1970); this possibility is discussed further
in Seetion VIIOT-G.

(2) In addition to the extinguished stellar spectrum, a

large number of low-excitation blue-shifted emission lines appear

159

160

near the beginning of a minimum and then graduelly &isappear (time
scele ~ 50 days). Imission from I‘ie I mey be present [A 3868:
Herbig (1949}, Alexender et al. {1972); k 10830: Wing et al. (1972)]
but never has hydrogen been cbeerved in emissicn., This is .in
distinct 'contrast to the Me, Se, and Ce varisbles which show
prominent, hydrogen emission during certain phases. Herbig (1949)
also made the important observetion that the imtensity of the
emissicn lines could not be explained merely by the weakening of
the stellar continoum, i.e, their sppesrsnce smd strength must be
somehow linked to the mechanism which causes the reduction in
visusl light. '

(3) There appesr narrow, blue displaced (~ 30-200 km/s)
absorpticn lines which may be dve to an expanding shell. There are
also broad {~ 200-300 km/s wide) emission and sbsorption lines which
may indicate an expending shell,

(%) After the emission lines disappear, a nearly normsl
stellar spectrum is recovered even when the visual light is several
megritudes below maximum, Thus, the spectroscopically determined
liminesity and temperature of the star would be the same as atb

mwaximum but the observed spparent luminosity is considerably less.

B, BSingle Star Hypothesis —-

Observations in the Infrared

These peculiar properties of the light and spectroscopic
variations have led to speculation that the sudden decreases of

visugl Light are due to oecultation of the star by a cloud of




solid grains interpesed between us and the star. Toretta (1931i-)
znd O'Keefe (1939} proposed that the occculting clouds originate in
the star itself, with matter erupting from the surface of the star
end condensing into smsll grains which are very efficient attenuators
of visual light, O'Keefe (1939} considered the physics of graphite
formation in & cloud of stellar matter as it recedes from the star
and found sufficient numbers of graphite grains could condense when
Rz 8 r, on time scales of ~ 40 deys (for a grain radius of 1 p).
The discovery by Stein et al. (1969} of excess emission from
R CrRB over the wavelength renge AL 3.5-11.5 y sppeared to confim
the obscuration hypothesis as the amount of flux missing st visual
wavelengthe was approximately equal to the excess flux obgerved at
infrared wavelengths, The infrared flux wes Fit well by sn ~ 900 °K
blackbody. A similar conclusion was reached by Lee and Feast (1969)
in the case of RY Sgr, an R CrB variable quite similar spectroscop-
ically to R CrB itself. They slsc found thet the flux missing at
visual wavelengths was approximately accounted for by the infrared
excess, which again was Tit by an ~ 900 °K blackbody. These
observations were thus suggestive of & star of constant lLuminosity
which is imbedded in an approximately spherically symmetric shell
of dust grains which are responsible for the athenuation of visual
light and thereafter re-radiate the absorbed portion in the infrared.
Further cbeervation of R CrB in the infrared by Forrest et
al. (1971, 1972) showed that this simple model for the cireumstellar
envelope could not be true. A light curve for R OrB, showing the

visual megnitude from the ALVS0 {(Meyall 1973}, the 2.3-11 pn
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Fig. 32:

Polarization and photometric data on R CrB.
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discrete, gptically thick individual clouds interspersed with
relatively clear areas. The apparent visual flux s determined
by whether our line of sight happens to intersect a eloud or
elouds or passes through the relatively clear areas between. The
infrared messurements are more democratic, they sample the whole
cloud complex and thus monitor the average cloud cover at any
particular time. This model was supported by the fact that the
average eloud cover, as monitored by the visual flwx from 1852-1572,
was approximately equal to the average cloud cover inferred from
the infrered cbservabions 1968-1972, () ~ 0.3-0.4 (Forrest et al,
(1972).

Additional evidence for circumsteller waterial comes from
visual polarization messurements, For RY Sgr, Serkowski and
Kruszewski {1969) found the polarization ineressed from ~ 0.5%
when the star was near meximm to at least ~ 1,3% during a minimum
{(AV z 3 mag). In addition, they found the positicn engle to change
from ~ 10° to ~ 150° and noted that the polarization increased
toward shorter wavelengths, similar to the red variables (Chapter VII).
For R CrB the authors found (see Fig. 32) a quite small polarization,
~ 0.2%, in March 1968 when V ~ 6.6, i.e. .~ 0.6 nag below maximum.
This is approximately 180 days before Steln et al. (1969} measured
R CrB in the infrared and found ¢ ~ 0.4, i.e. cn the circumstellar
shell model there was extensive cloud cover at this time. During
the March-June 1572 minimum of R CrB, Coyne and Shawl (1973) found
the polarization to increase to more than 3% when V ~ 12 mag {i.e,

&V ~ 6 mag). TIn sddition, the pesition sngle was § ~ 25°, sn
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approiimately 85° chenge from the esrlier memsurements of Serkowski
end Kruszewski (1969). The authors interpreted the chserved wave-
length dependence of pelarization as due to scattering off of small
(& ~ 0.09 & = 0.10 p) spherical g;raphite grains in an asymmetric

optieally thin (7 < 0.2) envelope.

C. Double Star Hypothesis

An alternative mechanism to explsain the Iinfrared excess of
R CrB has been proposed by Eumphreys and Ney {1974). These authors
noted that a number of high-latitude supergisnt, hot stars had an
epperent dual energy digtribution with a fraction of the energy
gppearing as =n ~ 6000-T000 °K blackbody and & fraction characterized
by a much cooler ~ 600-1200 °K temperature. The relative amounts
of energy in éach region were of the same order of magnitude, They
peinted out that such a dual energy distribution could be due to
a cool, binary compenicn to the hot star and suggested the companion
might be one of the well-known infrared sters which radiate the
mejor fraction of their emergy st wevelengths longer then ~ 2 y and e
be relstively quite faint visually, TIn the case of R CrB the awthors
suggested the companion may be like the late-type carbon star GITS.
The extremely red energy distributions of some lste-type carbon
stars are, in turn, prcbably due to cool dust surrounding and
obscuring & relatively hot ster (T, > 2000 °K) as discussed in
Chapter IV. The relative spperent luminosity of the dust compared

to the star is in turn determined by the pptical depth of the
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gircumstellar shell. Thus, in the doutle star model, the infrared
excess 18 also due to thermal radistion from dust grains bubt, in
this case, the grains are surrounding the proposed second star;
chenges in the infrared would then be due to changes in the lumi.
nosity of the second star and the optical depth and geometry of its
circumstellar envelope. The sudden decrezses in the apparent visual
Juminogity would presumgbly be due to a component of this circume
stellar envelope appearing in our line of sight to the hot primary
star. The authors found support for this mcdel in the fact that
the variations In the 3.5 B flux from R CrB appears to have some

of the characteristics of the variztions o Mira variables. Trom
the minimum in esrly 1970 (Fig. 32), theI flux increased relatively
rapidly to the maximum observed in early 1971, and then decayed more
slowly to a second minimum in early 1973 and is now increasing again.
The period, if it is pericdic, would therefore be ~ 3 years, IT
this pericdicity is confirmed by further measuremente in the infra-
red over several cycles, it would appear to be stromg evidence for
the binzry star hypothegis ag the variations of visual light from

R CrR shows no such perjodicity.

D. Further Characteristics of R CrB Cloud Cover --

Optical Depth, Reddening, Time Dependence

Tn either model, the modulaticns of visual 1light are
attributed primerily to condensed matter {i.e. dust grains) inter-

vening in our line of sight to the hot star and thus convey potential
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information aboub the structure, time dependence, and optical
depth versus wavelength of the cloud cover on the line of sight.
An immediste cenclusion which can be reached, as discussed earlier,
is that much of the cloud cover conelsts of components cpbicelly
very thick ("rv. > 1} &t visual wevelengths interspersed with
relatively clear arees, Ty << 1. The clouds appear to be ouptically
thick at all wavelengths cbserved; Forrest et 2l. (1972 interpreted
the ~ 15% dip in the 3.5 p light curve during the March-June 1972
winimm {¥Fig. 32} &6 due to extinction of the underlying star, on
this model 'r3.5p' > 1 during this mipnimum, The usually rapld onset
and sometimes rapld departure of s minimum implies, as discussed
in Secticn VI-F, either cloude with sh-az'p edges and large veloci-
ties perpendicular %o the line of sight or a rapid forms.tion/
dissipaticn mechanism for clouds.

With regards to the wavelength dependence of opticel depth,
i.e. reddening, there is evidence that there is a difference in
reddening beftween the cnset of & minimum and the rise back to
maximum. The extinction during onset tende to be nearly peutral,
with spproximetely equal extinction at a&ll wavelengths, while during
the recovery from minimum there is reddening, with relatively more
extinction mt shorter wavelengths. Thie behavior is illustrated
by the March-June 1972 minimum of R CrB. One must be careful in
interpreting the broad band flux messurements becmuse of the well-
known zppearance of emissicn lires during a minimum, However,
Herbig (1949) noted the emission lines only became praminent after

V had drcpped by more than 4 msgnitudes, though this of course may




not be true for every minimum. For the 1972 minimum, the initisl
drep from ¥V ~ 6 to V ~ 9,2 was accompanied by essentially no change
in the B-V and U-B cclors (Dlrbeck 19728} and only a slight change
in the colors lengward of V (Wing et al. 1972). Thus, the ratio
v = (Au/am/av/al0.72 p)/ALL.0h 1) was r ~ (0.97/1.0/1.0/1.08/0.%)
for AV ~ 3.2 mag on JD +1396, i.e., nearly reutral. Five days later
on JD #1402 AV ~ 5.7 and T ~ (0.91/1.08/1.0/0.90/0.67), i.e. there
was apparent blueing at U, probably due to the appearance of
emission lines (Pasachoff, 1972), apparently neutral extincticn B
to V and some reddening siowing up &t 0.72 i and 1.0% p. Reddening
gradually increased ab U and B &6 the minimm progressed (Coyne and
Shawl 1973) and by JD +1455, when AV ~ 3.6 on the return +to maximam
the retio of extinctions was r ~ (1.28/1.13/1.0/0.83/0.71). 3By
JD #1477, AV ~ 2.6, there was a slight amount of further reddening at
U and B (Dirbeck 1972b), i.e. r ~ (1.3/1.16/2.0/2/7). TFor inter-
stellar extinetion {i.e. Van de Hulst curve mno. 15, Johnson 1968)
or small {a = 0.05 y) graphite spheres (Krishna Swamy 1972}, these
ratics would be r ~ (1.55/1.32/1.0/0.74/0.32). It would seem
unreasonable to expect the sppearance of emission lines to give the
appearance of nearly neutral extinction, with no blueing, at the
onset of minimum over the entire wavelength range AA ~ 0.36-1.04 p.
Ferbig (1949) also neted this effect (i.e. neutrsl colors)
on the initial decline of R CrB to the 1949 minimum before emigsion
lines hed appeared. Fernie et al. (1972) also found nearly neutral
extinetion at UBV on the initial decline of the short-sharp 1966

winimm, Interestingly, this sharp minimum was superimposed on the
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slow return from & prolonged (1962-1968) minimum for which they
found there was reddening of about r ~ (1.65/1.28/1.0), i.e.
T~ (1/?\)1'2, vhich 15 quite Eimiler to interstellar extinction.
Also, Alexander et al. (1972} found reddening on the return of
BY Sgr from its 1957-1970 minimum, after the emission lines hsad
faded, of sbout r ~ (1.53/1.22/1.0), f.e. T~ (1/A)*"C which again
is similar to interstellar.

A hypothesis which agrees with the observations to date on
R CrB 2ters is thet the EEE of niniwum can be accompanied by
nearly neutral extincticﬁ while lster, on the rise back to minimum,
there is reddening Iwhich is not too dissimiler to interstellar
Teddening (R = AV/(AB - AV) = 4.3 for RY Sgr, = 3.6 for R CrE,
= 3.1 for interstellar). If we consider the spparent extinction
of R CrB during the 1972 minimum =5 due to a fraction B of neutral
extinction and (1 - p) of 7 ~ {1/A) extinetion, i.e, A[A] =
Clw + {1 - w){0.55 w/h)], then  ranged from u ~1 Jb = +1396,
B~ 0.7 JDHLA0L, B o~ 0.4 JD43455 and p ~ 0.3 JD+1477. The component
of extinciion which 1s ~ “interstellar', i.e. 7, ~ 1/A, could be
produced by a uniform cloud of small (= <0.d p) graphite grains
in our line of 2ight to the hot star. The "nesrly neutral" component
A 0.36-L p could be explained by either larger graphite greins
(a » 0.25 p) In the line of sight or, altermatively, spatial
inhomogeneities in the cloud structure across the face of the
projected disk of the star. If the cloud structure in our line of
sight to the surface of the star consisted of & fraction f of very

optically thick strueture T,

> 1 with the remaining fraction
0.55u €

S e P
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(1 - f) relatively thinher 0.550

the star's light would be complebely extinguished, as in a gecmetric

~1-5, then the fraction f of

eclipse, &nd the remaining fractlon would show reddening, The true
pieture will be, of course, more complicated; there must probably
be & distribution of grain sizes in the first wmodel and in the
second, a distribubion cof cpbical depths across the surface of the
star, In addition, a cloud (or gra.:‘m) which is very optically
thick at one wavelength mey not be very optically thick at a longer
wavelength., PForther, we have not included the effects of light
scattered in our direction from other cloud structures surrcunding
the star -- this may be important nesr minimum. Taeking the simplest
model deseribed sbove and ignoring scattered light, the parameter
I represents in the first model, the relstive extinction at V due
to large (8 z 0.85 1) grains s compared to small (a £0.1 ) graios.
The decrease In p indicates relatively more small greins were pre-
sen® toward the end of the minimuw. On the cloud structure model,
the decrease of y indicates either (1) the cloud structure became
more homogeneous a8 the minimum progressed a.nd/or (2) some of the
optically very thick 7 >» 1) cloud structure became just optically
thick (T ~ 1) as the minimum progressed,

The dquestions of time-dependent reddening, large optical
depths, and short time scales will be discussed in the next section
in terms of thelr possible interpretation on the two models

proposed.,
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E. Difficulties of Models

Fach model hes scme problems in explaining all the charsc-
teristic visual, infrared, pclarization, end spectroscopic veriations
of the R Cr® varisble stars, The single star model hes the initiel
advantage of simplicity (i.e. Ocecam's razor), invoking only two
campenentd, star ples circumstellsr cloud, Instead of three, 2
stars plus ciycumstellar cloud., We will try toc summarize the
primary difficulties of each model -~ at this time the reader must
decide for himself which model seems more satisfactory, as no

definitive test has as yet been made.

1) Single Star

{a) Infrared Periodicity

As mentioned above, & well-defined periodicity in the infra-
red, if it is established, presents grave difficulties for the single
star model, If the 3.5 g light curve is Mira-like, it would seem
reasonable to attribute 1% to a Mirs varisble in the system, We
aiscusg in the following eection {VI-E-ii} characteristics of the
light curve chserved tec dete which are distinetly non-Mire-like;
Purther infrared cbservations ehould be sble to zettle this point.

On the single star model, variaticns in the infrared are attributed
to variations in the cloud cover surrcunding R CrE ss discussed in
Section VI-G; to date they do not seem to he inconsistent with this

model.
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{b) Lack of Visual, Infrared Correlaticn

he near independence of the visusl end infrared 1ight
curves presents a chellenge to the single star model. In particular,
the aforementioned infrered meximum of R CrB indiceted o = 0.7
while the star was at visual maximum, On the single star model,
this is Interpreted ag being due to a dust-cloud complex surrounding
at least 0.7 of the 4n sterradian solid angle surrounding the star,
yet there was spparently no trace of this in cur line of sight to
the star. It cen be shown, however, that if the clouds are
opticelly thick in the infrared, en o ~ 1.0 is possitle even if
only 2r sterradisns around the star are covered. This ig the case
if the star is at the center of an cptically thick hemisphere of
dust with the observor in the uncbscured anti-dust direction. a's
much larger than this would require Increasingly specialized and
unlikely dust distributions to explain.

The converse behavior, represented by the March-June 1972
minimum of R CrB when the visual flux decreased by at Ieast =2
factor of 250 but there was little change in the infrared, must be
interpreted in terms of the geometry of the occulbing cloud.

Either a pre-existing cloud passed across our line of sight or a
new but small c¢loud was Fformed in our line of sight to the star.
Forrest et al. (1972} noted that there was & small bub noticeable
increase of ~ 10% in the 3.5-11 i flures across this minimum (Fig.
32) which represents an increase in o by ~ 0.03, If we suppose that

in the absence of the event marked by the visue]l minimum the flux

would have continued the decline following the maximum on JD +1033,
this could Indicate sh actual increase of Ax ~ 0.1, Thus if a new
cloud was responsible for the minimum, it spparently covered at
most Aa ~ 0,03-0,10 of the b sterredians surrounding the star end
we were fortunaste to be in the ~ 3-10% of possible directions in
space from which this event could be observed in both the infrared
and the visual. On the other hand, the visual Light was almost
completely blocked by this cloud so that the cloud radius, Tos must
be larger than the star radius,r,. The solid angle of this cloud,

as seen from the star, will be

2
Tr/}_i,L T

Qc:—;—z——:hﬂﬂa s
(=]

where Rc is the star-cloud distance. Then we have

m/h rca /2 2,
. ( q ) = h(Au)l_/a = (0.8 - 3_.LL}rc

[+ (]

for Ae = 0 /%7 % 0,03-0.10. Thus, for R, > Br,, which vas found
by O'Keefe {1939) and dalatola (1968) to be the distance at which
graphite grains start to condense (i.e, for R, < 8r,, a small
grephite grain would evaporate}, we require T, o~ 6-10 r,, 50 that
complete occultation deesn't require perfect aligmment of the cleoud

in our line of sight.

(c) Time Scales of Minima

On the single star hypothesis, the time scale of onset of

& minimum could be due to (1) the motion of a pre-existing cloud

1Tk
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Thus, in the absence of large magnetic torques and other non-radial
forces the net force will be ~ radial and the angular momentum will

be conserved so at a dlstance Rc from the star we will have:
Ty
V(B £V, () ,
and for Rc =7 r, necessary for grein condensation we have

VL(RC} <10 xmfs .

So the time scale for chemges due to motions perpendicular to our
line of sight to the star would seem to be
t > B0 days 5
e
which is too loang.

Alternatively, the time zcale could be due to the conden-
sation process snd one has to explain how (1) a suitable mass of
gas of sufficient demsity gets to the distapce from the star
(Rc % T r,) necessery for grain condensation and {2) how the grains
can suddenly condense on these short time scales, t <10 days.
Since the whole guestion of grain formation around stars in genersl
ig not really understood in detail, this may not present too much
of an obstacle in the case of R (rB. O'KeePe {1939) ecalled to
mind the action of solar prominences and suggested that analogous

activity in R CrB on a much larger scale might be responsible for
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carrying it across ouwr line of sight to the star or (2) the copnden-
sation of dust grains out of gaseous material alresdy emplaced in
ouwr line of sight to the star, The AAVSO visuel light curve for

B CrE {Meysll 1973) bes numerous examples where in the Initial,
decline from meximm, & drop of at least one magnitude tekes place
on a time scale t <10 days (the 1572 minimum, Fig. 32, ie one
example), If this is due to cloud motion, thig Implies s cloud
must have covered at least half the projected surface of the star
during this time and dmplies & cloud welocity perpendiculsr to onr

line of sight of

I,
L
V‘L 2 =80 Imfs , (vi-2)

where £ = 10 déys and we have taken r, = 100 re éorrespond.ing to 1',* =
’.LOI‘L £y and T, = 6000 °K = T On the other hand, unless the mass
loss mechanism imparts a large tangentisl velocity tc the escaping
material, the tangential velocity VJ- at the star's surface,

R=r, will be limited to the escape velocity.

V (1) 5 Ve (me) ~ 60 xm/s ’

where we have in addition taken M, =1 MG)' Now as the materisl
moves outward the forces acting on it will be (1} gravitational
sttraction, (2) radiation pressure, (3} magnetic, (1) turbulence,
shocks, ete, The gravitational force will be radisl. The radiation

field will probably be nearly radisl, especially far from the star.
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the initisl mase ejectidn. Both O'Keefe {1939) end Galatcla (1968)
found that once Rc =T r, vas achieved, sufficiently rapid grain
condensation would be expected. On this model, there should be
activity indicative of gas outflow and wass loss which precedes the
anset of & minimm, Tn the case of R OrB there may be some evidence
for such precursive activity. BEspin {1890) observed the spectrum
and color of R CrB visually, From March and April 1890 to September
1890 the stars' color changed from “yellowish white" to "pale

N

crange,” absorpbion bands appeared in the spectrum {which Berman

(1935) ettributed to the Swan bands of the C, molecule), and a
possible emission line or lines gppeared, all while the visual
magnitude remained steady st V ~ 6.0, By Cctober 1890 the sbsorp-
tion bands had faded and the spectrum was nearly back to that seen
in March and April, the color was again “yellowish white," and the
visual magnitude remained at V ~ 6.0. Some time in mid-1891, the
visual magnitude dropped to V ~ 12, though a causal relationship
is not proved, there is some evidence for precursive activity

~ 100-200 deys before the 1891 minimm, Unfortunately, since this
time, there has been little discussicn of possibly disturbed con—
ditions preceding a minimum, most of the studies coneentrating on
the "normal" maximsl spectrum or the very sbnormel minimmm spectra.
Berman (1935) does note the abnormally low (i.e. blueshifted

~ 5-10 km/s) radial veloecities cbtained in 1922 preceding the
1523 short-sharp minimum by ~ 250 days, but this could be at least

in part due to the (small) pulsations of the star noted earlier.

The recovery from minimm generally takes longer than the
initial decline and this is especially true Tollowing long, pro-
tracted minima. On the single star model this eould be explained
by gradual, dissipation and/ or small tangentlal motions of the cloud
or clouds causing the minimum, However, there are occasions
following short-sharp minime where the recovery from minimum is
quite rapid, the 1572 minimum of R CrB (Fig. 32) being one exsmple.
If the return to maximum results from cloud diseipstion, it couvld
be due to (1) expension of the cloud or (2) evsporstion of the dust
grains, If the dust grains evaporated, we would expect a decrease
in infrared flux coincident with return to maximum which is not
seen for the 1972 minimum, so this can probably be rejected, If
& swall cloud of cpfical depth T is expanding radially outward at
a velocity Vr from a radius R, the time scale tr for change in 7

due solely to this redisl expansion would be

R

- 1 e
b, ~ T/TNEﬁ

So & change on an ~ 20 day time scale, &8 for the 1972 minimum,

would require a radial veloeity

d

r

1l e
V~§t—r‘21‘40k.m/s

for Rc > 7 r,. This is considersbly larger than the spparent
velocity of ~ 30 km/s derived in Section 3 of thig chepter, but
is on the crder of the ~ 200 km/s gas velocities implied by some

of the emission/absorption line cbservaticns. If the V ~ 30 Im/s
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is to Dbe aceepted as a typical dust eloud radial velocity, a rapid
rise of light on time scales of t ~ 20 days would seem to reguire
either rapid tangential expension or tangentisl mass motions , the
latter Implying non-radial forces such as mognetie torgue act on

the cloud.

(2) Iow Albedo of Dust Clouds

During the March-June 1972 minimum of R CrR the visual
Tlux decreas-ecl by a factor of ~ 250 while the infrared was nearly
constant at o ~ 0.3, On the single star hypothesis this implies
that &t least 30% of the solid angle surrounding the star was
covered by dust clouds, yet this dust was not seen in reflected
Light o at least a factor of 250. This impliez that the geometric
visual albedo, Ac, of the dust cloud complex must be exceedingly
small. We define the geometric visual albedo of the cloud complex

by

_ 3c(scattered)
¥ (abgorbed) + F° (scattered)

Ac B
where F° (abs} is the spparent totsl flux sbsorbed and then re-
emitted in the infrared by the clouds and Sc(scatt) is the total
flux scattered by the eloud complex, Then for the Merch-June 1972

minimm, 3°(abs) ~ 0.3 B¥ and 3°{scatt) < 1/250 3%, so

0.004 -2
<
%3 Tk ro3 Sl3x W ’

which is much smeller than the A ~ 0.5 thought to be appropriate
for interstellar grains. As pointed out by Solemon {1973), it
should be emphasized that this refers to the apparent geometric
albedo of the cloud complex as a whole and not.' necesgarily to the
individusl dust grains. It does seen to irply thab very few of
the photons ineident on the front surface of the cloud manage to
egcape by scattering. Thie condition could possibly be met by
invoking (1) very small, = <0.02 p graphite grains which scabter
very little because of the (2ma/ h)u‘ seattering dependence (Appendix
E), (2) very large & > 1 p graine with roughensd surfaces or

(3) cloud geometries during this minimum which irhibited scattering
to obgervors at earth, It might be pointed out that the fact that
there appears to be an gbsclute minimum to the visusl flux from

R CrR, i.e, V never drops below V ~ 14, may be evidence thet there
is some scattering from the clouds which limits the depth a minimum

can reach.

(e} Time Dependent Reddening

As discussed earlier the wavelength dependence extincetion
during a minimum eppears to be time variable, with the initial
decline showing nearly neutral extinetion bub lster, on the rise
to mexImum, reddsning not too dissimilar to interstellar extinetion
Qceurs. Ne.arly neutral extinction could be due to large grains
but one would probably not expect large grains to appear first and

small grains afterward becsuse the growth process would lead to Just
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the opposite. One would have to invoke some sort of destructive
or digpersive mechanism to convert initially large graing into
smaller grains. On the other hand, the appearance of localized
eondensabions within the {small} cloud csusing the minimum is not
too unreasonable and we might expect these knots to expand with
time thug giving relatively more reddemning (due to the small greins
within the cloud} as the winimum progressed and the eloud became
mere homogeneous acress our line of sight to the star. On this
model, one hes to include the comtribution to the cbserved Ilux
due to scattering from other components of the cloud cover arcund
the star; because of the low effective albedo (4 g 3_0_2) this will
only be important near minimum. The initial inhomogeneity could
be due to (1) inhomogeneity in the gaseous material out of which
the grains condense or (2) grain growth which sterts at different
times in this materizl, thus certain volume elements may condense
all their condensible material, be optleally thick, and give
geometric {i.e. neutral) extinetion while other volume elements are
still in the process of condensation, are relatively optically

thinner, and give reddening.

11) Double Sber

(a) Statistics

The deuble star model requires an apparent coincidence of

an unususl hydrogen-deficient, carbon-rich (HAC) star in orbit with
3

the also somewhat unusual infrared star, If there are, say, 10

such HAC stars amnd, say, lGh' infrared stars, out of a total of

~ .'LOLL stars in the gelaxy, and every HAC star is in & binary
system, the & priori probebility that this sesociation would heppen
even once by mere chance is

310" -1
P ~ 10 x-—-—leO
10 !

which seems rather unlikely. Thus, this situation, which holds

for at least _39_ stars in our Galexy, would seem Lo require a comnon
evolutionary history of the pair of stars, We show in the succeeding
sections that the stars must be well separated (R.LE 2 TO AU) in

space so this comfm evolution must be a rather subtle effect.

(b} Dust Exclusion -- Targe Star Separation

One severe constraint on the double star model is posed
by the strong repulsive field for dust grains set up by the hot
star due to radiation pressure. This force will tend to exclude
gust from the immediate vicinity of the hot star, thus making
oceultation events guibte unlikely if the system is viewed from
djrections opposite to the cool star, Such a radiation pressure
mechapism has been invoked by Gehrsm, Ney and Strecker (1$70) and
Humphreys, Strecker and Ney {1972) to explain the absence of excess
emisslion due to dust for certain cool stars with hot companicns.
Whether or not the hot companion here sctuslly prevents the formation
of n circumstellar shell around the ccol star, 1te rediation
pressure field will most certainly affect the motion of the dust

streaming away from the cool star. In the case of R CrB, the
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lumingsity of the cool cclvmpcnent relative to the hot star has been
observed to range from of ~ 0,7 to & ~ 0.2 with a time average of
(@) ~0,3-0.4, 1In the case of emall grains, the average radiation
pressure efficiency of a grain, <Q'Ip) (see Chapter VIII), will be
relatively larger for the ~ 6000 °K rsdlation Tield of the hot star
then the ~ 2500 °K mﬂiatioﬁ field of the cool star, which will
tend to enhance the repusion of grains from the vicinity of the hot
star.

An spproximate treatment of the dust grein orbital problem
indicates that dust exclungicn from more than 2m sterradians surroun-
ding the hot star wilt result umless Bip > 100 A, vhere Ryp s the
separation between the two ptars. Now the visual light curve indi-
cates there has been no modulation of the characteristic R CrB light
curve over thé last ~ 120 years. This means our line of sight has
not passed through the éxcluded region over this period. I!h;arefore,

the orbital period T must be longer than ~ 240 years, i.e.

ng/ 2 (am) "
T = years > 240 years :
w2 (e)
or P Z TO AU »

where M = Ml + ME ig the sum of the stars® mssses, taken to be

~ 6 MGJ Lere.

(¢) Constent Radial Velocity -- Large Separation

A simllar result would follow from the lack of radial
velocity variation for R CrB found by verious observors, PBerman

(1935) from many spectre over the period 1902-1934 found e radial

velocity ¥ ~ 25 £ 5 km/s, which agrees with the velocities found
in later years: Herbig (1949) V.~ 26 lm/s; Keenan ond Greenstein
(1963) ¥, ~ 2 Ju/s; Fernie et al. (1972) V, ~ 27 + 2 kn/s, Thus
over TO years the radial velocity hes changed by less than ~ 5 ]m/s,
which would Ifmply R 2 50 AU {unless the orbital plane is nearly
perpendicular to our viewing direction), for otherwise we would

see radial velocity variations due to orbital motion. Any symbi-
ctic relationship vis & vis evolutionary history would be difficult
to maintain at such a large separation, though the stars ecould,
perhaps, have been closer together in the past and moved apart as

a regult of mass loss from ome or both stars.

(4) Iarge Separation -~ Occultation st & Distence

This large separation and the dust exclusion effect mean
thet on the double-~star model, minima in the visual flux must be
du.é to occultation at a distance, l.e., the optically thick cloudlet
traverging our line of sight te the hot star must be far from the
hot star, There are several problems with this interpretation.
Spectra of R CrB stars during minime show evidence for activity .
which cannot eagily be explained by a remote occultaticn mechanism.
First are the emission lines, OFf the 382 emission lines cbserved
by Alexander et al, (1972} during = winimum of RY Egr, nene could
bve identified with hydrogen., Thus, the emission lines must arise
from the hot, hydrogen-deficient ster, unlese one is to suppose both
sters are hydrogen deficient. The sbsolute strength of the emission

lines is observed to decay with time after the Initial drcp from
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maximum (Herbig 1G49; Psyne-Gaposchlin 1963; Alexander et al. 1972),
indiceting dynemic activity in the hot star during the event.
Herbig (1949) has also presented evidence that some of the emission
lines actually grow in sbsolute strength during the cnset of
minimum, which is further evidence for zetivity at the hot star.
The velccities of emission lines alsc indicate activity at the hot
star. The narrov emission lines are observed (Eervig 1945; Payne-
Gaposchkin 1963) to have radial velocities which are blueshifted
~12-15 ]:m/s relative %o the stellar spectrum, thus indicating
matter is streaming toward the observor. There are also broad
enission lines Indicating velocities of ~ 300 ]:m/s in expansion or
turbulence (Herbig 1949; Payne-Gaposchkin 1563). There are also
both bread end narrow sbsorption lines blueshifted ~ 200 km/s and
posSibly ~ 40 km/s from the stellar velocity (Payne-Gaposchicin
1963; Alexander et al, 1972) again indicating materizl is streaming
toward the cbgervor.

To summary, the spectroscopic evidence points to activity
around the hot star and indicates megs Jloss ig oceurring from the
hot star during a minimun, Redshifted circumstellar lines, as due
to material streaming toward the hot star, are not seen. Hydrogen
emission lines are not seen, It is difficult to see how this
activity could result frowm occultaticon at a distance as reguired
by the double star model. On the other hand, one maturally would
expect to see such gtellar activity in coineidence with minime on
the single star model; if we did J_J"E see evidence for activity,
we would be suspicious of the single star model and might be led

to consider s remote cccultation mechaniem,

{e) Time Scales of Minima

If the minima are to be explained by remote occultation
by an optieally thick cloud, the ~ 10 day time scale for onset which
is not uncormen requires (1) e sharp leading edge to the cloud and
{2) & cloud velocity Vl > 80 Jm/s (eq. VI-2) perpendicular to our
1ine of sight to the hot star. If the leading edge is not sharp,
the velocity would have to be higher., On the other hand, the cobser-
vations of mess loss from labte-type stars {Chapter VITI} iIndicate
radial dust velocities of ~ 15-30 ¥m/s. In particular, the obser-
vations of €O sbscrption in the late-type "infrared” carbon star
IRC +10216 indicate a gas outflow velocity of ~ 20 km/s (Geballe
et al, 1973) and from the considerations given in Chapter VIII this
will imply a dust velocity < 30 km/s. The projection of these
velocities perpendicular to our iine of sight will be even smaller
so the large VJ. ~ 80 lcm/s dmplied by the light curve is difficult

to explain. This velocity requirement depends on the somewhat

‘uncertain r. and could be reduced if the luminosity were lower or

*

the temperature were higher than we have assumed for R CrB
(£, = 101* S Ty = 6000 °K).

If the rapid onset of minimum can be explained by remote
oceultation on the double star model, then the neerly as rapid
(t ~ 20 demys) rise back to meximuw must be explained by the charac-
teristics of the trailing edge of the e¢loud, i.e. in addition to
the fairly sherp Jleading edge, the cloud mnst also have a trailing
edge which iz nearly as sharp. We are forced to consgider the clouds

as being very opticeily thick entities which also have fairly sharp
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(<r,) edges. Om the other hand, the clouds must have been produced

at the cool star and travelled & distance on the order of the star-

star separation, RlE’ before oceultation and this will teke a time
B 70 AU

to~—_— >

= NB-——T-Olmsrull-years .

Tt is hard tco see how the cloud integrity could be maintained over

the several year period between production and occultation.

(f) Time-Dependent Reddening

On the deuble star model, the apparent increase inm reddening
with time discussed earlier could be explained by postulating that
the leading edge of the cloud, which initiates a minimum, is either
composed of large grains or has a very patchy structure, while the i
trailing edge hes progressively smaller graing or a more hompgeneous

structure. As discussed zbove, unless we are viewlng the system

from a special directicn, the travel time of the cloud between i
production and cceultation is several years. In the absence of
specialized mechanisms {shock frombt, 7) it is difficult to see how
the necessary inhomogeneity of & cloud could be maintained during
this lang journey.
A mechanism which may be capsble of differentlating the
cloud with respect to grain size, at least for an optically thin
cloud, is radisfbion pressure on the grains. TIn Chapter VIIT we
found that the terminal velocity AXLb of a grain with respect to

1/2
the gas for a given mass loss rate is proportimal to <QP1') / B

where '(QPr) is the extinction efficiency for raediastion pressure of
a grain averaged over the radiation field of the star. Tor pure
graphite grains end a T, ~ 2500 °K, <Q‘_or> ~ 1=2 for a grain radius
& > 0.25 | and (Qpr> £0.5 for & € 0.1 p. Thus small grains will
reach a terminal velocity a factor of two less thar the large grains,
If the dust velocity Vg = Vgas + AV, =60 ¥m/s for the large grains
and ng3 <20 km/s, as is indicated for late-type stars, then for
the small grains V, ~ (20 + 30) ~ 50 km/=, and these grains would
only srrive at the occultation region in & time & = B12/V§ ~ 6.5
years, i.e, ~ 2,5 years after the large grains, Thus, the time-
dependent reddening during a short {G < 0.5 years) minimm, as for
instence the 1972 minimum of R CrB, is difficult to explain.
Perhgps by including the effects of optical. depth and the strong
repulsive force due to the hot star such & compact, rapidly moving,

differentiated cloud could be produced,

{g) Infrared Spectra

On the double star medel, the infrared excess is abhributed
to radiation from the cool companion snd its associated dust shell.
We might therefore hope to Jdentify the companion through a
comparison of the debailed spectral energy distribution in the
infrared to thet of cther, known, objects. The broad band energy
distribution in the infrared of the excess of R CrB (Fig. 33) is
fit weli by & blackbody function of a single temperature. This

immediately rules out a star with a large, optically thin "silicate"
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Fig. 33:

Broad band energy distribution of R CrB as & function of
time, The data for JD +1033 (= JD 2,441,033) and JD +1T40
is from Table 2a. These epochs represent respectively the
waximum and minimum cf the infrared flux and apparent
temperature of the excess observed to date. The data
below represents the aversge infrared excess for the
following observing periods:

Symbol.: o A o] I

Jp 2,440,000+ 1033 1063-1115  1350-1500  1728-1850
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emission feature at 10 u (see Chapter V) as the companicn star.
High resolution spectra in the 2-2,5 p region of R OrB and 89

Her were chtained by Gillett et al. (I570). The spectra are
essentially smooth, In particular there ig no Indication of the
absorption bands due to CO for A 2 2.3 i which have been found in
all lzte-type M sbars observed to dete, In particulsr, the extreme
infrared M stars NML Cyg, IRC +10011 {(CIT 3) and IRC +50137, which
have broad, blackbody-like energy distributions and the less extreme
M stars VY CMa, WML Tau, and VX Sgr, which show evidence of the

10 p "silicate" feature all show these 2,3 p CO sbsorptions (Hyland
et al. 1972). Infrared B stars, such as W Aql described in Chapter
V, have not been studied ae yet in this wewelength range, so the
appearance of the 2.3 p CO bands is unknown. The carbon shars show
progressive weskening of the 2.3 p CO bands a&s the energy distribution
becomes redder (Frogel and Hyland 1972), In Chapters IV and V this
has been attributed to overlying emission from the circumstellar
shell. An extreme example of thlis is the extreme Infrared carbon
star IRC +10216 in which the bands are entirely absent (Becklin

et al, 1569). Thus, the binary companicn, if it is to be a known
star, would seem %o be limited to the extreme infrared carbon stars,
&5 red or redder than V Cyg and T Dra {Chapter IV) of this study.
Typical examples would be IRC +10216, CIT & (= IRC +30219) and

IRC +4054O. On closer inspection, however, the Ilate-type carbon
stars do show features. In the 8-13.5 p region there is an
emission feature from ~ 10-12.5 | which has been abttributed to

emission from small, non-spherical, silicon carbide (SiC) grains
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&s diescussed in Chapter V. 1In particular; the above merntioned
examples all show this “SiC" feature on several spectrs taken (Fig.
29, ¢illett and Forrest 19T4; Merrill 2974}. The narrow band spec-
trum of R OrB appears in Fig. 3b. The Ah B-12.5 p spectrum (AA/A ~
0s015) wss taken point-by-point in March end April 1973 (normalized
to March 1973) and calibrated vs, o Tau, assumed to be a 3500 °K
blackbody normslized to its broad band fluxes (Table 2a). The
total Integration time was ~ 8000 sec and the error bars represent
the 1. o, stetistical deviation. It is seen that, within the
statistical errors, the spectrum appesrs smooth and is fit by the
~ 600 °K blackbedy which also fits the broad bend energy distri-
bution (Fig. 33} except for & possible slight upturn at A < 9 .
The uptwrn may not be real because (1) & somewhat uncertain air
mags correction A < 8.5 p is possible end {2} the broad band 8.4 u
flux (cpen triangles Fig. 34) teken on the same night as the first
spectruc is also higher than subsequent broad bend measures [open
squares) during that period. In particuler, there is no "silicate"
festure peaking &t A ~ 9.7 p or "SiC" feature A\ 10-12.5 p, either
in emisslon or absorpticn, apparent in this spectrum within the

statistical errors.

If, a8 usual, we Zefine E?\. = [Fk(excessj - Fl(continuum)] l
F;Ll(continumn) , then we estimate the spectrum would be inconsistent
with & "silicon carbide” feature as displayed for several carbon
stars in Fig. 25 unless BB—IJ‘ < 0.1, This is smaller than observed
for all carbon stars in this program (Fig. 29) including the spectrum

of IRC +10216 in thet figure teken in April 1973 when the star wes
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Fig. 34:

Spectral energy distribubion of total observed flux from

R CrB as described in the text.
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near maximum and Bllp. ~ 0.23. Tt is also smaller than ’r.;he observed
feature in ~ 5 independent spectra of CIT 6 taken from 197I1-1973
(Gillest and Forrest 197h; Merrill 1§74) for which B, ~ 0.3-0.k
and that obtaired by Hackwell (1971, 1972) of CIT & for which

Bllu ~ 0.4, It is also smaller than the femture cbserved In

IRC +40540 (Merrill 1974). The reddest carbon star considered
here, IRC +10216, has the smallest "SiC” festure and there is an
indication that the strength of the feature has decreased toward
minimm (i.e. EH—M < 0.1 in early 1974, Merrill snd Forrest 1974},
so it is not incomceivable that an optically thicker versien of
IRC +10216 could accompany R CrE and still not be distinguishable
in the 8-13 p region.

The Ak 3-4 p Pilter wheel spectrum (Ak/h ~ 2%) waich also
sppears in Fig. 34 was setually cbtained a year earlier, in March
1972, and is arbitrerily normalized to the 1973 broad band fluxes.
This portion cf the spectrum ig also smocth and festureless. Io
particnlar, the narrov absorption feature at 3.1 p seen in all
seven of the carbon stars studied by Johnson and Mendez (1970} in
the carbon stars V Hya and ¥ CVn by Gillett and Forrest (1974) in
the carbon star R lep by Forrest snd Merrill (1974) end in the
extreme infrared carbon sgbar IRC +405h0 by Merrill (1974), is not
evident in this spectrum.

In summery, the A 2-2.5 p, 3-b p, and 8-12.5 u spectrs
of R CrB are, to the accurgey ¢btained, completely smooth and

fentureless. This 1s indistinct conbtrast to most late-type M, B

and ¢ stars studied to date which show some emission or sbsorption
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festures in these regions. There, of course, may be extreme infra-
red gtars, such as the § star W Aql, Fig. 28, with smooth, featureless
continua, bHut they are probably rarer then the well-lmowm stars
discussed above which do ghow features and this would seem to make

the chance associmtion with the unusual R CrB star even lese Jikely.

(h) Infrared Light Curve

Though the observed infrared light curve of R COrD may
superficially resemble that of Mirs varisbles, as pointed out by
Humphreys and Ney {19Th), there zre at least two characteristics
which differ in detail, Firstly, the detailed shape of the 3.5 pb
light curve of R CrB (Fig. 32) is unlike that of the Mira varisbles
studied here (Chapter IV) and by Strecker (1973}. In particular,
consider the behavier through the March-June 1972 minimum; the flux
actually increased by ~ 10% over a period of ~ 150 days while, on
the double star model, the second star would be on the declining
branch of its Light curve. Sueh behavior is never seen in the M,

5 and C Mira variables in this study and that of Strecker; the fall
of 3.5 w fluxes to minimum is always observed to be monotonic with
time, If the minimum were due to & mere chance occulbatim-at.a~
distance, we would expect no such hesitation in the infrared light
curve. On the single star model, on the other hand, this hesitation
can be naturally explained as due to a small, Awx ~ 0.03-0.10,
gdditional component to the already existing cloud cover surrounding

Tt CrB, possibly assoclated with the minimm,

Secondly, the variations in infrared colors (Teble 1) and
in the coler temperature of the excess of R CrB (Figs. 33, 35) ere
greater than these cbserved for V Cyg and T Ira (Table 1, Fig. 20)
which are late-type carbon stars with large infrared excesses. Tor
VCyg and T Dra T, /T ~1.1-1.2, while for R Ur3 T e Tty ~
1.4-1.5.

(i) Final Point

Finally, we wish to point out that the "infrared” stars
(for instence W Aql) proposed as the binary companion to R CrB are
net imown also to be R CrB sters when observed in non-binary systems,
That is, they don't show the characteristic sudden, umpredictable »
large drops in visuwal light of the R CrB stars. If these stars were
continupusly emitting discrete, very optically thick cloudlets of
matter interspersed with nesrly clear areas, one might expect some
R CrB-like behsvior in their visual light curves. This question
ghould be investigated for some of the extreme infrared stars which

can be quite faint at visusl wavelengths,

iii) Summary

In summary, the entire mass of observations present g
challenge to either the single or double star model to explain in
%oto. For the single star model the primary difficulties would seem
to arise from (1} the short time scale of minima, especially the

relstively rapid rise back to maximum sometimes observed, (2) the
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apparent lack of strong visual and infrared correlation in the case
of R CrB and possibly (3) the low apparent albedo, A, < 21.0"2J
inferred for the cloud complex, For the double star model the
principle of dust exclusion from the vicinity of the hot star and
the lack of pericdicity in the wisual light curve implies s large
star~-star separation and, consequently, that the minims be due to
remose occultetion, Then there is difficulty in explaining (1) the
short time scale of minima and the apparent ‘oime.—dependent reddening,
(2) the visual spectroscopic cbservations which indicste activity
&t and mass lose from the hot star during minima and (3) the {weak)
correlation in the infrared light curve with the March-June 1572
visual winimuw of R CrB. Further, the completely smooth infrared
spectrum requires sdditional assumptions on the double-star model
but is naturally expleined on the single star model as due to
radistion from graphite greins, which are expected to give feature-
less emission in this regicn. Infrared periodicity, if it exists,
would argue for the double star model, We believe that the ohbser-
vebions available at present are insufficient to definitely rule
out either model; however, we believe that the single star model
more naturally and simply explains these observatioms and will adopt
this point of view in what follows.

A truly definitive test of this guestlion would be given
by the short pulsstion period of the hot star (t ~ 40 days) menticned
earlier, On the single star model, the infrared luminesity, which
derives from abscrbed and then re-emitted starlight, should alsc

show this pericdicity while on the double star model it should not.
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What 1s needed are simultaneous photoelectric measurements in the
visual region and the infrared. R CrB itself is not so favorable
because the amplitude of visual osciliation is smell, AV ~ 0.2 mag,
but this #4ill should be attempted. RY Sgr is a better case,

AV ~ 0.5 mag, and fluctuationg in the infrered of this amount would

be easily detected.

¥. Consequences of the Single Star Model

for the Dust Surrounding R CrB

i} Evidence For Dust Ejection

The infrared and optical observations of R CrB indicate the
circunstellar dust grains are distributed asymmetrically about the
star. Cloudlets optically thick at visual wavelengths are inferw
spersed with relatively clear areas, The depression at 3.5 p
during the Merch-June 1972 minimum (Fig. 32) when AV > 4 mag may
indicete that even T

3.5
Thus, an aralysis of the observed infrared fluxes in terms of

> 1, for some cloudlets some of the time.

absorption snd emission by independent grains as has been applied

in Chapter VIII and considered in Appendix A is of duestionable
velidity for R {rB. However, we may counsider the optical propertiss
of the cloudlets themselves -- in mamy respects they seem to approxi-
mate the "ideal blackbody™ as defined by Van de Hulst (1957). The
eforemsntioned low visual albedo, A, < 3.0-2 implies the cloudlets
absorb almost all of the visusl fiux incident on them and scabter

very little of it (besides the forward scattered diffraction pattern).

199




200

The broad band infrared energy distribution at wvarious epochs s Flz. 33,
seems to fit well by a blackbody of a single temperature from 3.5 "

to 20 p. The higher resolutiocn (AA/A ~ 24) infrared spectrum (Fig.

34} is remarkably smooth, €howing no obvious emission or absorphbicn
features A 34 | or M B-12.5 4. The ensemble of cloudlets thus
would seem, on average, to emit as blackbodies of a single tempera
ture over the range 3 W to 20 u. Now as 2 cloudlet moves away Trom
the star, possibly because of the action of radiaticn pressure on

the grains (Chapter VITT), the temperature will be a decreasing

function of the distance from the star, R A cloudlet of radius

4
Ty will absorh stellar radiation at a rate

£

di 2 e

(E) ST ey —p WI-3}
in lmRi

where £ is the total sbellar Luminosity (ergs/sec) and EV:'L: is
the absorption (and therefore emission) efficiency of the clond
avergged pver the stellsr radiaticn field, The aforementicned Low
albedo and large optical depth imply evi: ©1. The infrared
emission observed from & particular cloud at a given wavelength

will, in genersl, depend on the viewing direction. -In the limit

T, > 1, the cloudlet appears scmewhat as a planet, with the apparent
brightness temperature depending on the phase angle and the wave-
length of observation. On the average of meny cloudlets with many

phase angles, the infrared observations indicate the flux can be

described by a unique apparent tempersture, Ta.’ i.e.

exXc c
B =0, eq BA(TE.) s (VI-4)

where 0 = ;\L:mia/nz, D is the distance stor-earth, end ¢.- -

e?\c — tenst Iis the effective average emissivity vs. wavelenghth for
ObE

the cloud complex and F;xc = Fl - F?\*’ vhere Fh* is here
represented by a ~ 6000 °K blackbody run through V = 6.0 and is
assuned constent, aside from cecultation events. DeTining, as
usual &= ‘J’: F, dk, the parsmeter o defined by eq. (VI-1) is a
relative messure of the amount of excess emission. Ta. has been
derived by fitting a bleckbody functlon by eye to the derived
excesses, as in Fig, 33. The guantities TE, o, and the spparent
engulor size 0, =0, SI‘F:{ = Fixc/BR(Ta) are plotted vs. time in Fig.
35 for the time period JD 2,451,033 to JD 2,441,780 (early 197L to
early 1973). The three quantities are not all Ilndependent, 1.e,

e b gk
o = na?‘_ Ta. /3’* = ﬂa-ﬁ Ta. /conElt B

¥rom the figure it is seen that following JD +1033, when the infra-
red flux wes the maximum which has been cobeerved to date, o and Ta.
decreased monotonically with time, while ﬂa. increased by small
smounte. This Is just what would be expected if & dust cloud or
clouds formed on or sbout JD +1033 subsequently moved awmy from
the star. We know that the dust distributjon surrounding R CrB3

is highly asymmetric, In the infrared, however, we can potentislly
receive radiastion from the dust grains in clouds in all directions
around the star, If we are not in a preferred direction with

respect to the infrared emlssion, then the fotal emigsion by the
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dust cloud or clouds surrounding R CrB will be

This must be supplied by the absorbed starlight (eg. VI-3) so we

have

£g = 1\‘ (aE/at)in

which reduces o

2 e 1/2
B oLy (&) (evis)
4~ 2 "*\T C ’
a (.;IR

where R& is the average distance of the clouds from the star and
the star's Luminosity has been represented by .S* = lmx-*acT*h. This
is identical %o the expression given in Appendix A (Eg. A-10c) for
the temperature of a single dust grain at a distance Rd from a
star, only here the ¢'s refer to the apparent effective emissivities
of the eloud or clouwds and ’I‘a refer to the chserved spparent
temperature of the infrared excess. Assuming T, = 6000 °K and

£, = 1t £ the quanmtity R = {sﬂ‘:’{/evj_z)l/2 B, = %- r*(T*/T&)E

has been plotted vs. time in Fig. 36. Tt is seen that, as adver-
tised, the apparent distance from the star Ra’ increased with time
following the msximum on JD +1033. In fackt, it appears that the
increase 1s approximatbely linear, i.e. at apparently censtant

veloeity. The straight line in the figure has a slcope

ARE-
V.= = 27 km/s . (vI-5)
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Fig. 36:

Apparent distance of the dust from the star as a function

of time for R CrB as described in the text.
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For the apparent average recesslcnal velocity of the dust cloud

or clouds, If this model for the infrared radistion from R CrR

1s correct, this would represent the first direct observation cof
/ dust leaving s star, without depending on Doppler velcocities which
refer to the gas., Interestingly enough, this velocity is also in

3~ ] the range one would derive from the epparent redshift of stellar
abscorption lines found by Peyne-Gaposchkin (1963) for R CrB
(vd ~ 5-35 kn/s) during the 1961 minimom if the shift is due to
scettering off of a radislly expanding dust cloud.

Whatever the true velocity of recession, intriguing support
—] for the single star model of dust leaving the star is found if we
run the recession linearly backwerd in time (i,e. continue the
straight line in Fig. 36 toc the left). We have the relstiomship

between the true end apparent distance fram the star

~ . ey=1f2
By = ("m) By

and if a/dt (eIE)'l/ 2 = following b 41033, i.e. the cloud
structure was fairly stable with time, then the true veloclity is

c)-l/E .

Vd - (EIR a E)

] I I 1 !
1000 1200 1400 1600 1800

J.D. 2,440,000+

end if this recessicn wes alsc occurring with epproximately
constant velocity before JD +31033, as it appeared to after, then

the material must have left the stellar surface, R, =0, g time
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Rd(.]'.D +1033) Ra(J'D +1033)
= 7 = = 640 days
a Va

At

earlier, i.e. on or sbout JD ~ 2,440,390, Interestingly enough,
there was a brief minimum in the visual light from R CrB (Fig. 32}
at gbout this time, A causal relationship between the earlier
visual event and subseguent infrared event is not proved but this
sgreement does peem very suggeshive.

To interpret this apparent velocity in terms of an actual
velecity we must treat the problem of radistion transfer in the
cloude surrounding R CrB. The geometry snd opticé.l depth of the
clouds not in our linme of sight to the star is unknown. If we sssume
that we are not in a preferred direction with respect to the infra-

red radiation, then s lower limit to the aversge visual absorptivity,

L is given by
s(2) nr, 2 .
e Eviz 3 —p s a:\ri: -
* kﬂRd

Therefore, on JU +1033, we have
¢
e = 0T *

This agrees with the observations of clouds which have
sppeared in our line of sight, f.e. 7, >>1, end the low cloud
-2

albedo derived from the March-June 1972 wininum i e, Avi: S107°.

These date would imply eviz ~1 for the clouds., TIf we assume
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evi: ~ 1 for the cloud cover between JD +1033 and JD +1780, then

the remaining unlmown guantity is

exc
ez:_I. L 1 ol c

= = = = =g .
s Odw ndﬂgﬁ? IR

Now the apparent infrared flux from the cloud complex can be
represented by Fixc =0y EL[TB(A)] where ’I‘B(A) is the aversge
brightness tempersture of the clouds at the wavelength A, The
fact that ghc is approximately constant (i.e. the spectrum appears

to be a blackbedy) implies ¢ = = B, [T, (1) 1/B, (T,) = const. ome

A
solution to this is TB('.\) = T, and then s}\c = 1. Other sclutions

are possible, if TB(A) z 7,, then g?\-c z 1, i.e. SIE{ cen be greater

or less than one and the sctual average c¢loud velocity couwld be
greater or less than the apparent velocity, 27 km/s.

An aspeet of the minims which may be relsted %o the cloud
cover surrounding R CrB stars is the appearance of “veiling" or
apparent weakening of the stellar sbsorption lines during a minimum.
Payne-Gaposchkin (1963) has interpreted this es due to incipient
emispion In the core of the absorption line, but Herbig (1949)
points out the line weskening oceurs even in lines whieh are never
seen strongly in emission. Alexsnder ot sl. (1972) have interpreted
thie as at least partially dus to Lhe appearznce of a continuum
of overlying emission during minimum which they suggest may be due
to the electron attachment spectrum of ON. An interesting alternative
explanation has been suggested by Woolf (1970) and Jones (1973).

They point out that the photons scattered off of dust grains In an
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expanding envelope swrrounding a star will be redshifted. For
.gcattering at an angle 8, the linear momentum transferred to a
grain of mass M will be 6P ~ {1 - cos 8) hy/c, and the change in
energy of the photon will be 8E ~ hu(L - cos 8) Vd/c, where v 1s

the original frequency of the photon and V, is the radial veloeity

4
of the dust grain. This predicts that a narrow line will be
broadened and redshifted by a relative amount Bv/v ~ Vd/c upon
scattering off the envelope. The line broadening will mesn &
reduction in the centrel depth of an absorpbion line snd may con-
tribute to the line weskening which occurs during a minimum.
Interestingly, Payne-Gaposchkin (1963) has repcrted an apparent
redshift of the stellar absorption lines during the 1560 minimum

of R CrB. The shift amourmted to ~ 5-35 km/s and was only spparent
when AV > 4,5 mag. The author sttributed this shift to the appes-
rapce of blueshifted emission lines disterting the spectrum,
however, & shift was observed in lines which never appear in
emission so an interpretation in terms of scattering off an expan-
ding circumsbellar envelope would seem to be a possible slternative.
This could be further support for the ¥, ~ 27 km/s recessional

velocity found above.

ii) Mass Loss From R CrB

The previous section indiceted that dust grains produced
on cr hefore JD +1033 were subsequently ejected at a velocity ~ 27

lcm/s. This implies mass loss is occuwrring from the star; the
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aforementioned appearance of blueshifted emission and circumstellar
ghserption lines during a minimam slse indicete mass loss is
cccurring. For the R CrB stars, the maszs lo2s i apparently of en
impulsive nebure, rather than the more or less steady state mass
loss which is cbeerved (Chepter VITI) in late-type stars. We will
apply the methods develcped in Chapter VIIT to measure mass loss

to the Jmpulsive event occcurring on or befors JD +1033.

{a) Weighing the Dust

In the case of R CrB, the visusl spectra indicate the photo-
sphere is carbon-.rich, i.e. Ny > ND’ g0 we would expect, as lor the
carbon stars, graphite to be a primary constituent of the condensed
grains, The detailed spectrum (Fig. 34) supports this suspicion ww
the spectrum sppears smooth, as would be expected for graphite, and
in particular there doesn't appear Lo be any large emissiom or
absorpticn features which could be attributed to the silicates or
SiC which are seen in the 8-13 u spectra M stars and carbon stars,
respectively. The actusl relative abundance of carbon in the
photosphere is somewhat uncertain because of the near sbsence of
hydrogen and the wnobservebility of helimm in the photosphere,
Helium is believed to be the most sbundant constituent in the
atmosphere in order to [1) provide the necessary continucus cpacity
in the photosphere (Bermsn 1935; Werner 1967) and (2) conserve
the mase of the presumably initially normally abundant material
which has presumsbly undergone nuclear processing to give the

cbserved snomalous sbundences (low E, high C). Wallerstein (1973)




under the second assump‘éion gives o mass fracticn of carbor in the
photosphere of £(0} ~ 1/13.3 but slso suggests that it may be =
factor ~ 4-10 less, i.e. £(C) ~ 1/50 - 1/133.

In Chepber VIIT, we derive sn expression for the mass of
dust radiating at a temperature Td around & star of radius T, and
tempersture T, in the cptically thin case (eq. VIIL-4):

2
B {T,) mr/

M, =B —_
d A BAITai . 4
= —1 <
where B?L = [Fh(obsewea) -7 {star)] Fy (star) and w, is the mass
absorption cocefficient of the radiating dust grains. If the cloud
is optically thick at a given wavelength, the actual mass of dust

will be greater than this. If we associate the apparent blackbody

temperature Ta. with the dust temperzture, this becomes

e B (T.)
A 1 AN 2
My(A,t) = (BJ\(T&)) (7«; T ) T T,

=a (v) uiy) ,

i.e. the inferred mass is directly proportional (sside from the .
smell deviaticns from e blackbody) to the apparent solid angle, i,
which is plotted vs. time in Fig. 35. The proportionality constant

L
u(}) is given in Teble k4, sssuming T, = 6000 °k, £,.=10

£ and

®

#, appropriste for small graphite grains {Appendix B, Chapter V).
From ~ JD +1100 to ~ JD +1800 the Q, and therefore the

inferred mass of dust at any given wavelength increased only ~ 20%,
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TABLE b

Md/ﬁa for R CrB

Alw) 3.5 L.g 8.4 11 18 Ave 3.5-11
M(3) 1.37 2.37 6.0 10.0 25 4,9

x 10™ gm/ster

which is consistent with the model of dust made on or about JD +1033
being subsequently ejected from the vicinity of the star. The
apparent incresse of mass with wavelength could be due to (1) opti-
cal constants less wavelength dependent than those of small pure
grephite grains, for which w, ~ 1/A2. Thie could be due to

(a) larger grains, though the aforementioned reddening seems to
imply at least some swall, a < 0.1 p, grains, Graphiée grains
larger than a ~ 1 p would be required, (b) impure graphite or some
other grain material; though the detalled spectrum (PFig. 34)
indicates any proposed redieting material nust have guite smooth
emissivity vs. wavelength; (2) at the longer wavelengths, we are
detecting cooler dust grains which are left over from earlier dust
production or (3) the cloud or clouds are optically thick, thus

at longer wavelensths we see deeper into the clouds and, correctly
infer & greater msss of dust. Assuming (3) to be the case, the
longer wavelengths would give the best estimate of the total amcunt
of dust. To investigate the possible optical depth we consider vhat

the optical depths of a given inferred mass would be if the mass
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vere distributed In & thin wniform shell at R ~ Ra. Trom the star.
Teking M(A) ~ 5 x 10°0 gu/ster, 0, ~0.8x 107" ster ana R, ~
1.5 x 107 cm, i.e. as at the beginning of expsnsicn @ JD +1033
we get, for T, = (Md/hnRaE) = the abscrption optical depth

through one thickness of the shell, the result shown in Table 5.

TARLE 5

Inferred Optical Depth of Shell Surrounding R CrB

M) 0.55 3.5 8.4 hi 18
N 6l 3.1 0.71 0.52 0.17

On this shell model, cur Ijine of sight passes through more than

one thickness of the thin shell, so this shell would be optically
thick et all wavelengths except possibly 11 p and 18 p. Since the
stell must be inhomogeneous, ae on JD +1033 there was, for instance,
no dust (V ~6.0) on our line of sight to the star, the sctual
distribution of dust will probably have an even larger apbical
depth. Therefore, we take as cur estimate of the mass of dust
associated with the JD 1033 event the mass inferred st 11 i, l.e.

3] 8

My ~10 % 107 gm ~ 50 x 107 M, . (VI-6)

Now if events of this type cccur, on the average, every three years,

the dust loss rate will be

aLh
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. M
M d

-8
o~ e 17 x 10 MJyr . (VI-T)

And, if a mass fraction f' of the gaseous material is in the form

of dust grains, the total mass loss rate will be

[

Mo~ T My ,

where £° < £{C), the mess fraction of carbon in the photosphere.

From the previous discussion, T{C) is thought to be f ~ V. but

13.3
uld be a8 low as T —1—---1—— B0
[s{e) e ~ 50 133
g _6
M, = 2.3-23 x 10 Mfyr . {v1-8)

{b) Conservation of Mowentum

The mess of dust produced on or about JD +1033 was there-
after continuously absorbing linear momentum from the steller

redistion field (see Chapter VIII) at = rate

£
dp %
—_— —_— .
& YT

Therefore, from JD +1033-1800 it received an Impulse

£, 1800
AP = - o dt B
033

which,is, integrating Fig. 35

£
AP = —ci 2.k x 107 sec .

For a given total wass Mtot’ this would result in & change

of veloeity




.
Mot .

But the observed apparent veloecity, Va.-’ was approximately constent

(rig. 36), i.e. &, 25 m/s, so

AP . AP
Yoot = 37 25 75 s

taking £, = lOu £® we get

-6
Mtot > 32 x 10 M® . {(VI-9)

This is to be compared with the total mass derived by weighing

the dust, i.e.

Moot =

Ly

1 -6
M2 g ¥y = 6.7-67 = 10 M@

&nd the two methods agree fairly well, the zecond method being
independent of the uncertain guantity £(C). Again, if such events

typically oceur every ~ 3 years, the inferred mass loss rate is

y -4
M 21lx10 Mdyr .

This result is quite comparable to the ~ 3-20 x 10"6 M _/year mass
loss rates derived in Chapter VIII for the quasi-steady-state mass
loss rabes Trom M snd C type Mira varisbles., The dust loss rebe
is, however, conslderably higher (factor ~ 3-10) thus supporting
the belief that the fraction of condensible material, £(C), is
higher in the atmosphere of R CrR and also that much that is

condensible does condense.
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iii) Intrinsic Polarization of R CrB

The large polarization (~ 3% at B and V) during the March-
June 1972 minimm was explained (Coyne and Shawl 1973) in terms
of scattering off an asymmetric envelope surrounding the star.
<0.2)

T
0,55 ~
clouds and it is not clear what will be the effect of the optically

The authors, however, assumed cptically thin (

very thick clouds indicated by the visusl 1light curve and the dust
mass considerations ebove, O(n the other hand, a small net align-
ment of grains on our line of sight to the star, as discussed in
Chapter VII, could give the observed polarization. The Iow
apparent albedo of .the clouds would seem to favor this mechanism
over ope requiring scattering. The ~ 3% polarization at V on

JD +1485-+1435, when AV ~ 6 mag requires an alignment of grains

a = (Tma.x - ijn)/(Tmax + Tmin} as discussed in Chapter VII, so

P

v 0.03
e o 2 e 0,00
-4 T U 5S 55 3

i.e. less than 1% net alignment. The ~ 0.2% polarization found by

Serkowski and Kruszewskl (1969) shen AV ~ 0.6 would require

£ x 1073
0.55

a

~ 0.0036 R

i.e, a similsr swall net alignment. The ~ 80-90° change in position
sngle of polarization between these Lwo messurements {see Fig. 32)
could be due to a change in the alignment of the grains, similar

to what could explain the position angle varistion In the long

period variable stars. 8imilar velues of P?\/ 7, end large position
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angle changes have been observed in RY Ser by Serkowski and
Kruszewski (1969).

Alternatively, a model of an optically thick, asymmetric
envelope with absorptiom, such as that discussed by Gnedin et al.
(1573) may be able to account for these vather modest polarizations.
Then the -~ 50° position angle change would represent a re-alignment
of the envelope. Al8o net pelarization could possibly result from
scatbering off of discrete, optically thick cloudlets distributed

aeymumetrieally about the star.




VII. INTRINSIC POLARIZFATION
A, TIntroduction

Observations of intrinsie éol&rizaﬁion from a celestial
source potenti’ally co.nveys information on the geometry of the
radistion mechanisms which are cperating in that source. - Here
we take the term radiation In its broadest sense, including emissio'n.,
seatteripg, and abso@tim 'of photons. The linesr polarization of
the stars in this program has several charactgristics which any
propofed mechanism must be able to explain., The polarization is
time varisble, in both degree and position angle. Polarization ab
& particular wavelength can incresse (or decrease) by a factor of
2-3 or nore in a short %ime, f_' 30 days. The position angle can
also chenge by a large amount (A8 ~ 90} on these ehort time scales.
There is a tgndencf\for the pol&rizat.:ion to Increase toward shorter
_wavelehgths a.ﬁd when the polarization is high the wgvelength
dependence tends to be steeper (i.e. there is less relaﬁive change
in polarization at the longer wavelengths). There may be some
regularity In the variation of polarization with time, i.e. pesiking
at visual minmum or on the rise to maximum, but superimposed on
this are more or less random varistions in -degree and position
angle of polarization. The average amount of polarizaticn of la
star 1s well correlated with lts Infrared excess, as measured by
the flux ratio Fl}_u/F3_s " _
Harrington (1969) has proposed that scattering on nolecules

(Dyck _qt_'g; 1971, Fig. 1).

in the stellar atmosphere may produce the required amount of
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pclarization. High spectral resolution polarimetry by the Russians
(Dowbrovskii 1970; Derbiz and Dowbrovekii 1973) indicates the same
emount;, of polarization in the depthe of a étrcng Ti0 absorptior_l
tend as in the continuum. The fluxes in and out of .the band must
criginate in quite different layers in the stellsr astmosphere so
thig result would seem to rﬁe cut an atmospheric origin for the
Polarization. It would alsc seem to rule out pelarization due to
an.a.dditional overlying polarized emission mechanism, as for exsmple,
synchrotron ra&ia‘oion. For then, when the stellar coutinuum is
depressed by a factor of two, as is the case in the Ti0 bands, one
would expect the relative amount of polarfzation to increase by a
factor of two, vwhich is not obselwed. It additien, both these
mechanisms fail to explain the correlation of polarization with the
infrared excess, wﬁich is presumably due to emission from a shell of
circumstellar grains. Cne mechanism which is consistent_with the
gbove gbservetions snd the correlation ofl polarization with infrared
excess is tﬁe conversion of initlally unpolarized étarlight tc the
partially polar'iied light observed throigh absorption and/or
scaitering by dush graﬁs in the circumstellar envelope surrounding
the star,.' We will e@lofe tﬁe i@lications; of this model in the
following discussion. .

Discussions cf the prodt-l;tion of.pola.rization in a circum-
steliar shell of dust grains have centered on twe possible mechanism#:
{1} scattering of light off an asymetric, aligned envelope of
freely oi'iented (wn-aligned) grains and (2) scattering and absorp-

tion of light by aligned grains in a symmetric (or un-aligned)
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envelope., In elther case, if the mechanism is shown to be czpable
of producing the characteristics of the obserxved polarization, a
physi:.:ally reasonable mechanism for preducing the necessary ,align-r
ment wust also be considered. In the first case, ocpe must explain
how the envelope as a whole came to be asymmetric, and how this
asymnetry may vary in order to gilve the obperved variation of a
polarization with time. In the second case, one mist explain

(a) how the grains came to be sasymmetrie, (b) how ﬁsymmetric grains
come to be aligned, and (c) how the chenges in polarizaticn may be
related o this alignment. Tn order to guide this discussion we
_present & highly simplified, phennﬁ:enologic&.l model which dispisys

the parameters which each of these medels must kope to explain,

B. Pelarization Model

. The linear polarization st a particular iravelength A is,
by definifion, '
I (AY-1, (x)
El _ _max _ min - . (VII-1)
" where 1¢(x) 15 the intensity of light linesrly polarized at an
angle § and I is the intensity meximun obtained at § = @,

the positicn angle of polarization, We have

' 1 S S R 1
1. =31 et 1o

and

21 'TT(?‘)¢ ) 1
Im—-é-I%e m5x+21U+% »
vwhere I, = total unpolarized intensity of the star in the absence

of a circumstellar shell, TT(R,(ia) = total optical depth of the

shell along our line of sight to the star to radiation with E-
vector in the ¢ direction, IU = Intensity of unpolarized scattered
light and I.E = intensity of polarized scattered light. If T'I‘(cbmin) =
TT(¢!HB.."() + 4Ty and AT, << 1, eq. (VIT-1) reduces to

1 Lt
_1P+§ATTI*E. T

P , (vi1-2)

-,
IS+I*e T

where .“[S = IU + IE = total intensity of scattered light and
= - A < T,
Tp [1T(¢m) + 'rT(@min) 12~ TT(QJM) for Aty << T, If we

further define sn alignment parsmeter a, by:

. .TTl(cbmin) - o) AT

&= - s (Vﬂ-3)
Tl Puint + Tp\%pax’ T,
this becomes, for a << 1,
-
+aT, I e T
po2 T i (vIz-h)
I+ I, e T

The totai intensity of light scattersd to a given cbservor
will depend on the shell gecmetry snd the optical &epths for
scatiering and absorption., If a fraction g of the 1ight is

polerized, the polarized Intensity will be
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L=elg :
and eq. (VIZI-4) becomes

T &~ T
P_=SIS+aTTJ'*e

) - T
g+ e T

. (VIr-5)

~ 0m the aligned mvel@e model, s Is taken to be zero and
the polarization properties are ascribed to g, which i & funcilon
of shell geometry snd optical depth. For single 90° scattering off
of small grains g ~ 1 is possible. TFor aligned envelopes of the
type considered by Kruszewski et al, (1968) and Shewl (1971, 1972)-
there 1s & meximm of g ~ 0.3. The polarization of scatterled 1ight,
g, is "diluted" by the unpolarized transmitted starlight I, e T
o that F < g. On the aligned grain model, a # 0 and g may be
positive or negative, i.e, the scattered light wmay increase or
decrease the polarization due to extinction by sligned grains

on our line of sight to the star.

C. Allgned Asymmetric Envelope

Models of the élligned envelope type have been presented
by Kruszewski et 2l. (1968) and, in more detail and generality by
Shewl (1971, 1972). Kruszewski et _q..l___ considered the meximum
pola.riza.ﬁion attainable from & “double sector” shell geometry,
which can be visualized by imagining one weré viewing & peeled
orange pole on with all but two opposite sections removed. They

found the meximum polerization waes given when the _ci)enmg angle of

each sector was < 90°, With this most fevoreble envelcpe they
found & limit to the smount of polarization for non-absorptive

particles (albedo A =1, T

= ©) vhenx = ema/N <1 and T = 0.83,

for which Pma.x 375.5%_ For optical depths greater or less than
this, the polarization-wasl decreased. For absﬁrptive particles
with cpticsl constants approximately those of graphite at A = 0.55 4
they found & somevhat Lower maxlmam polarization (Pma.x,~ 3%) at a
somewhat higher opticsl depth (Tmax ~ 1,2) for x = % [there isrs.n
error in Kruszewski et al. (1968) on this point. FEq. {AlT) should
read Z_ = o~ Tmax = [a/ @ - a)] {J—E_/I - 1) for the cptical depth
giving meximum polerization. . In the paper the third "A" i1s missing,
go the results only differ for A # 1]. The authors suggested that
higher polarizations may be produced 'if there is an additional
component ;:f. the cloud which happens -to be on our line of sight -to
the star, thus blocking the direct, unpo].a.z‘izlerl starlight,

Shawl (1972} considered other shell geometries in addition
to the double sector and -found; in the optically thin Ximit, the

wavelength depén&ence was relatively Invariant with respecf to

shell geometry but the degree of ﬁols.rize.tion wes greatest for the
double sector. He thereafter considefe& the -wavelengthidependence.
of polarization which would be produced by grains of a specif_ied
size with specified optical con‘stants. . In particular he considered
the optical comstants that would be appropriate for silicates,
graphite, and iron. He then coméa.red the o;bserved wavelength
dependence of polarization for s number of stars with the wavelength

dependence derived frum this (optically thin) model to derive

2ph
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particle specles, slze, and columm density. In general wost of the
stars could be fit, at one time or ancther, by one or more of the
models, but often. no fit could be obtained. In addition, no attempt
was made to fit the degree of pclerization or the position angie of
polarization., The optical depth of the envelcopes was limited tn.

T < 0.4 in order that se;':opda.rgr scattering be negligible.

Cne objectlon to these well-crdered asymmetric envalope
models is the limited amount of polarization they can produce., The
meximm polarization given by the (thin) énvelupes considered by
Shawl (1972} was Prox < 25% Kruszewskl et 2_; {1968) considered
the dependence on cptical depth and found there was a liniting
polarization (the "Kruszewski 1imit") of Frow < 5.5% for dielectrie
(non-absorptive) grains and Prax S 3% for absorptive grains (. like
graphite or ircn). On the other hand, many late-type stars show
intrinsic polarization as ia.rge or larger than this., For example
VOVn: B~ %% {(Kroszewskl et sl. 1968), V CrB: P ~10%
V(Sha.wl 1972), R Cem: P ~ 5% (Dyck 1968). .And stars with large
‘infrared excesses can have even lerger 'polarization: VY Cls

-‘Pm;x ~ 20% (Shawl 1972), IRC +1021§ B = 24¢ (Dyck et al. 1971},
ML fau B~ 10% (Kruszewski 197le), CIT 6 Bl ™ 15% {Km\_szewski_
1973). Weither can large pelarizetion always be due to a fortui-
tously placed cleud blocking the direct, unpolerized starlight for
in several cases (e.g. R Leo, oCet, R Gem, X Cyg, S CrB, R Hya in
Chapter IV} large chenges 1n the degree of pclerization are not

accompanied by corresponding changes In the visual light.

In summary, a well ordered, asy'umetx.‘ic envelope model seen-zs
able, at least semi-quantitatively, to fit the observed polarization
of at least some of the stars at least some of the time, Wé will .
congider physical mechanismsr which might produce such an asymmetric
envelope, Consideration of the mass loss from these stars (Chapter

VIII) indicates that a dust grein, once it has condensed, will be

ﬁriven.uu{ from the star by the very strong stellsr radiation

fleld. If the radiation field is radial, then the subsequent

motlon of the particles wi]_l also be radial snd the asymmetry of

the envelope must be introduced at the time of particle conderisa.tion.
Possible sopurces of this initial asymmetry are the sngular momentum,
the magnetic field end possible non-radisl cscillations of the star.
The a.pgular momentum of the star provides a symmetry axis with'

respect to which the physical characteristics of the star may

"depend. Rotetion will result in & non-spherical shape for the

star. The equatorial radius will be larger then the polar radius
which w11l résu_ljt in the surface gravity g, being relatively
smaller on the eguator. By Von Zeiples theorem, the surface tem

1/h

perature on the equator will slso be smaller (T ~ }.

gsurface
The net effeet will be to incresse the scale height '(h ~ kT/mg ~
g‘3/h') and redlice‘ the. surface temperature in the equatorial
regions, which should enhence the grain prolduction rate near the
eqguatorisl regions. Ancther phyeical process which may be impor-
tent in the productibn of grains and which will be affected by the
stellar rotation and magnetic field iz convection. It is believed

that for lhte-type giant end supergiant stars the energy which is

generated by nuclear reactions deep in the stellar interior-is
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transported by convection to the stellar surfece and thence radiated
to the obeervor., This plcture is supported hjr the obsér\red surface
abundance anomalles in these stars, which would naturally result
from nuclear-processed materisl from the core being transported to
the surface. The existence of stellar rotation and :ﬁagnetic field
will affect thls convection and it will not necessariiy be spheri.
cally symmetric, The appearsnce of convective cells at the stellar
surface may, in turn, affect the prqdu.cfion rate of dust grains,
which wi'l then be asymmetric. As a speeific exmmple, consider

the sun -~ sun spots ere relatively cooler areas on the sun's
surface which are believed to be due to & local condensation of
magnetic -field which inhibits the convecticn at that point. Further,
sunspots are observed to be confined 'bet..ween ~ % 45° pf solar lati-
tude, i.e. they appear in en asymetric manner. If any Qust grains
were produced in a sunspot and repelled radially by sclar radiation
pressure, an asymetrle envelopé would r'-ésu}_t. For such a mechanism
to be effective in producing sn observable envelcpe, the stellar
analogs of sunspots would have to be much more extensive and active
than those on the sun. In summa.ry., it is not difficult to think

of mechanisms which, at least gqualitatively, might lead to the p:jo;-
duction of an asymmetric envelope which may be properly aligned with
respect to an externmal observor. A guantitative treatment of the
bossible effects would be much more difficult, combining little
knowm aépects of stellar structure in which geouwetry Is impurte.nt-
with thé little known process of grain formation in & steller

atmosphere,
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A major difficulty facing explanations of the cbserved -

pelarization in terms of an asymmetric envelope is the optical

‘depth of the envelope (ses Chapter VIII). As .usual, we define

v a6 the ratio of the total excess flux in the infrared to the

total cbserved flux o = sexcfxtnt

3 ¢ is s measure of the smount of
dust and i1s given approximately by (Appendix A) o ~ % - e-<T8:D5) R
where (fra.bs) is the average sbsorption optical depth of the shell.
Forrthe Mira carbon stars, o ranges from ~ 0,3 to 0,8, This means
that the sbsorption optical depth averaged over the star's

~ 2300 °K radistion field and the whole bm sterradians surrounding
the star ranges from ~ 0,35 to ~ L.A. If the grains are concen-
trated in asymmetric directicns around the star, the opbiesl depth
must be even greater in those directicns. Xow, if the grains are
assumed to be graphite and of small size, a i O.l iy 80 absomtior;
optical depth of 1 at A = 1.5 a will mean an absorption opticeal
depth of ~ 3.5.5 at & = 0,55 p. These shells should be quite
optically thick to absorption st visual wavelengtils. If-some.of'
the particles a.;:'e large enough 8o that Zma/h ~ 1 at these
wavelengths, they will also be optically thick to scattering. For
the M and S stars the evidence for large visual optical depths is
less direct. The observed o's are small but the computed mass loss -
1;.'a.1:es are large, ~ 3-T x 10'6 Mo/yr If this mass loss is to be
radiation pressure driven, this implies Oﬁar ~ Ot > ¢.25 fo:j
these stars. Thus, the scat‘i:ering cptical depth at ~ 1.2 u.rfm.st

be quite large, 7_ .. =0.29. Small grains (a8 ~ 0.1-0.2 p) will
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have an approximately 10 times larger scattering cross section at

A= 0.55 . Thus, we expect T

sca.tt(o'ss w} > 3 for these shells.

As an example, consider the double sector model imtroduced by
Kruszewski ﬁ al. {1968). 'he circumstellar envelepe only covers
2 sterradians surrcunding the star So, to explain the mess loss,
X > 0.5 over thls portion of the'envelope. Then Tsca.tt(l'a u) >
‘0.7 and frscatt(o.ss B} = T. For T=7T, the model gives only ~ 0.03%
pelarization. &ven for T = 3.5 tﬁe model glves onl,‘;r ~ 1% polarie
zation, Thus, even the most‘ :Ldga.l:f.zed, naximally efficient envelope
configuration will fail .to glve large polarizations as the_ optiéa.].
depth is increased. It is not at &1l clear what the wavelength V
dependence of polarization will be in this case. Ome might Suppose
that as the pptical depth decreases to long;er wavélengths s+ the
polerization chould increase (since we are on the other Biée of
the "Kruszewsld Limit" as Toax = 0-88) which is opposite to whet
is observed. ’ -
Further problems. with regard to opticel depth are encountered'
if the more extreme "infrared stars” mentioned earlier are considered.
For thesé. stars (for example, the M stare VY CMa, MML Cyg, NML Tau
and the carbon stars IRC +102I.5 and CIT 6) ‘m.ore of fhe . observed
energy appears in the infrared which is presumably due to 't'hi;cker
shells around -these stars., ¥Eventuslly Vone would expect some Sort
of a “Kruszews-ki 1imit" to be reached and thereafter the polarization
would decrease due to multiple scattering and the resultant loes
of memory of asymmetry. - Observaticns of these more extreme sters '

{for example Kruszewskl 19Tla; I-?,y'ck Ei;_ al, 1971} do not show this.
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The thicker shelled stars also show more intrinsic polarizatior,
even at the shortest wavelengths observed. Thus, if Fig. 1 is
extended to include these infrared o'b:}ect_:s the trend indicated
there is merely ct‘mtinued, stars with a large Fl}-l"/FB-SU-
flux ratie invarisbly show :_La.rge intrinsic polarization. This
effeci-: has been Independently noted by Kriszewski {1971b) who
further emphasized that there is no case of a late-type star with
large excess which also has smell aversge polarization. He cone
cluded that this was hard to understend cn the asymmetric envelope
nmodel and was led toc consider a.].igned. grains as a source of
polarization.

Gredin et al. {1973} treated the problem of polarization
produeced in an gptically thick, disk shaped envelope and found that

i there was some absorption, i.e A < 1, then a net polerizatlon

_ ean result even if T 3> 1. In this case, a5 in Harringtam's (1569)

model for the production of pelarization in the stellar atmosphere,
the yreferred direction, with respect +o which pclarization is
produced, is5 provided by the gradient of the radiation demsity which

for &4 <1 is meintained in an asymnmeiric envelope even as T > 1.

‘Their model gave a ma.nmum polarization of Pm = 5d at Ama.x ~ 0.6

for viewing the thin diek edge on. This result was independent of
T for T > 1.‘ For dielectric silica;l:e grai:;]s, for which A ~ 1 is
rossible, a gradient might be esté.blished by ;c,ﬁe tendency of grains
with 2me/\ > 1 to Torward scatter, as discussed by Jomes' (1973).
Though this model sppears to give polarizaticn for large optical

depths, 1t still falls to {1} explain the P ™ 54 which are
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observed. and (2} explain the spparent increase of Py With optical
depth, . .

A finai -difricult;,r that ﬁny of the nodels must face 15 the
observed rapid variability of the degree and position angle of
polarization, especislly at shorter wavelengths., It is hard to
imegine how en extensive asymmetric envelope lcculd suddenly appear
(or disappesr) on = time Scale as short as 30 days, which is a
typical time scale over which the pol.ariza;tion cen increase (or
decrease) ty factors of 2 or 3. It is even herder to imagine how
such an envelope, once developed, can shift in engle by ~ 90° as
would seem to be req_uired by the observed varietions of the angle
of polarization. The characteristic time scale for mechanieal
rearrangement of & circumstellsr shell will be, in the sbsence of
magnetic forces, T~R/V > r /v, where r, is the stellar radius.
and Vms.x 1s the maximum m.e-chanical velpeity in the probtlem. For
late~type stars, r, ~ b x 10%3 e ana Ve < 20 Wm/s, so T 2"0.6
years vhich is JIonger than the’observeci ~0,1 year time scales.

As discussed earlier, sudden iﬁcreases in polarizsticn
cannot be due solé}y to a decrease in the direct, unpolarized
starlight [1.e, a.u. increase in Tp In eq. (VII-5}] a5 due to a
cloud structure which suddenly appesrs in cur line of sight to the
star becausé there are meny cases where an inéreat‘se :Ln polarization
of moré than a factor of two i1s not raccémps.nied by a decrease in
Visual light by a factor of two. (~ 1 mag). ‘Rether, the increases
in polarizatiocn would seem, on the asymmetric envelope model, to

" be due to aetval Increases in g end/or I, is eq. (VIL-5), i.e.
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an sctual increase in thé smount cf scattered light (Is) or in the
efficiency of conversion of sca.t.tered light to polarized light
{i.e. g). . Further, if I, were to be increased by a substantiai -
amount, it would imply & corresponding ineresse in the scattering °
cptical depth at visuallwavelengths which would imply an increase

in optical depth at infrared (~ 1-2 ) wavelengths which would

. tmply an increase in shsorption of the stellar luminosity by the

eircumstellar envelope which should result in a relative inérease
in the cbserved infrared flux at the wavelenglhs vhere _the.shgll is
radiating (i.e. A\ 8-13 p). This slsc is not chserved (Ch;a.pter'IV),
i.e. there doesn't appear to be eny large increase in shell lumie 7
nosity (i.e. ) coincident with the observed large increases in
polarization, (The time scale for a smell grain to heat uwp to its
equilibrium temperature is 5 l- sec for any reascpnable grain
parameters,)

Thus, it would seem that if the same grains.which- are
responsible for the infrareti e:;:cess are also respensible for the
iﬁtrinsic_ ﬁolariza.tion as indicated by Fig. 1, t]:_!e large snd rapid
changes in polarizetion wmust be due, in large part, to cﬁang'es in
g, the efficiency of the envelope in producing polarization.
Fur't-.her, the time scale argument above set-ams to rule out cha.ngeé
of the vhole envel@e, for wh.ich E'(.Z " r,, on the cheerved Ehort
time scales. Rather, on the asymmetz'_ic shell model, the rapid
chﬂ.ngeé must be due to much smaller regions-, A% < r,, perhaps closer
to the star which i‘epresent only e small fraction of the total

"amount of dust.”

—
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It agpears that "well orde::;ed" asymmetric envelépes of the
double section type are hard pressed to explain the observed
characteristics of. dntrinsic polarization, both.with respect to
optical depth end with respect to rapid time variability. A model
which may st.;i]_'l_ be able to account for the observations witﬁout
resorting to aligned graeins or some other mechanism is the "discrete
cloud" model., Here the star is imagined to be surrounded by an
extremely patchy cloud cover, with dense blobs of matter inter-
spersed with relatively clear spaces. The average cloud cover, as.
monitored by o, could remain relatively constant, while the detalled

. distribution of cloud cover, as menitored 'by.g and the obéerve_:d
polarizaticn, could chenge with time. Such extremely patchy distri-
bution of circumstellar dust grains is in fact indicated in the
case of R OrE (Chapter VI), vhether it be a single or a double star.
However, the late-type long period variasble stars do not, in general,
show the characteristic sudden diminuticn -of visual light whi*;':h is
one of the defining characteristics of the R CrB varlables, In
addition, the observatlons of the ebsorption lines due to cirdum-
stellar gas (Weymann 1963) indicate ﬁoth constent veloolty and
constant strength with time; thus et some po:l.nt the outflow of
circumstellar materisl wust become fairly wmiform. In a.dd-ition,
the time scale problem is stil1 important and would seem to limi‘-.:.
the sizes of the polarizing regicns, possibly suggesting small
clouds quite close to the star as being responsible, The polarie.
zatlon which resuits from such en array of discrete clouds surrr;_uurid:l.ng
the star should be worked out .Iln detell and compared with cbservation

to see if this mechanisn will work,

D. Aligned Asymmetric Grains

' Aligned grains are familiar as they have been invoked to
explain interstellar polarization. The situation in & circumsteliar
environment is, however, quite different » with higher gas densities,

higher temperatures, probable turbulence, and supersonic streaming

of grains relative to gas. It is not clear that a mechanism which

may work perfectly well In intersteller spece will work in &
circumstellar She]_'!... Even 1f a.li-gnm.ent can be achleved, it must
be. shown that the desired polarizaticn properties are produced.
The exlstence of interstellsr polarization implies the existence
of asymmetric, alignable gréms. It is probable that interstellar
grains eithér are entirely produced or subsequently grow from

nuclei which are produced in circumstellar space. In either case,

we would expect at least. scme circumstellar grains to be ssymmetrie, -

In the case of carbon stars, the well kmown hexa.gonal," flaky
structure of graphite leads one to expect small greins of graphite
to exhibit scme .asy'metry. In ‘the case of M and S sﬁars with |
silicate minerals as the probable gﬁm raterial, the O'bSEI'V-S.‘tiGI.I
of infrared polarization in the Orion Nebuls (Dyck et sl 1973}
which is correleted with a silicate sbscrption feature (Gillett
and Forrest 1973) prcb-a.bly :'mdiﬁates that sdme silicate érains'ma.y
also be asymmetric and alignable, We will t.heréfore consider some

possible alignment mechanisms and th_é polarization, both visual

apd Infrared, which might be expected due to aligned grains.

_ Some of the grain alignment mechanisms which have been

proposed: and mey be importent in the circumstellsr environment are
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(1) gas streaming (Gold 1952, Zirim 1952), (2) photon streaming
Harwit 1970), {3) megnetic: (a} paramagnetic rematioti.(Davia
end Greenstein 1951), (b) “compass needle” (Spitzer and Tukey - .
1951), (e} eddy currents (Davis end Greenstefn 1951). We will

consider the likellhood of these in turn,

1} Alignment by Streaming

Bince fhe grains are belng driven by radistion pressure
through the gas in a circumstellar envelope {see Chapter VIII), 1t
would seem natural to consider aligument wechanisme which might
éerive from this situstion. Unfortunately for eny sﬁch alignment
scheme, there cen be no net alignment of greins when viewed along
the streaming direction 'D'eéause_ then there is no further symmetry
which provides a preferred direction ©, Assuming the photons are
.str.ea.m‘ing approximetely radialdly away frem the star, the grains
wili aleo be stiresming radislly with respect to the gas. Then
there cen be-no netl aligoment of grairis along owr line of sight
to the star, whiéh 1s necessarfly radfal, This implies that & = 0
in equaticn (VIT-5) and the primary advantege of allgned gralus,
that polarization be directly propértional to T, is lost. Further,
though grains along any particular radial direction may eppear
atigned to an external cbeervor in another radial direction, there
 will be no net alignment unless the streaming motiocn, projected oo
the plene of the sky, has some net asymetry. Thus, for net
aliénmént there must also be sn asymmetric envelope.- Further, the

stresming will always be present as long =8 the star 1s Luminous

and the rapid varisbility of polsrization is left unexplained. We
therefore reject grain alignment purely by radial streaming as it
has no apparent advantages over the asymmetric envelopes considered

earlier,

ii} Megnetic Alignment

If is importa.nf to note at the outset that if the magnetic
fiéid is radial along our line of sight to the star, there agesin
ca.ﬁ be no net ali‘;_;nment (i.e; a = AT = 0) perpendfcular %o 6ur line
of sight to the star, as for the purely streaming mechsnisms, since
there would be no_further preferred directich for grains to be’
aligned with x;eszzect to. It ‘is only if there is a component of
magnetic fiel-d perpendicular to our lines of sight te the star that
grains along those directions can have a net alignment-a.nd - ;4 Q
in eg. (VII-5). .

We will consider the genersl rotational motion of en
asymmetric dust grain subjected to &1l the forces (torques) which
can &ct on it in circumstellar space., First, we 1ist the possible
forces which can aect on a grain: -

{1} Megnetic

X (2) Photon pressure

(3) Collisions with gas atoms-

(4) Collisions uith- other Qust -grai_ns

(3) Gravitation ‘

(6) Other (shocks, turbulence, ete.)

(T) Dipole radiation reaction,
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Since we will be interested in aligoment and therefore in rotaticm,
only forces which can éouple to produce torques on 2 grain neesd be
.considered.' Three rotationzl parameters will be important in this
problem

{°} torgues Ty

(B) rotationsl and aligrment energies, E, .

(C} time scales Ty for rotaticnal equitibrium to be

achieved.

The raiiatien reaction force (7) will limit the angular velocity w
that s grain can spin st. The disalignment fﬁrces, (2)-(6), will
act in a statistical manner to try and destroy eny alignment t!_iat
the coherént magnetic forces, (2) way result in. This means that
we nust treat the effects of {2)-(6) differently thsn those of
(1), tne terques I‘_',L in the first case must be handled statistically -
while the magnetic torque I, is ccherent and can result in ordering.
The most convenient way of doing this is by considering (B) and (C)
above. -A magnetic mechanism will be considered to be potentially
effective for alignment if the _(nega.tive) ﬁagnetic alignment energy

EI. satisfies-

lg|> s E S {(ViI-6)
Ell ~ i}él 1

or if the time necessary for magnetic alignment Y satisfies

fr. > 3. 1fT . : - {VII-T)
1~ ih 1

How if & etatistical process is is occurring at an event rate N
. i
and transferring an average angular nomentum to the grain AL:L per
event, the time Ty for this to result in a tramsfer of net angular
momentum L to the grain is
2 .
_f{L 1
Ty s (AL ) T D (viz-8)
i N,
i
To determine the sppropriate L2 which will control all of
these time scales we note that, as shown in Chépter VIII, ‘the grains
are streaming through the gas with s terminal Velocit:,r- "'Wt which 1is

greater than the thermal velocity of the ges s V.,

h" From the point

of view of the grain, gas atoms are seen to be racing around it with

random velocities of order rvth pius g net translatiqna.l velocitir ‘Wt
in the anti-redial dir;action. Thus, the average rms ‘vel-ncity of gasl
atoms as seen by a dust grain is |

2 2 2

-
" *
v = ((vi +AVt) Y= Vi + AV .

Now if the grain were at rest in the gas, it would acquire, in thermal

equilibrium (3 degrees of -freédum) , & TS angular momentum given by

|t

. 1 2.
Erot_ = mvth- kT

Pohw

»

[40)

T

where m = average mass of gas atoms. In a one-dimensional sti'eam
of velocity V, 4 grain would acquire a rotational energy

o .
_L _l _3 m - i
E = —-émVQ_EkT . -

ol

rot T stream

This is the snguler mcmentum at vhich the dra.g'due to differential
rotation in the stream }ust balances the random walking rate of L.

Then in the combined case it shouwld reach
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2 .
S f1 2z 1., .2\ 3
Epot T BT T m(ﬁ (vth) * 5 AV )' % KToep »

. = 1 " it = ' - 30 - =
vhere Tei’ T+ T . Teking m m.HE, T 107 °K, M‘f

T [3 stresm g
7.5 /s typical of circumstellar streaming, we have

= e 1
Topp = 5600 °K shd

E 2136 x 107 ergs .

rot

Now essume the grain is of characteristic size & ~ 0.1 g with

3 r&.in~3 gm/cma, and

L
cheracteristi B M~ 1l
C Mas Bl Pgrain & with Pe
characteristic moment of inertia I ~ M a2 . Then

I~1.26x 10 g on®

18

L~1T72x20" gn en® seo T

and

&

® = T/I ~1.36 x 10 1

' sec” (_v~2x105 H2) .

The time needed to establish this anguler momentum is

given by {VIT-8) with L given above, AL3 Sfavm) N, Zq a%'pgm_l,

3
1/2

v (Avte + i.rtﬁ) ~8.3 Wmfs, where 5_ is the gas density, so

= -
s =
T & Vpg

==

which 15 the time necessary for the grain fo sweep out its mass of

‘gas atoms (Purcell and Spitzer 1971). Numerieally, for a = 0.1 g,
- 3w o= 6y

Parain = 3 g/cem?, Mg =5 x 10 Me/year for the stellar gas loss

rate and V = 10 km/s, we get for the ditalignment (equilibrimm) time

i.e. : ALE <107

2k

for & grain a distence R from a star of radius r,:

T3=2.9% 10° sec (/0.1 ) (R/r_,t_)2 s

vhich is much less then the ~ 1 year time scale for a dust grain
to move ~s r,. '

Now photon pressure, which 1g providing the terminsl

| velocity, will have

By ALy ~ g AL ,

but much smaller AL's
hy ;
ALEaN - a <<m Van..A_LS

ALy =h << m Va ~ 3.2 x 10723

L AL3 ,

50 T = 10]4 '1'3 and ig therefore negligible.
Likewise collisions with dust grains are negligible because

the mass density of dust Pq 1s approvimately
1 o
~ T ~ <<
P Py Y300 Pg Py -
S0 the time necessary to'sweep out a grain's mass in other
grains will be
Th- ~ 300 1'3 .
Graviteticn can apply he torgques so Ty~ = 4 grain
rotating with angular veloeity w with some dii;ole moeent p will




radiate at a rate

2. 3 .3 4

dE
E.“E='§P c ] -
Thus,
1
. __B__ 371
7T d&Fat TE 232 *
“§P c T ow

Spitzer (1968) shows that fn equilibrium a grain in en ionized gas
acquires a negative charge such that the graln potentisl U is

given by
e U= -2,5 kT .

This is the potentlal necessary to repel electrons so that the
-collision rate of the grain with the faster moving electrons equals

that with the positive iops. For T 103 °K, & = 0.1 4 this means

a charge
Zg=15e P
BO p~a.f1§e~a.he
and ’I',.r~l}"X l€)2_2 sec > 3 .

Other Forces [i.e. (6)] mey be presenmt in the circumstellar
environment. The appearance of sirong eﬁiss:]_cx’; lines is suggestive
of shocks, turbulence, convection, ete. However,_no-models of these
processres ‘are availsble so T must remain an unlmown qua.nt:l..ty.

If the magnetic field islnot zero, there are several mag-

netic field-grein interactions which cen result In torgues cn a

2hy

grain. We consider:

{a) Paramagnetic Relaxation

This is the magnetic interstion considéred by Devis and
Greenstein (1551} &3.a possible source of alignment of interstellar
grains and currently believed (Purcell snd Spitzer 1971) to be the
mést favorable aljgnment mechanism in interstellar space. " From
Parcell and Spitzer, the relaxation time for this mechanism is

= _"""?I s independent of T

KVE

L
T. —
la
r‘le.

. where Kp = X", the imaginary part of the volume magnetic suscepti-

bility, V = volume of grain, and B = the magnetic field. Taking '
K~32x 3»0-12/Tli sppropriate for a dielectric (i.e, silicate, silicon
carbide) at 2 temperature Td{°K) (Spitzer 1968) we get, for & = 0.1 u,
QY. ’ V
Td ~ 500 °K:
‘ ~ by oo
'rla—‘jxlo-l;- secr .
Therefore, for this to be effective in alignment we vequire (eq.
VII-T) ‘

or

1/2

B> 4.1 gauss (r,/R) (0.1 p/a) .- (vII-9)
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Now if the star's field is dipcle, B(R) ~ B*(r*/ﬁ}3, 50

1/2

B, 2 k1 (8/r,)% (0.1 u/a) (vII-10)

is implied for the surface field. Taking R ~_2r*, we need B = 2
© gauss apd B, = 15 gauss. These seem like entirely modef&te meg-
‘netic fields, Even if R ~ lkr,, B.—-- 1 gauss and B, ~ 100 gauss,
-In 2ddition, Jones and Spitzer (1567) speculate that if‘iron atons
7 in o grain (as, for exan.t_nie, _(lg,Fe)ESiOh silticate) are preseﬁt in
ciux;{s, the necessary magnetic field may be reduced by an order of

megnitude or more ("super parsmagretism”),

{b) Diamagnetic Relaxation

Graphite is a fairly good conductor so it exhidbits dianfag-
neti.;m (induced magnetic moment opposite to B field). Wickramasinghe
{1967) claius that messurements at roon tewperazture in oscillating
fiei’ds imply a X", 1f spin-lattice interactions are negligible,
.g'ii*en- by

w Td

k=% =29x101° (}-) .

"This 18 ~ 10'2 higher than the K used dbove, o the magnetic field
strengths required to elign graphite flakes around carbon stars
would bé ~ 10 times lower, i.e. B~ 0.2-0,1 gauss znd B, ~.1.6-10
gauss. However, Greenberg (L968) reports and modifies the work of

Cayrel and Schatzmen (1954) which indicates

N2 .
X .8x 10'13 (L)
w Ty

_fdr graphite. At ‘I‘& = 500 °K this is ~ 2000 less than the K used

for paramagnetie relaxation so it would indicate pure graphite .

flekes would reguire magnetic fields ~ L5 times larger.

(e) "Compsss Needle"

If & materia) haz an emisotroﬁic maghetic susceptibility
or a permsnent magnetic moment, there will be a tendency for it to
line up in a megnetlc field. In the first cese, if the volume
magnetic snsceptibi-liﬁy is L. S in cm-e direct_ion and xmin in ancther,
there wil1l be a tendency For the K Airection to align with the

megnetic field and the negstive energy of alignment will be
e (X - %) VEE
Elc )Smax Xmin ?

vwhere V is the volume of the particle, In the second case, if the

pernenent. magnetic moment is p, there will be a tendency Tor g to

line up with the magnetic fileld with an energy of alignment

Ber=-® B CoT
This second is the reason & compass .heedle points north. Pure
iron grains have not been positively identified in interstellar
or eircumstellar space. In addition, the sbundance of iron (the
mess fraction of iron for cosmie abundances is £(Fe) ~ 1/900)

lower than for silicstes and graphite (f ~ 1/300), We thus don't
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expect iron grains im great quantitiles in edrcumstellar space,
though they aren't ruled out by observation. A small grein of
iron might teke the form of & "whisker" (i.e. as in iren i‘ﬂ:l._ngs).
Then the magnetic moment would be i = IV, where V 1s the volume of

15 .3

the grain ~ 4 x 107 em” for a ~ 0.1 p and I = 2000 cgs (Greenberg

1968} and the conditien for alignment is

|E}.c'[ k3B ZErot

or

¥

B > 0,145 gauss

providﬂlg the grain tempersture iz below the Curie temperature
for fron (1043 °K, Kittel 1966). This candition is independent of
the distance from the star. If the star's magnetic field is dipole,
gralns at ~ 2 r, require B*.~1.2 gguss and grains st ~ 5r, );:equire
B, ~18 gauss for a.lignm.em; These are quite small fields, If pure
iren were present as a 10% impuri’cy-in a dielectric or graphite
grain, the megnetic field requirements would be ~ 10 times higher,
though the direction of alignment might not conform to one of the
natural axes of the whole grain. ‘

Graphite can form in flat hexagonal plates with grossly
different physical properties along the short (“C")axis as compared
.to the long axes. In particuler, as graphite is a fairly goo'd
conductor It is diemsgnetiec and hes a volume susceptibitity parallel

and perpendicular to the C axis of:

x” W8 x 10-6cgs )
Wickramasinghe (1967)

X T.llx 10'6 cge .
L .

Thus, there will be a tendency for the "C" axis to lie perpendicular
to the magnetic field (x 1= X I)' The eondition for alignment

is
. 2
IE]_cl:(xJ_-xH)VB 2Bt ’

vhich for a ~ 0.1 p particle lmplies
B = 2500 gauss.

This mec-ha.nislm 15 therefore much less effective than the ‘cnes
previously discussed and can probebly be ignored, This conclusion
i.s quite different then that arrived at by Donn et al. (1966) bk

I believe they made two errors. Firstly, they concluded the Cfaxié
would align parasllel to the magnetic field, which :Ls- not so seriouvs
but, I believe, wrong. Sec.ondly, tl"le)' stated the condition for

alignment €o be

Mg “Hp
>

E.l
] was "'Mgrain

which is thermodynsmically untensble,

246




247

(4) Fidy Currents

This mechahism was comsidered by Davis snd Greemstein -(195L) _
and found to be negligible In the interstellar case. The basis 1=
the fact that in & conductor placed in a tinme varying magnetic 7
field eddy currents will be generated which will exert torgues on
the grain. The condition for alignment to be possible is {Davis

and Greenstein 1951):

L 2

~=ob5x1w0d 22 S >1

LR ) ny ’
2

vwhere g 18 the conductivity. For the circumstellar case, T = Tef‘f =

5600 °K, & = 0.1 4, Mg =5x 10'6.Me/yr, £, = 10}"' £, this becomes

-2 1
B>T7.2x 10 {(r/R) gauss .

For pure irom at 573 °K, p =25 x 16°0 ohn em => 1/s = 25 x 107 cgs,

B0

B(iremn} > 360 (r/R) gauss
For graphite, the conductivity is a factor of ~ 30 less, so

B(graphite) » 2000 (r /R) gauss .

The result 15 thus similar to le =above, i.e. not very effective

for alignment,

. olrcumstellar case, T . ~ T ..~ 5600 °K >> T
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{e) Sumary

_In summary, it sppears that the "paremagnetic relaxation”

mechenism is potentially eble to align dielectric grains (i.e,

silicate, silicon ecarbide) in the circumsteller enviropment with

the required field at the grain's radius ~ 2.1 éauss and an implied
fiel(i at the-sta.r'_s surface, if the field is dipole, of ~ 15-100
gauss. If "super paramagnetism" is important, the field requirements
Imy be reduced by a factor of ~ 10. Jones and Spitzer (1667) re-

examined the Davis-Greenstein mechanism from a statistical mechanjes

point of view. Their approximate but snelytic trestment of the

problem essentially confirmed the results of Davis-Greenstein, i.er.
that under the stated conditions there wopuld be net alignment of a
non-spherical gi‘s.in. In addition, they found the condition Tgas # fi‘d

d
the axes having the largest moment of inertia tend to aligned with

to be necessary for slignment, If T, < Tg&'s alignment is such that

the magnetic field. If T, > T the reverse is true., In the

d gas’?
37 50 the first case

will slways hold -- polarization reversals cannot be due to alignment

gas e

reversals in a fixed msgnetic field. Purcell and Spitzer (197L)
presented a more general, Monte-Carlo analysis of the same situatiocn

and, again found alignment to o'c.cur, in agreement with the earlier

analyses. In addition, they cont;luded that alignment was more

favorable for nesrly spherical than for highly elongated grains
because of the lerger surface/volume ratio .of the latier —-
disalignment being proportional roughly to surface sres and-align-

ment propeortional to volume. Thus all studies indiecate that this




‘mechenism will give net alignment in & sufficiently strong magnetic'

field, if T .o £ Ty
’ To see if rapid changes. in polarization are sllowed under
this mechanism, ve note that if alignment is to occur, the magnetic

aligrment time in & given magnetic field will be (eq. VII-T}:
T €T, ~3x 100 (3/0.1 p) (®/r,)?
1= T3 LB * gec .

Bo for R = 2r,, 'i'l <l.2x 103 sec ~ 3 hre =nd for R = 51, H = .
20 hrs and alignment changes on time scales of ~ 1 day are possible.
The time scale for a change of the magnetic fleld in the circum-
stellar envelope will be gilven by T = r*/va, vwhere V_ is thé

Alveérn speed. For D;lg = 5 x 1078 MG/y'r, R = er, v, =10 /s, ‘wa-
have o ~ 41 x 10719 gn/en> or N ~2.6x 107 en3,  ana

T fr__ﬂe T3
¢ Tr"’jpll_a.sr.ma. ‘!—N— }m:l_on ’
) ' e mH .

In the low temperature (T, ~ 2500 °K) radistion field of the star,
the ionization will be supplied by the abundent metals with low
lonization potential. Assuming all the metals (Mg, Fe, etc.,) are

-l
singly ionized, N, ~ 107 N and m, /m. ~ 20, 50 for B = 2 gauss,

~ -3 .
v, Tk x 1077 e ~ 1300 ku/s .

So the characteristic time scale will be

2kg

‘!.'E ~3 X 105 BEC 10-2 ¥r .

And changes on time scales of ~ 10-1 ¥yr would seem to be slTowed,

even for extensive regions of the whole circumstellar emvelope

(R 2 b if the magnetic field of the star changes on these times.
»*F2

For grarhite flakes, the same mechanisn w-.l_'IJ. work but the

magnetic field required is uncertatn because of the uncertainty in

the x/uw sappropriate for graphite. The magnetic field required

may be ~ 10 times lower or ~ L5 times higher than the fields quoted

above. In addition, Purcell epnd Spitzer (1971) point out that very

- thin grephite flakes will take > 10 times larger Tield for alignment

than for dielectric cylinders because of their large surface/volume.
on the pc-sj.tive side, because of the very anisotropic cptical
propertiesrof'a. small graphite flake, a smaller net aligmment #ould
be sufficient to produce a given amount of polarization.

* Small iron needles may also be eligned by fiéldé vhich are
~ 5-10 times smaller than those' _faq_uired fc;r dielectrie grains,
If the iron is present es an ~ 104 ferromagmetic "'impurity" in a
0.1 p grain, the fields requ:[,fed’ would be. about the same as for
paramagnetic relaxatjon. The oriéntaticn given by this "compa.sls
needle™ mechanism is such thai.: the magnetic axis of a needle lines
up with the mégnetiﬁ £i1eld, which 1s orthogcmlal to Davis-Greenstein
orientation. In eddition, the. field requiremert is independent of
distance from the star so & dielectric grain with ferromagnetie

impurity might be aligned by the "compass nesdle” mechanism while

"near the Star and the orthogonsl Davis-Greenstein mecharism when

further away.
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1i1) Magnetic Field Measuremente

- The status of direct measurements of msgnetic fleld strengths’
in and around late-type stars is unsatisZactory. In the method of
Babeock (1960) the longltudinal magnetic field aversged over the
surface of a star 1s measured by obsei:-ving the splitting of the
opposite circularly polarized compenents due to the transverse
Zeeman effect. The photographie techniqué employed limits one to
stars which are bright visually, have narrow lines, large {~ 200
gauss) average flelds and even then requirés a large telescope.

In the comprehensive catalog by Babceck (1958} there are several
glant and supergiant M and 3 st;a.rs with large (~ 500 gauss) and
sometimes variable magnetic fields. Of the stars included in the
prese‘nt Ftudy, R Gem was found to have an ~ 400 gauss field and

R Ieo and R CrB were thought to ha;ve probable but not certain _
mogretic fields. Unfortunately, sinece the impertent end fundamena
tal work by Babeock, 1_:14;ere have been 1o further ﬁu‘blished studies
of the magnetic rielaé of these types of star. Babcock (1960), in
Lis review of the significla.nce and prevalence of stellar magnetic

. fields, says "there 1s support for the view that & majority - of all
stars Ipossess magnetic fielas- of significent ﬁtens-ity" and specu-
lates that significant convection zones may be necessary for the
geperation of magnetic fielde, He alsc states that "all stellar
maghetic fiéld.s a,deq_ua.t-ely observed are found to lbe varigble. ,-."
Thus, there i1s at least a prime facie case for time varisble surfa.ée

magnetic fields on the order of several hundred gauss ih the late-

type stars of this study end R CrB. Wheb 15 needed are studies,

. possibly using sensitive photoeleciric technigues, of the magnetic

fields of these stars.

Woolf (1973) has suggested that the cbserved O and H;0 maser

emission lines mey contain information on the clreumstellar magnetic
flelds of these stars. - The same longitudinal Zeeman effect ﬁould
cause the positive and negative cirecularly polarized components to
have Eligt_ltly different enefgies and result in s splitting. The

magnitude of splitti.ng due to a magnetic field B will be

AEZ—-_E;J.E
and
AEZ=11AV C

EO

AV ~1 ’ ’ . . '
5 "werE : (VII-11)

where i is the magnetic moment of the upper {or lower) energﬁr

state. In an atom or molecule with non-zero angular nomentum,
will be of ther order of o the Bohr magneton, Note that far a
given magretic field, the Peeman splitting will be relatively '
greater for a transition with 1m:‘er energy (hv). Thus, the splitting
of the redic transitions of a mgjleculﬂ are rela.tive_].j much larger
than the splittings of the optical transitions which are used to
determine the surfsce fields of z star.. For the OH 18 cm ~ 1700 Miz

meser transition the splitting will be
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Av

53~ 1.66 x 1073 gauss-l

or

-3
B : 10 ~° gauss
g O.JJ-Sx—_.-....K:{_[Z .

or in terms of Doppler shift, AV = e(av/v),

B oy 1073 geuss

AV T xeje :
For the H20 ~ 1.35 cm transition the correspending sensitivities
will be

B 1073 gauss

et 0.45 = —_—
or

B, 2.7 " 10;3 E50SE _

rAj —EE -
The cbserved OH maser emission from late-type long-period variable
gtars consists generally of two lines, one at approximately the .
stellar photospheric velocity and one blu..esnifted from that
velocity ~ 10-5Q km/s. There is & éooti correlat ion (Dick_:]_nscn
and Chaisson 1973) .between the velocity separation and the pulsation
peried of the varisble, the longer period stars showing greater
separation, butrthe Interpretation of this in terms of shell
geometry, ete. i not certain. The individusl lines are narrow,
5 5 km/s wide, and may be more or less unpolarized, thc;ugh in sone
cases there is some linear and circular polarization. TIf we inter-
pret the lack of splitting of the lines ss due to a lack of magnetic

field then

25k

2
BQH <10 gouss

iz indicated, which is a guite smmll field. A model for the OH

emission presented by Wilson and Barrett (1970} irdicates the

‘emitting region is characterized by a kinetic temperafure ~ 500-1000

°K, demsity < 1(:0-16 gm/cm3 and an OH-cloud length > 2 x 10" cn,
For a mass loss of ~ 5 x 10'6 Mo/yr, the density requirement' i@lies
' 1k

R 25 %107 cm~ 10 R,. Thus, the OF emission regions must be

OH
well separated from the star, IFf ROH is taken to be ~ 2 x 1015

50 R,, and the star's field is dipole, B

cm ~
< 1(}_2 auss implies

(Fi £ :

B, £1250 gBuSS. Thus, the low magnetic fields indicated by the

OH observations may not be inconsistent with the possible high

surface fields indiceted by the work of Babcock. In addition,

-Seoville {197k} has pointed out thet the interpretation of maser

- emission features in terms of Zeeman splitting due to ma_gnetic

fields, -nr the lack thereof, is not straightforward due to the
cnﬂlplicated radiat;on—tra.nsfer problem presented by maser emisgsion.
The I{20 1.35 cm maser emission from long-period varisble .
sjﬁars eppears ef & single line, < 2 km/s wide, at a velocity
between the velocity of the star and that of the blueshifted OH
component (Schwertz amd Barrett 1970s,b). The emission is varlable
in strength, but constant in veloeity to < 0.'5.151.1/5 (Schwartz et

al. 1974). 1If eq. (VII-11) is now applied blindly, we would infer

B, ‘< 0.05 gauss .
0 ~

—
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Medels of the HEO emitting reginn are in an even less satisfa.ctory
state than for OH. The lack of velocity variation implies that -

RHEO > r, (Schwertz et al. 1974) eng Schwertz and Barrett (1970a)

- indicate that NHEOd'R > 1{)16 cm_E is necessary in crder tc Eupport

maser action. The model atmosphere of Tsuji {1966) indicates that

" in the extreme outer layers of a lete-type M ster, N ~ 1800,

g&.S/NH20
If this is taken to hold in the .circumstellar envelope and a mass

~ 10 ¥mfs 1s assumed,
17

&
1 - 1
oss rate of ~ 5 x 10 M(J}'T &t Vgaﬁ

16

-2 L %
NHQOdR 2107 em  Implies RHQO < 3x 107 cm~10 R for masing

ecticn to be possible, Thus, we have T <_RH.30 £0.8x ].0"" T,
Takcing Ry o ~ 10t

above 1imit on B impijes

00

B, <800 gauss »

cm ~ 25 R, and assuming a dipole field, the

which is noj; a sirong constraint, Agein this interpretation in
terms of a lack of Zeemaﬁ eplitting is uncertaln because of the
complicated nature of the radjation transfer problem in B masing
source.

Scovilie {1974) also pcinted cut that the thermsl transitions
of the CQ molecule in the radic reglon are potentizlly more infor.
mative reéardit-lg magnetle Tields becavse the radiation transfer
problem ie better understood. .Therm&l emission from the J =1 - 0
rotational. transitions of CO (2.6 mm) and HCN (3.4 vm)} has been
ﬁetected from the late-type carbon Mira veriables IRC +10216 and

IRC +30219 (CIT 6) {Wilson et 8l 1973). The lines are hroad

(> 20 km/s) and flat-topped, suggesting saturation and/or expansion

in the sources. Applying eq. (VII-11) we have

y, EAUSS.
BCD,HCN f‘ 0.12 Ws_ =< 2.4 gaunss.

Thus, the magnetic field in the region of Iine formetion could be
quite high. In the case of TIRC +10216 the CC emissiou source was
resplved on the sky snd found to have sn angular diameter of
~'l38? which is much larger then the inferred diameter of the star
(&, ~ 0.09") and the dismeters of vhe optically thick (€ ~ 0.4")
-and optically thin {9 ~ 2’;\) components of the dust shell surrounding
the star measured by lupar occulfafion_ (Toombs et al. 1972). (Thus,
the magnetic field at the emitting dust shell could be as higﬁ as
~ ].66 gauss and not result in a déte-ctable' Zeeman splitting in the
extended CO emitting clowud. The HCN source lwas unresolved and
therefore < 40" in dismeter. This limits the magnet.ic, field to -

<15 x 100

gruss at the emitting dust shell which again isn't =
very stringent Yimit. .

geballe et al. (L973) have coserved abs_orﬁtion due to the
fupdemental Av = L vibration-rctation bends of CO at 4.7 4 1in
IRC +10216. The Yines were all narrower than the instrumental
resolution (~ 20 lkm/s) and were blueshifted by ~ 20 im/s from the
radisl veloecity of the star measured by Herbig and Zappalla {1971).
From the existence of abscrptibn from high rotational levels, J = 23,
of the CO molecule the suthors céncluﬁe-d that the GO gi\riﬁg rise

to the observed absorptions was prabebly associated with the ~ E';’\,

400 °K component of the shell, The magnetic moment of & ¥ = 23
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level of CO will be

bp3 ~ 23 by ’
and eq. (VII-11) becomes

B gauss .
v < 3.3 H?_-E .

And since AV < 10 km/s (i.e. half the instrumental resolution)
TR ' .
S pa) 3 e

.This 1s probably the most stringent limit on the magnetic £ield in
a cireumstellar shell, free of the complications of wasing, which
is available at the presexit time. if the field is dipole‘, this
implies B, 52 X 106 gauss, which again is not much of & Ximit.

. In summary, the di{rect measurement of stellar magnetic
fields (Babcock 1958, 196d) indicate surface fiélds on the order
of severgl hundred gauss are possible. Measurements of the maénetic
fiei_l.ﬂ.s in circumsteliar"space ere in a more primitix}e state but so
fayr do not seem to centrald"ict this. It would seem that the magnetic
fields necessary for grain alignment (. 2-1 gauss in circumstellar
space, 4 16-100 gauss at the stellar surfa.ce}‘ may well exist. .
Further, it appee.lrs that the time scales for -magnetic propagation
and magnetic alig@ant in circu.mstellal;:' space are sufficiently
s}hall to allow the observed rapid changes in polarization to be

due to changes in 2lignment.

iv} Polarization Resulting from Grain Alignment

If asymmetric grains in a circumstellar envelope are aligned
by the action of a magnetic field, the resultant linear pola.riza.tionr
as seen by an observor in a particular direction but far from the
stax-' will be a complicated function of cloud geometry (grain distri-
buticn, with respect to R, 8, and ¢), grain opacities, magnetic -
field geometyy, grain aligonment (with respect to R, 8, $), optical
depth, ete. A realistic model which takes into acccunt all the
réleva.nt parameters would be quite difficult, even if the relevant
parameter_s were kpown, end is beycrd the scope of this thesis.

This 1s especially so because the inferred optical depths of these

shells (Chapter VIII) mre in the range T1g 2 1, ¥hich is the most

is
difficult radiation transfer problem to treat. If the particle
albedos are hiéh, which is the case for silicate and SiC grains
and, to a lesser degree, large graphite grains, the contribution
to the observed polarization due to (multiply) scattered light
{i.e. g in eq. VfI-S) must be in;:lu.ded‘ The condensatioﬁ of grains
near a stellar surface .ma.y depehd on the magnetic field strength
which may be modified by or mey medify the convection patterns of
the Sta.i‘.

In order to make progreés at this poiz-lt_, vwe- will. consider
& simplified model for the ster + magnetic field + cilrcumstellar
grains. Consider the star t-o be ipert, the magnetic field to be
dipolar, and the circumstellar. shell to be, aside from the mag-

netic field, spherically symmetric with respect to the star.
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Consider first an observor who views this system along the mégnetic
pole. He will see redial symmetry of the magnetic fiel_d-line's and
therefore of the aligned grains and no met linear polariza.ticm}will
result. In this way, the aligned grain model. is like the aligned
envelope models in that the polarizetion goes to zero when viewed
along'certain symmetry &irections. However, in the aligned grg:i.n
case, a change in the nxis of the wagnetjc field can introduce
changes In polarization on time scales 5-3 days without requiring
the envelcpe as & whole to be re-aligned. The maximum radial
asymetry will obtain for en cbservor in & direction perpendicular
to the magnetiec axis of the gystem, 50 we cons:l.dér obser\ratioﬁ from
this direction. In the Davis-Greenstein alignment IScheme »
asymetric grains end up epinning preferentially sbout tke grain
axes which have the largest momentum of meﬁia and these axes are
also aligned along the magnetic field. A needle-like- grain ends
up spinning about its short axis and its time-a‘.;eraged' extinction
efficlency will be spproximately the same as & flat disk with its
short axis sligned slong the magnetic fieid line, .

Consider & magnetic field B due to a magnetic dipole o at
the origin aligned in the +Z direction with the observor in the +Y
direction. The magaetic field at = point ﬁ from the crigin wﬂlr

be given by - - '

-

ﬁ(ﬁ);lﬂi@_éﬂl;;",a:mz | ‘ "

R
{Jackson 1962). At a given distence R from the star there will be

regions on the sphere.vhere B points in each of the = Z, + X, and
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+ Y directioms. ﬁoweve:é, there is more surface area of the sphere

corresponding to aligrment in the & Z directionms, i.e. ((ﬁ . 2)2)1/2 =

1/2 1/2

0.65 vhile (3 - Y2 2 (s - f)e) = 0.5%.  On our lime of
sight to the (H = R ¥) the megnetic field iz in the - % diréection
and grain sligrment will be in the % % directions {i.e. long axes
in the + X directions) which will result in a net alignment, a £ 0
in eqg. (VII—S), on our line of sight. The polarization will be
sucﬁ that the eleétric field lies in the &4 7 diréction. These
'grains cgn also emit polarized 1;ght in the infrared {E-vector in
+ X §irection). Tn sdditios, grains in other directions can
scatter polarized light [i.e. g £ 0 in eq. (VII-5)) and will alse
emit-pqlarized light. Ve will consider these pc;ssible effects,
The grains aligned in the + Y directions will give no net

polarization in emission or by scattering, The grains aligned in

* X and + Z directions will tend to emit and scatter light prefe-

_rentially in a direction perpendicular to the alignment direction

80, in the optically thin, sphericelly symmetric case, we might
expect & net polarization from these processes .: If the (emission
or secatiering) opaéities of the grain pex'pendicu}.ar a.nd.paralllel to
:B. are A and B respectively, with A > B, the net polarizetion will

be (for the emitted or scattered Iight)

b, omp-w

P“1X+IZ'1.19{A+3) + T8 R

& % direction. »

where we assume
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L 21 W - Y24 (6 - DRYR 4 - DAYE

end
L1, {Au(ﬁ SO G PR S s - £)2>1/21I

for B = 0.54, i.e. 8 = (7, - wrz)/'(TX + 1) = (4 - B)/{a + B) ~0.33
in eq. (VII-3), which corrésponds to elther ~ 33% aligmnent. of

perfect polarizers .or ~ 100% alignment of ~ 33% polerizers, we have

P ~0.019 ~ 1.9%, + X direction.

The nét polarization of the scattered starlight and tbe
thermal emission from the grains may not be tog large even 1f there
1s extensive alignmemt. Thus, the aligred grain model may be con-
sistent with the small (P <1%) 10 u polarizations found by Capps
and Dyck {1972) for stars with intrinsic polarization and infrared
excessés. In addition, we shall find later that smaller net elign-
ments s 8% 0.1, are probably sufficisnt to explain the observed
visual polarizations, so this polarization would be decreased even
mdre. Flpally, as the optical depth incresses, the net pola.riiatinn
in the scattered (or emitted) liéht wlll decresse. ‘Therefore, we
shall consider the case that the scattered light from the star is,
.on avera.gm;-.-_, unpolarized, This means g = O in eq. (VII-5) and the

polarization will be

-
Na. TT I* e

P y £ 2 dlrection o {vII-12)
I+ I, e T .
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where, as usual, T, = (7, + TZ)V/Q ~ Ty is the mean total optical
depth on our line of sight to the star, the alignment parameter

a = (Tx - ‘I'Y)/(TX + ;) and we reguire a << 1 and aty << 1 for this
expfession for P to hold.

The effect of the scatbered light, Iy, i5 to dilute the
rolarizetion imposed on the _direct starlight by the grains _a:l.igned
preferentially in the + Z direction. If the grdin albedc, A, is
zero at & perticular wavelength, Ig = 0. IfA # 0, then the
determination of Is.is again a difficult problem in radiation
transfer which is further complicated by the assumed grain alignment.
We define an effective sverage overall cpticel depth oi; the shell, -
Tt Ty

-T
= e
It = L(A) e ;
where I, 1s the intrinsic wmoncchromatic spparent flux end .Io'bs {x)
is the observed'apparent monochromatic Tflux at a wavelength A
short enough that grein emission can be ignored. Wow we also have

L

obstI

T
iy
scatt; * 1y €

i.e, the observed flux is the sum of the extinguished direct star-
light plﬁs the light which is seattered =mnd transmitted through the
shell. Then

=TI

-Ty
- T
obs Ty e

scatt

-, -
I, {e7'e - ™' T)
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and eq. (ViI—lB) becomes

-
PZa T, :__: =a T, e-(TT-TE)
Jones (1973) has considered the problem of optical transmission
through a spherically symmetric cloud as a functicn of grain albedo,
4, and phase function, g = (cos 8). This solution is cnly strictly
valiﬁ. in the limit T >> 1, bubt the results ma\v apply, =t least
qualitatively, in the T ~ 1 region which is appropriate for most
of the stars considered here, Ve i.deutify our. ‘TT with his Tg, i.e.
the geometric line-of-sight, optical depth of the shei_l. For most
reasongble grajn psrameters, he found

're 2057,

7 .

Thus, we immediately have

-Tp L2
[ iy
,P 2Fpn=8 TT[B 1% (for a, = Tp < 1) . .

For & given a, Pm:‘.n wili be ~ linesr with T for "r-g 1 will reach

a pesk at T ~ 2,0, and thereafier de.l:line. To get ~ 5% ﬁolarizs.tion
with 7~ 1, we require a < 0.08, f.e. ~ 81; net alignment of the
grains on cur line of sight to the star. ¥or small (a < 0.05 ) _-
graphite grains, A f‘ 0.2 and g s 0.0‘2-‘ for A = 0.55 u and for these

PETENMEtETS, .

50

Pea Ty {a,a'rT<<l) .

And 5% polarization for Ty = 1 requires a > 0.05, and & smaller
net slignment would suffice. '

In conclusion it appears that, within the limits of the
discussion ebove, a mederate propertion (a ~ 0.1) of aligned grains
on our line of sight to the star would be sufficient to give the
degree of polarization whieh is observed in the late-type stars.
The repid changes in amount and position angle of the polsarizetion
could then be due to raﬁ)i&-changes in a, the alignment of the
grains, without requiring sn overall change in the amo.unt ol dugi
(i.e. T). The Increase of polarizetion toward shorter wavelengths

and the continuing increase of polarization for more extreme infra-

T

red stars could be due to increases in T,. In sddition, it appears

that the modest amount of alignment required may be consistent with

the cbserved small infrared polarizations, PlOp. <14, if the dust

cloud is roughly spherically symmetric snd the grains are aligned

by a dipole-1ike field rather than being in a "picket fence" array.

This, of course, does not prove the case for aligned grains but
only indicates the plausibility of the mechanism and soﬁe of the
Teatures which might be expec'te.d. under the ,admitterdly highly
simplified model considered. here. More detalled caleulatians,
using realistie graln opacities, ete. should be attempted.to see

if other details, such as the time~varisble wavelength dependence

of polerization, could be explained by such a model,
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We suggest two key tests which should be able to distinguish
between the aligned grain end asymmét.ric envelope models. Firstly,
megsurements of the stellar magnetic field simultaneous with the
lipear pola.riza.tibm could be made. If ma.g;ne{;ir: fields can be detected
and changes In the magnetic fileld are correlated with chenges in
intrinsic polarization, it lwould support the magretlc alignment
model. Conversely, if low limits can be set om the surface
(B, <10 gauss) or circunstellar (BCS <1 gauss)- magnetic fields,
the magnetic a.lignmént techanism will be in trouble. Secondly, high
spatial resolution, pnl&.rimetﬂc studies of some of these stars
should be able to distinguish between ‘the nodels. The aligned
grein model predicts that the core of the observed image, corress
ponding to 9*, should be polarized while the aligned envelope
models predict that polarizatic: will only'a.rise from regionsro'f
the shell ﬁhich are away from the star, so that 50° scattering can

ogeour.

E. Coneclusion

In conclusion, it appears that Ecatt&mg and sbsorpiion
by circumstellar dus&. grains is sble to account for a.£ leastlsome
of the prcoperties of thle observed intrinsic linear polarization.
Mpdels of the aligled', asymmetric-enve}_npe type (Kruszewski et al,
1968; Goedin et al. 1973) give & maximum polarization of Prox ™ 5%.
In addition, Shawl (1971, 1972} has showm, using the optical

constants of realistic grain materials, that the wavelength

dependencé of polarization can zlso be explained on these models )

at least in the coptically thin limit. - Tﬁe primary difficuliies of
these models are the spparent continu:‘..ug iperease of polarization
with optical depth of the shell and the rapid changes in polari-
zatlon which are not correlated with the Infrared or visual light.
It the radiation from the ‘star it spherically symmetrie, the rapid
chang=s in polarization seem to limit the region responsible for
polarizetion to R ~ r, so perhaps a model In terms of discrete
clol;ds of gas and dust close to the star is more approi:riate.

The aligned asymmetric grain model has been investigated

end it is found that (1) slignment can be expected for moderate

magnetic fields (Bshell ~ 1-2 gouss, B, ~ 16-100 gauss), () the
expected Infrared pelarization from the aligned grains mey be ’

small, (3) polarization proportional to optical depth is expected

" in the simplest model, with P > 54 possible for moderate degrees

of alignment, and (4) rapid changes in polarization sre possible

through repid changes In elignment, without requiring an overall

' chenge in the optical depth and infrared excess of the shell.

Further, this model predicts that (1) chemges in polarizaetion
should be correiated with changes in the magnetic field and (2) most
of the obsenfc_ﬂi pelarization shoq.id come from the central re’gioﬁs
of the circumstellsr shell, A

If either of the above models are shown to be insufficient

to explein the observed pola.rizé.tion, perhaps a cowbination of the

two, or an asymmetric stellar light scurce, or an entirely different

mechenism witl have to be econsidered.
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VIIT, MASS T0SS FROM M, S, AND C STARS
A, Introduction

Mass loss from stx:xlrs is potentially important for at least
three reasons. For the star itself, if a mass loss at & steady
rate I:! i_s oceurring, the Lifetime T of this phase of a star's li,fe
18 limited to 7 S M*/fd. Tn addition, if some of the mass 195'1; is
converted to solid grains, the appearance of a star to an outside
observor may be guite different due to the scattering and ebsorp-
tive properties of the grains. For the galaxy, the existence of
very luminous stars with theoretlcal lifetimes much less than the
age of the galaxy (~ 10¥ yesrs) implies there is = continuous
production of such stars from the interstellar medium;- Unless
the interstellar medium was much more dense in the past, this
implies & constent replenishment of the interstellar medium, and
stars could be an ;i-.mportantl source, Finally, ob:'l;ervations in our
Galaxy and others maicate thel presence of dust grains in the
interstellar medium, The:e average visusl extinction in cur.Galexy,
~1 mag/k_pc, implies & fraction of mass In grainps to mass in gas
of ~1/200, In addition, these grains are not uniformly dfstributed’
but are ccncentrated along the spirai arms and in associ'ation.uith
regions where stars are being formed. Ihus the dust grains may be

 important to the precesz of star birth. Productica of dust,gralins-
from gas in interstellar space is difficult because of the low

3

densities, ‘NH ~1 cm . Grain growth may oceur in the denser cloud
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regions, N}i B 102 - 105 cm-3, but this process requires seed
nuclei to be infitially present, If some fraction of the mass
lost from stars is In the forw of dust grains, this may help

explain the existence of interstellar dust.

B.. (bservations

The spectroscopic evidence at visuml wavelengths for mass
loss from stars has been summarized and diséussed by Deutsch. {1960}
and Hey'mé.nn .(1963). The observational evidence is the existerice
of very narrow, very deep absorpticn lines from the ground state
of atoms which are blueshifted- by -~ L0-20 }:m/s from the stellar
velocity indicated by the normal stellar absorption lines. The
supposition that these lines arise in ccol, circumstellar gas
leaving the stars is strongly supported by the discovery by
Deutsch that the same lines are seen in the G-type visual com-
panion t‘o v Her which 1Is at least TOO AU awny from the M5 primary
(Deutsch 1960).‘ A notable feature cof these circumstellar lines
is that they remain gquite constant in both velocity and strength,
to the accurscy of measurement, with time.

The difficuity in explaining this rass loss by hydrodynamie
meBns (ana;ogous to the explanations of the solar wind} is evident
in resding the account of Weymann {1963).‘ Most tr-oublesom._s are the
10%'-:r tempe.rature-s- end turbulence of the circumstellar gas {ne.rroﬁ
lines, low excitation) and the moderate end evidently constant

velocity of outflow. On the other hend, Gilman {1972) has showm
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fhat. solid grains in a circumstellar envelope which are belng
accelerated 6lxtwa1-'d by the strong @'.* ~ 10]* £®) radiation field
will be effectively momentum coupled to the gas, that 1s collisions
with gas atoms occur frequently encugh to transfer the momentum
derived from fhe stellar radiastion field to the ges. Thus, radlation
pressire cn the dust grains could be 'hhg agent driving mass loss,
Gehri:ﬂa.nd Woolf (1971) have .used infrared observatinms to estimate -
the density and raedii of circumstellar envelopes and the spectro-
scoplcally dete_rmined velocities to give the rate of outflow to
derive mass loss rates for M stars. Thils technlgue will be re-
exsmined here and two other ways of cieriviné wmass loss rates from
cbservaticns .of infrared emission by clrcumstellar dust will be

caidered.

C. Two Methods for Measuring Mass Loss

- . 1} Weighing the Dust

If a particular species of dust can be identified through
“its cbserved spectrum {e.g. silicates, 5iC) or inferred onrtheo-r
retieal grounds (e.g. grephite, iren), then the observed fiuxes
can.be interpreted in terms of the smounts of material, 1ts tem-
pera.tui‘e, and its distribution relative o the .axciting source
(ster), using Upaqities derived from 1aboratgry‘ measurements of
the optical constante of that materisl. ‘Tht-% wrobeble 1ﬁentification
of silicates around M and § stars and sili.con carbide arcund C

stars has been dlscussed in Chepter V. Grephite is expected to*
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condense  in the atmosphere of cool C stars characterized by Nc > No

"(0'Keefe 1939; Hoyle =pd Wickvemasinghe 1962; Gilman 1969} snd is

the most plausible explanstion for the blackbody-like excesses seen

in the carbon Miras (Chapters IV, V). The optical ccnstants for

pure graphite (Taft and Phillip 1965) and pure SiC (Spitzer et al.
1959) have been measured and the relevant opacities are discussed
in Appendix B. The situation for silicates is less clear-cut bub

we wﬂ_‘L assume that at least the opaecity in the 10 u region is

~ Tairly well established.

(a) - Observed Emission

The monochrometic flux cbserved from an optically thin

ghell of dust grains at an average temperature T, will be

a "™ Ta
o= = B, (Ty) , ‘ (vIrr-1}

. o :
where "y is the ebsorptive opacity per unit mess (cm /gm) for the
grains (see Appendix B}, My = 3m, is the total mass of dust

. i : _'
radiating, D is the distance, star-earth and BA(T) is the Planck

function tW em™2 “!-1

st’er-l). This result is discussed, from &
slightly more general point of view, in Appendix A [see egs. {A-3,
-20 and -21)). If either the shell as & whole or the individual
particles go cpticallsr thick, the filux will be reduced from this
velue. If the particles resonate (2me/h ~ 1), the flux may be

increased. The star, of radius b characte_erized by & temperature




T, as observed st distance D will radiate approximately:

*.‘
2
ﬂT* .
= (1), (virr-z)

and .:l.n the case of a lshell optically thin st a wavelength A the
observed flux wiil be the sum of (VIII-1) apd (VIII-2). Now from
Appendix A, eq. (A-1k) the definition of B, gives, with the cam-

tinuum being identified with the =star:

74 ~ * My Bl(Td)

b
>

i
’11' o

A nr 3 (z,
or

1( Tr,

lM = J\“"(_I ’ R } {(vIII-4)

and thel:Lnit:La.l fesult , nemely "weighing the dust,” has been
achijeved, Here we are using the star ltself as a "standard
capdle" to estimate the ciuantity I 1n eq. (VIII-1). We will
assume the total luminosity of these stars is kmowm {roughly) and
can be used to estimate D from F°°° = .i!*/lh-rna. This cbserved
lumincsity 1s represented here by the best blackbody fit ‘to the
energy distributicn, though it is not crucial to this discussion
thﬁt the temperatures assigned by this method, T*, represent. an . )
actual steilﬂ.r surface tempefa.ture. The blackbody fit cen be

thought of as a fiducial mark for scaling F)Ld.

- = ..).. . : (VITI-3) .
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For M ard 5 Mira verisbles, £ ~ 10* S:O, T, ~ 2500 °K =>
r, ~ 600 ry b2 x 1053 cm, The trosd band [11 w] opacity of

small sﬂica‘te-grains is H]li& ~2 X 103 cma/gm and it is probable

that :«20“ < ”]_'E.p. s0 that the true temperature, Tas will be somewhat

- less than the observed colcor temperabure of the excess 'I‘c(il W, 20 p).

From Table 2b Tc ~ 350-000 °K so we will take Tc ~ 500 °K ms typical.

Also Bllp. ~.1-2 for these stars. Eg. (VIII-4) now gives

£ I
% . 25
Md ~ SJ_‘Lp. 1-51'_— 5 x 10 g
2 LI '
~2.5-5 x 10 7 My -

LT, < Tc(]_l %, 20 ), the masses ?rould be correspondingly higher, .
For Moon rock ne, 1321 (Perry et Va.l. 1972, Table 6), M1y ~2 "2
sa T_ = 500 °K indicates T, = 300 °¥, and these masses should be
multiplied by ~ 6.

For the M supergiants W Per a.nd RW Cyg, which have “silicate"
Teatures (Table 2a, Chapter V}, & ~ 10° S@ and a—llu. ~ 6 80 the
shove mass is multiplied by ~ 30. Tt should be emphasized that
this mass refers to the observed radiating material fairly close
to the star, For & constext msss loss rate (eq. VIII-5} py ~ 1/R

F

S0 & true total nass of dust ~ Pa J+1TBV dR will diverge as
R2 -+ m, The mass calculated here refers fo the dust at & charac.
teristic te@erature T, which by eq. (&-10c) of Append:lx A meonms

dust at a characteristlc radius Rﬂ.'

—
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For the Mira ca-r'bcn stars fhe cirrcumstellar shells mey be
golng optically thick at shortér-wavelengths. In addition, the
observed kas must be corrected due to the extinci?ion of the star
by the shell. To first order r(n‘eutral extinetion) this will be

~ bs
B;\'—'(l-ﬁ’) B;\os ]

3ﬂ.us‘l:, /Etot

where o = is the relative bolometric excess as deflned

In Appendix A. The color temperatures for the "blackbody™ excesses
of carbon stars is (Teble 2b, Chapter IV) Tc(3.5 wy, Bk p) ~

1~ 0.65 Tan

gralns, so taking T, = €20 °X for a = 0.1 k grains but T, ~ 950 °K

for & = 1 y grains which are more nearly grey-bodies, the opacity

900-1000 °K. As discussed later T for small graphite

appropriate for griphite graine (Appendix B), and R Lep as &n
example, assuming £ = 101‘ -f-@, we use eq. {VIII-})} to calculate the

grephite dust mass M. The result is shown in Table 6.

TARLE 6

M

; for R Lep (¢raphite Component)

3.5 L.gp 8.4 20

N 1.1 1.8 . 3.5 5.0
: .
a=0,14u 12.6 - 10.5 16.5 _ 53 620 °K
a=1.0p 2.4 2,1 2,8 7.8 o509k
M 10"8 M
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The mssses determined at 3.5 p and 4.9 p around the pesk of the
energy distribution of the excess are comparable to those derived
for M st&ré. At longer wavelengths , especially 20 p, the derived -
masses are much larger for small grains (a <0l 4} because of the
steep wavelength dependence of the cpacity of graphite (“A ~ l/le,
Appendix B). Ome has tp :‘lfnvénke gquite large grains a z 1 u, to -
mcrease.fhe relative cpacity at longer wavelengths (this is due
to resonsnce effects) end bring the estimates more nearlsr into
agreement. Perhapé at longer w;a.\relengths we are seeing the effects
of a much more extended, cool shell which dc.es not contribute at
3-5 1 because Vof its lowe‘r temperature, Perheps there really are’
some g;'ains which are large (a 21 p) In at least one dimension and

thus able to radiate effectively at 20 p. Perhaps the radieting

" material is nct grephite. The masses of dust cbserved for V CrB

and V¥ Hya would be about the same a5 for R Lep while those for
V¥ Cyg and T Dra would -be ~ 2=3 times higher,
The toté.l mass loss rate from material of ‘space density

p, 8% a distance R from the star ieaving gt & velocity V is

M=bagt oV . {VIII-5)
Cbservations of the gas indicate Vaas = constent &o, in the steady
state, pga.s ~ l/RE. A dust graim of radius a will have at least
three forces acting on it. (1} The outward foree due to radiation

pressure 1s given by:




a7

{VIII-6)

where (%r) is the efficiency factor for rediation pressure
averaged over the star's radiation field. Qpr may be expressed
(ven de Hulst 1957, p. 128} in terms of the shsorption efficiency,

scettering efficlency and the phase Tuncticn g = {cos ©)

Qo = Qaps + (1 - 8) Oy (vIII-T)

(see Appendix B).

2) The inward force due to gravity:
, L3 :
oM grain M T TR fgraan 8
Forar ~ = = . (VIII-B)

4nd (3) the force due to gas drag. For £, ~ 104 SO, a~0.1p

and M, ~ 1-5 M@’ Fpr > .Fgrav and the graln will be rapidly
accelerated cutward to Bupersonic velocities, V > Vth = li3k‘]!/mH2 ~

3.9 km/s, so the gas drag will be given by the supersonic drag

AP 2 2
Farag “FE =T ® {av) Pgas R (VII1-9)
where AV = Vdust - vgas' The dust grain will be accelerated untdl
it reaches & terminzl veloeclty AV_t’ where Fpr = Fdra.g’ i.e.
£, @) 1/2 .
AV = (g 2 - {VIII-10a) .
) I n g Paas ) )

or, using . (VIII-5)
/2
- £*(QPI'> Vgas /

[ Mgas

AV

; . {VIII-10b}

The terminal veloeity is independent of R and depends on the

Mie-theoretical <Q‘_pr) y the gbserved Vga and .‘e'.*, and Mgas which

s
is one of the quantities we wish to calculate,

7 An importent point to note here is that If a small mass
loss rate ;'igas is elaimed, this will imply = _Jf.&e_ AVt whic'h, for
a given obser.\red infrared éxcess will, by eq. (VITI-5), imply a.

large dust loss rete, M, ‘Putting in numbers eg. (VIII-10b)

ust®
beccomes

oy 1/2 {106 w1/2 e /e
ov, = hs(opglfa = - acd ory *£ ks .

10 kun/s
. Mgas

(VIIE-10c)

Mgas hat been estimated by Deutsch (1960) and Weymann (1963} for
M stars. If Deutsch!s results on emrlier spectral types (m;—MS IIT)
are extrapolated to ~ M7 appropriate for the Mira veriables studied

here, M ~ 10‘6

- 107" MG/yT. Weymann arrives at mass loss rates
approximately em order of magn.;:.tude higher then Deutsch. Thus , wWe

expect

a7, ~0 (u5<qpr)1/2 w/s) . .

If Mgas 1s much less than this, so that gas drag Is negli-

gible, & grain of redius a, density 3 gm/cm3 initielly formed at
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a Ro from the star will be accelerated by radiation pressure (eq.

VIII-6} to a velocity

1

(5 N 1 ,\2
Vo (BB = (mg A,‘@) (2;50 QK) (° : “) @

L2
(.ﬁ:) ‘(l - Ro/ R)l/e. 6?00 kmfs 3 B (VIII'lOd)

3]

whick for any reassonable values of {Qpr) and ﬁo will be nmuch
greater than the cbserved Vgas and wuch greater than the escepe

veloclty for that radius which by eq. (VITI-8) is

1, ifz 1ot g \ /2 T £ \L/2
v (R) =(%) ("T‘G')) , (.é.gagﬁr) (R_*) 25 km/s . (VIII-10e)
N o}

*

Gilman {1972) showed that for M stars this terminal veloéity
1s reached in a2 time short compared to the time for mass mo‘bions
of the shell T ~ R/V, and that t-hereaft,er the momentum given to the
dust via radiaticn pressure wa.s dumped Into the gas. ‘I‘he-outwa.rd

velocity of the dust grains Vd will be given by

= > ; :
Vg = Voo + AV, ygas . (VvIIT-11)

Bow conslder the twe observed specles im a clrcumstellar
envelope, gas and dust. The steady state mass loss rates (eq.

VIII-5) for the gas and dust, respectively, will be

. 2 B
Mgas =huwR Pgas vgﬂs {ViII-12a)
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M

2 .
st = FTE Py Vaust - (VIII-12b)

Using eq. (VITI-11) we have immediately

.

2 2
Miee = bR o, Vg2 W mE py vgas - (VIIT-13)

Vgaa 1z given by the coptical observations and R2 py can be estimated

from the infrared cobservatlons. Purther, only a mass fraction T

of the gas in the stellar photesphere is avallable for condensation

into & particular species of dust grain. For (Fe,Mg)ESioh_ eilicaetes

in an M star f ~ 1/300. For graphite in & C star f ~ 1/300. For
SiC in a C star f ~ 1/1000 (abundances from Allen 1953; Wellerstein
1973). 1If the outer layers of & star are not to be depleted of the

condensed elements, we must have

.

Mga's = % Myt - {VIII-1}4)

In the case there is convective mixing from deeper layers in the

star, the factor 1/f may be determined by the detailed balancing

of dust loss, M st

due to mixing. -In the steady state the £'s should not differ too

with the re-supply of condensing elements

much from the values quoted above for otherwise the observed
ralative surface a‘bﬁnda.nces of stars losing m&sé wouid depend on
the mass loss rate,

If the run of density of dust in the envelope is py and’
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the run of tempersture is T(R), the total emission cbserved will

be:
- 2
J‘O bR o opy BA(T) dr

F, = x ' ’ (vI1I-158)
iy

or, using eq. (VIII-12b}

d .fom (]:[d/ Va) ®, BR(T)V ar
- =

B, . (VIII-15B)
This 1Is an integrel eguation involving the unkmown gquantity lﬂd 5
-which way be g function of R if condensation continues as the dust
and gas move oufward. Our knowledge about lthe ampunt of dust and
its distribution with respeét to the star gssential]y smounts to
two facts: (1) The relative flux 1e-ve1 B, (or o) and (2) a color
temperature Tc. Assuming the optlcal constants ny are‘knr‘)wn, these
wsy be interpreted as an average dust temperature Td. which, in turn,
implies an a.vex;a.ge ﬁisfangé from the star Ry by egs. (a-10)
Appendix A, and a "mess of dust" radlating M, as discussed ‘earlier.
Thus, solution of the integral equatioﬁ will not be attempted at
this time and instead we adopt a simplified order of magnitude
moedel, which hopefully will displa.y. the important physical parameters,
to derive & mass loss rate. ' ..

The "observed mass" of dust M, will be assumed to be

é

uniformly distributed in a region at a characteristic distance Rd

from the star of & characteristic volume,-g L Rd3' (i.e. as if
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spread between 0.85 R; SRg1.2 Rd}_. Then

My
famE R
3™

and, using eq. (VIIT-12b}

w
=
]

{(VIII-16)

From eq. (A-10c), Appendix A, we have

2 L /2
T £ .
1 * vis
Ry =57y (—Ta) (——Gm ) . (VIII-1T)

Combining eqs. (VIII-17), (VIIL-16), and (VIIT-k) we get

' /2 . \2 )
. T s By (T,) Ta
M, =68, -71_* (ei‘s) A (Bx T ) (T—* . (VIII-18)

(1) M and S Stars -- Silicate Excess

For M and S Miras BJ\. is observed at 11 g &nd Td 48 estimated
from the 11-20 L color of the excess. Defining S‘A(Td’T*) =
5 "
[BK(T*)/BA(Td)](Td/T*) , we get the results shown in Teble 7.

S, " is only weakly dependent on temperatures and S ~ 1 for

11l
=1, eq, (VIII-18)

11

typical observed temperatures, Teking Sllp,

reduces to:




TABLE 7
Suu(‘l‘d,‘l’*)
Ty/Tg 300 500 800
2000 1.78 0.84 0.70
2500 1.52 0.72 0.61
3000 1.33 0.63 0.53

281

1/2
X ( ‘m ) ¥ (VIII-19)
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) M o
6.1 x 107° y_o . . {VIII-19b)

The chief uncertainties in these equations are now in Vd and

(e.m/&vis)’ both of which depend on the grain cpmeities in the

cracial AA 1-3 p region vhere the stellar emergy distribution is

peaking. Unfortunstely, no opiical constant me'é.surem.ents of any

silicete material in the range A 1.5 yu have been published.
Fartungte}y, g stringent lower 1imit on I;[gas can be set

for any star in which silicate emlssion is observed, .even in the

absence of lmowledge of Sis

. We have
devg'-'-AthA_V‘t ,
where AV, 1s given by eq. (VIII-10c). Now {eq. VIII-T)

(g‘pr) = (Qx‘abs + (@ - Qscatt> -

72 (Qa.’c5> = 8;4g

by definition of e, - (Appendix A). So eq. (VIII~-19h) beccmes
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1/2 -6 1/2
o ) ) (5209
d 11 SR .IR 04 s@ 10 km/s i

gas:

x 2.8 x 10"8 M G/:rr . (VITE-20)

The dependence on Eris has been cancelled and a small Mgas now

fmplies & large M;. Dnvoking eq. (VIII-1:) with 1/ ~ 300 for

gilicates and solving for Mgas we have

2/3 : 1/3
w =g 23 (2x10 2/351/3 A Vgas) (1 )
R I % % =5 50 T
x b1 x 1078 M /yr . o {(VIII-21)

This represernts the minimum amount of gas which is needed to keep

the cbserved dust grains from rapidly escaping. By 'def:l.t_litlon:

~ [ & Bkad) an

e = = (g,
2" Thmge | Vh
and, assuming 2me/h << 1
=q, () =2 .
&% = “abs =% Pyrain P>

80

1
Em ~ (H'A)T& 3 Pgrain ¥ ’

vhere n is the mass cpacity for small grains ; 8 is the grain radius

o 3 s13 ;
2 o = 3 gn/em” for pilicates, Taking as en example the x,
for "Mix 2" of Moon rock no. 14321 (Perry et al. 1972) djscussed in
Chapter V, we calculate the broad band opacities <“1)A (averaged
©
over the filter tandpasses) and the x. = <“7\) (averaged over the
K IR Ta

blackbody function); the results are shown in Table 8.
TABLE 8

Average Opacities, "Mix 2" of Moon Rock No. 14321

lo: . B.h 1 |.|.. 18 : EOIp.
(L% (103 cme/gm): 0.76 1.85 o 1.5 0.92

o = .
T, CK): 200 00 - 500 800
(#A) (203 cmz/gm): 0.76 1.0 0.97-1.10  0.62-1.05

The cpacities Ad 1-5 yu are not known, the smaller muwbers
for (MK)T in Table & hold if the opacities are zerc there.
d

.i"hus, for the likely tempersture range Ty =~ 300-500 °K,

() ~1.0-1.1 x 10% cn®/gm and eq. (VITI-21) becomes
. d

w o=p 23 (1.85 x 105\8/3 “n 1/3( a )1/3 5, /3
& 1t 1.05 x 103 o-L e 10" <

v 1/3 .
gas 1 -6
(10 T s) (’3‘65“?)* 1.5 x 1077 Mfye




This represents the minimum amownt of mess loss in gas con-
sistent with the observed infrared emission. For a:l_'l.u ~ 1, the IR
e L :
opacitles given aboye, 8~014p, £ ~10 .'A'.@, vgas ~ 10-20 ¥m/s,
£~ 1/300, we get .

- _6
M 2 1.5x10 Mfyr 3

This result ig independent of the uncertain q_ﬁantity €1
and doesn’t even reguire that the radiation pressure on dust
grains 1s responsible for the mass loss. For example, if Izig were
claimed to be much less then this, Vd would be given by vpr {eq.
VITI-104) apd for Ry > R, > T, but of the same order of magnitude,

. we have 7 ‘

1/z

(%r}_l/ 2 1000 s}

Vg = Vo (By) =0 [(0.1 w/a)

s0 eq. {VIII-19b) becomes

vis

. x 105 e : 1/2 " \1/2
M= Bllu. (?;211#__@) (,:E_) (O.i is) (Qpr>1/2 .

x 6.1 x 1077 Me/yr .

And again {Qpr} * g 1o B0, using the troad band opacities of

Table 8

¥, =R

o -7 }
o 1.2.110 Me/yr

ass

independent of grain radius a. This now implies, by eq. (VIII-1k)
that '

-

-3 4 xi
Mg- an# x 10 Me/yr
which is much larger than the lower limii sbove. Baeically, the
gas 1s needed to keep the dust grains from being rapidly elected
by the very strong stellar radiation field. ZFor the M supergilanmts

RW Cyg and W Per, £, ~10° £, B,, ~6, and the minimm gas loss

o Py
rate is increased to ~ 23 x 10-6 Me/yr.

For a lower limit on the dust loss raie we need an upper

- 1imit on Mga.s in eg. {VIII-20). If the mass loss is driven Dby.

radiation pressure as discussed in Section O-ii) of this chapter,

there is an upper limit to the mass Joss vis:

£
y * 10 & -6
M = - 20 x 10 © M /yr .
total: C-OE j:@) ( Vgas ) . G:/

Inserting this into eq. {VIII-20) with the opacities discussed

above gives
* V‘s* /e véas 3/2' [ s 1/2
My ® By, i 0 /s (0.1-_;1.)
© .
% 1.2 x 1077 ¥ fye Co.

These rither roundabout metheds of 'detemiuing the M's

have been forced upoﬁ us by lack o_f Imowledge of eris for silicates,

(VIII-23)
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However, the foregoing discussion has given & minimum for Mg and
If we assure the mass loss is radiation pressure drive the dis-

cussion in Section 'C-ii) allows us to set limits oo e, As

is”
discussed there -

@ -

> M
Pr ~ g

<| ¥
UQOI*

© and using the lower limit on Mg of eq. (VIII-22) with a ~ 0.1 u,

£~ 1/300, we get

" v R £ 1/3 L
Ypp 2 P17, 0 ku/= T 015 .

*

But, - is relsted to the observed quantity o by eq. (VIII-36).
L .
Taking Bllu- ~Lh, Vg ~ 10 /s, £, ~10 s@ and o ~ 0.01h (i.e.

as for oCet), we get

T e .
L vis

,< .
o = Y @ 2 0,09
5G

fE?.E.)_ = 6.7
Sris
using eg, (VIII-T)

- (- g Qcats)
Svris TSt o
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Now, for eny size grain, g z 0 and Q’scat

tﬁE, B0

brig <03 -

For small grains (a < 0.1 g) we beve (from Section Cc-11)

((L-g)Q

scatt 3 = 0.3 60, using the silicate gpacities above,

— 2 0.75 {a/0.1 u)

Vis

must hold for the silicate material around the Mira variables if
the mass loss is to be radiation pressure driven.
' 1/2 .

We can now safely take (e]:R/evis). >1in eq. (VITI-19h)
Which, with sy ~ 2 x 107 exf/gn gives ff, ~5 times higher than
‘the lower Yimit g'iven by eq. {VITII-23}. Now img > 1/ n'ad s0
. /£, v av, i
M _?. Bup m T‘ﬁm; 1+ i,-g_ 1.8 x 10 Me/y'r . (VIII-2&)

. o :

where AV, ~ (Qpr)lf 2 (I:Ig)-l/ z vgl/ 2 is given by eq. {VIIT-10c).
This Is therefore & cubic equation in Mgl/ @ which has one real
solution. Taking (Qpr) ~ 0.1, as jndicated in Section C-ii), the
real solution is given in Table '9 for various stellar parameters.

For the Mira varisbles B ~ 1-2 (Table 2b, Chapter Vj and

% . 1lu
£, ~10 £® , SO
6

8

fag ~ 3-T % 107 Kyfyr
!:id M (Jyr

AV, ~ 5-8 Jm/s .

~ 122 x 167
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TABLE 9

Mass Loss Rates éu& Terminal Velocitles for Stars with

Silicate Emisslon Features

£, Ve Ellu AV, N
2 2

10 1 7.8 3.2

10 3 kg - 8.1

101‘ £ 10 5 Lo i2.5

fo!

20 L 8.8 5.2

10 1 12.5 2.7
10 3 8 31
10° £s 10 5 6.5 . AT

20 1 14.2 $719,5

m/ 5 ¥mfs  x 1076 My/yr

A

1.1
2.
k2
1.7

k.2
10

T 15.6
6.5

2108 & G/yr
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For the ¥ supergiante W Per end RW Cyg, auu. ~ 5-6 {Table

2h, Chapter V) end £ ~ 10°

£ so
5]
M ~50x10'6 M/yr
& 8

My ~ 16 x 10 MG/yr
A\fta-ﬁlml/s s

il.e. ~ 10 times the rates for the Mira varisbles. The mass losses

~ Tor the other M and S stars with silicate emission features in this

progrem wil_'l.' be somevwhers between these values. These mass losses
are larger but comparable to the }Zig ~ EI x 10-6 Me/yr estimated by
Gehrz and Woolf (19'{'}.) for Mirs vp.riables. The moré general
analysis presented here , which applies to any star w;i.th. a2 silicate
feature and T, ~ 300-800 °K, sctuslly incresses the (alrea;d.y large)
mas56 loss rates given by those suthors. We find that if there 1s
any observable silicste features (BL'LIJ- > 0.2), then there is a
ninfnum mass loss rate {eq. VITI-22) of ﬂ[g > 0.5 x 1076 I-[-J:,rr.

One importent sdditional result which follows from the
anelysis presant-ed here is that the feminal velc;city of the )
dust grains relative to_the gas- is limited to Avt'i .5-10 km/s for

these stars because of the requirement ]:rig > 1/’f'!:Id on the gas loss

. rate for a given dust loss rate. If a large terminal velocity is

supposed, this implies & large Md which im_plies. 8 large I:ig which,
in turn, limits the terminal velocity through eg. (VIII-10c).
The mass loss rates are slsc comparable but smaller than

the 1imiting value for radlation pressure driven mess loss derived
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in Section O-i1), i.e. @ s1=> ﬁg <20x108 yr for the

Mire varisbles. We can now turn this argument arnund and &erive
2 1limit on (em/svis) whieh will imply = limit on Rd/
Using the sbove limit dn MS, egs. {VIII-15b) end (VITI~1%), and

B

1 1n ~.1-2.5 we have

. 1/2
@)
&ris _

which from eq, (vxn-rr) and essuming Ty < T, 11 u, 20 b)) ~ 400-500

°K (Table 2v) implies
Rd/r* 3.5 ‘

for the Mira veriables oCet, R leo, R Cas, and S CrB. Thus the
shells would appear to be well separated frem the stellar surface,

Ancther reault of this analysis is, since -

_aprzo.Eﬁ'_ .

In order to drive the mass loss, the scattering optical depth of

these shells at visual wavelengths must be q_ﬁite large. We have

scat‘tm 55 W)

055“71"—""@;;5_‘“" -

#nd for small grains (a < 0.1 u) (@) <0.1 but Q

sca.tt(o'SS u) 2+

EO

292

ecatt
3.55u

=

20.25 x 10 ~ 2.5 .

These shells appear to be optically thick (T > 1) to scattering
gt visual and shorter wa.vélengths. Any analysis of the cbserved
pelarization at these wavelengths mu.gt take this into account.
This slso predicts that engular size measurements at visuml ware-
lengths will be larger than the actual stellar sizle; i.e,

ed 2 aobs ~ 8y -

The large sca.ttering-euveiope may be hard to detect in
comparison to a central condensation from the for;(ard-scattered
image of *;:he star Vbecause of its low surface brightness, i.e.
Rd/r* 2k the shell will have only ~ 1/16 the stellar surfac'e.
bfig::tness. Attempts should be made to detect this low surface .

brightness halo around these stars,

{2) Carten Stars

The emission feature M 10-12.5 'y seen in t.hel spectra of
earbon stars is probably due to SiC érains (Chapter ‘u') and in thls
way couid p;l.ayra rol;e.analogou's-to silicates in M Et&ré regerding
"weighing the dust" and e-stimating mass loss, Unfortunately, there -
is no way of estimating the cheracteristic temperature, Td’ U,f the
8iC grains so the techniques deveio_ped in the prececiing gection for

observed silicate features no longer apply. There will still be




& Limit of the type given by eq. (VIII-22)} on mass loss, i.é.

fag = order of (10‘6 Ma/yr) in order that we observe any SiC
feature, for otherwise the grains would be too rapidly ejected by
radiation pressure. -

If-the "blackbody" excess discussed in Chapters IV and Vv
is aseribed to thermal emission from circumstellar grains, the moét
likely candidate is graphite (Hoyle and Wickramasinghe 1962;
Gilman 1969). 8ince g, ~ 71/?\.2 for smzell (& <0.25 u) grephite
grains (Appendix B), the cbserved blackbody s;pec’c..fum, A\ 3.5-20 p
impiies either: (1) there 15 a range of temperatures in the shell,
the cooler gra:l.né contributing relatively more at 20 g, {2) tﬁe
grains are IL&.rger (a > 2 ) in at least one dimension end so can
radlate effectively at A ~20 p, (3) & combination of {1} snd (2),
or (4) the emissicn I8 due to some cther type of grain with s more
nearly "grey body" emissivity. We witl. tentatively assume (1) iB.
the case in the following discussicns. o |

The expression .froi' dust loss given by eq. (VITI-18) could
be applied to the obsgrved Bl's for 'ca.t;bun, stars (assumiﬁg the Rys
g, a.ppz"opriate for graphite) as for the M and S stars. However,
a5 the discussion on the mass of dust indicated, this procedure is
not well defined for graphife, as we would infer larger masses at
longer m;.velengths. Therefore, we adopt an integrated form of this
equa;tion for the carbon étars. The total o'bserveé. flux froﬁl a
cloud of sﬁall dust grains optleally thin at infrared wavelengths

is given approximately by
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where Md is the totel messs of dust ra.di&ting at a characteristic
temperature T a apd *m is the mass absorption coefficient averaged
over BA(Td)'. The total flux Ffrom the ster in the absence of &
dust shell can be written

atot = é’.*

L) :

From the definition of o we have

&
= gtot
Eo .
s*
o= = : .
g @ Td o . .
c . v (vIII-25}
) . 3.2 30 .
= (—1*—)(5'—‘1@) (-I—OT—-IE) x 8.8 x 10°° M.
10 *m - fa : ' _

o}
For the range of temperatures apprapriate for these stars ~ 500-1200.
oK, nrm for small (= <0.1 u) sphérical graphite graine cen be

represented by (Appendix B)
n(T) = 2,45 x 103 (Td/103 °k)® enfem

S0 we have




2%

10 S'G) d

. . P ‘ )
M o=« (_i*_)(loi DK) x 3.6 x 1070 M .
It is seen that the calculated Md's will critically depend om the
characteristic Td which 18 essigned to the observed excess, For
the "cheracteristic temperature” T, we will chocss the temperature
such that ":JLBA(Tﬂ) peaks at the seme wavelengths as the energy
distribution of the excess. The energy ﬂi;stribution of the excess

(see Chepter IV) 1s f£it quite well by BA(TBB) and since (Appendix B)

2 - - .
€ «e'1/%° the relaticnship between Ty and T is

T, ~ 0.65 Ten R

EO

.1:‘ 3 4. \6 '
* 107 °K -8
M = i X 50 x 10 M .
¢ (10 .r.e)( “pm ) ©

Typ 18 in the renge ~ 900-1000 °K 50 Ty ~ 600 °K. « ranges from

~ 0.3-0.4 for R Lep, V CrE, and V Hya to ~ 0.8 for V Cyg and T Dra
{Table 2b) s0 My ~ 18-54 x 1078 M, for the Mira carbon stars here,
This is higher than the ~ 2.5-5 x 10'8 MG estimated earlier for M
and § Miras using Ty ~ Tc(ll L, 20 p} but is comparable to the
messes inferred if "y~ 2 04 which glves spproximately 6 times .
higher masses.

Proceeding to mass loss using eq. (VIII-16) we have (using

eq. 4-10b} for Rd(cr = 0}

i/

. 1/e l L ’
.. i, / Va 109 ek [om 1)
SR W : Wwm/s) \ 1, cein/ ©

x2.9x10'8 MG/yr .

The Factor g(w) is necessary to correct eg. (A-10b), Appendix A,

for the Rg appropriate for an cptically thin shell, l.e,
s
Ry = gla) Ry .

To calculate g(o) requires, even if the ascetteripg is small,

solution of the radistion transfer eq_uationé through the envelope. .

There are (ét.least-) two competiug effects hére. The
first is, as 'Ri increases, s dust grain sees more and more.of the
1000 °K rediation field. Thus, the effective LE for the guter
grains is more ‘liké <§l>lOOO°K
1s less then thz.a {51)23000K‘appr01)ria.te Tor the stellar radiation

which, for smz]ll graphite greins,

field., This would meke R, <R, i.e. g <1. The second is, if a

d a?
considerable fraction of starlight is converted into dust emissicn
in the shell, the radiation field no longer goes dovm ag fast as
1/R2 {i.e. there is back-heating .of the ipner shell régions by the
outer shell regions). This implies the teﬁperatuz‘e of & grain no
lmgér goes down as fést as 1/fR which means R& = Rg, i.e. g > 1.
g(e) thus could be greater or less than l.. This unioown factor

will become increasingly important as o - 1.
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Agein using the ppacities appropriate for small (a < 0.1 ;,L)

graphite spheres (Appendix B) for which L. ~8x 103

= <”A)2250°K

cmafgm, and converting from Tﬂ to TBB ~ 103 °K, the apparenrt hlack-

body temperaturs, we heve

‘ i 1 . , 5 . ‘

- * e A -

My = o (T) (10 4 s) (%.K_) .8 1(a) x 5.7 x 10O 8 M(Jyr .
o’ B

10 BE
(VII1:26)
So for Vg 210 kmfs and g ~ 1 we get for the carbon Miras and

¥ h}a,
M a 1 i-h— 6 x 10 8 M:( a
a . . ¥T

This compares quite favorably with the dust production rate
My ~2.5x 108 MG/}T in small gr&phiter grains predicted by Hoyle
and Wickramasinghe (1962) for late-type carbom stars. Now, using

fle} = 1/300 and ¥, = V_ + AV, as before we have for Ms =1/r {{d;

d g t
1/2 : T\ 3
" % “( £E* ) (1ovfcm s) (12'3 OK) g7 a) 1+ :TEE
g~ \wo £ EE g
x 17.1 % 1_0"6 M G/;rr Y (VILII-2T)

where AV, 15 glven by eq. (VIII-10c). - Gilra (1974) reports
nmeasurements of circumstellar absorption linea for some semi-
regular variable carbon stars in_dica.tiug Vg ~ 15 km/s, which is

similer to the M stars discussed earlier. As in Section (1)

previous, eq, (VIII-BT} is solved for the mass loss rates and the
terminal velocity, the results are shown in Table 10.

It is seen that, ms for the M and S stars, the terminal
veloeity is limited by the necessary minimum gas iuss rate,

}'48 2,% L t_a the range AV, ~ 5-10 km/s. The gas and dust loss
rates for the Mira carbon stars are approximately a factor of 2
hiéher than those derived for the M and 8 Mira stars (they, of
course, depend t:m the £ and Vg essumed). The unknown factor

g(a) which accounts for optical depth effects will become

increasingly i-.uqmrtant as « - L.

(b) Absorption of Starlight

The sbsorption optical depth of a circumstellar shell of
dust grains is given by eq. (A-17} Appendix & which, for (l/RiE) =

g 2 2 . . .
1/R;", €, qe™; = %y ly becomes, sclving for My = ¥m,

‘LR

P
. (1. .
Md(f) - s abs’‘vis

W

(VIT7-28)
vis o

This equation will hold if the shell is optically thin to scattering
near the peak of the steller epergy distribution, ~ 1-3 p for late.

type stars. AS discussed in the previous section Rd = g’(c«')Rz, where

Rg is given by eq. (A-10b) Appendix A, and using eq. (VIII-25) for

Md(ar), the mess inferred from the cbserved emission, we have

: ' {Tps?
Hy(1) = 6 (@) () —2VIE
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TABLE 10

Mass Toss Rates and Terminal Velocitles

Tor Stars with Graphite Emission

£, -Vg o avy gla) Mg gla) My
= z s
1w 0.1 11.6 3.7 - 1.2
N 10 0.3 7.3 8.9 3.0
10 SO 10 0.5 6.0 13.7 4.6
0 0.8 g 20 6.8
20 0.3 " 8.3 1h.k ' 5.8
26 0.8 5.4 347 11,6
1 0.1 17.9 15.2 5.1
10 0.3 11.8 35.5 11.8
10° £, 10 0.5 9.6 53 - 17.8
10 0.8 8 ‘ 78 26
20 0.3 13 sk 18
20 0.8 8.8 125 ke
' -6 -8
km/s /s 1077 K G/yz' 1077 M fyr
NOTE: These results epply to swall grains (a < 0.1 p}, it

e =0.1u, #_ I8 Increased by ~ 1.37 and , is

IR 1s
increased by ~ 1.9 due to rescnance effects. This-
mesns Md would be reduced by ~ 1.37 and Rd would be
inereased by ~ 1.18 which would reduce these mass loss

rates by & factor of ~ 1.6.
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So in the cptically thin limit (T “o<<l, gle) =1 and

absvis

the two expressions for Md. agree &8 expected since they were

derjived from the same phencmenologicsl model, The choice of
which expression, eq. (VIII-25) or (VITI-28), to use in this case

reduces to which pair, (T ,um) or (R Y is better known,

"o,
a? "vis

For the stars in this study there is little or no high spatial

d
and eq, (VIII-25) must be used.

resclution infermation so R, is not a directly cbserved gquantity

The bolometrically derived mass of dust given by eq. (VIIL-25}

may be compared with the masses derived monochreomatically (i.e.
B,) in the earlier discussion of M and § stars with a "silicate®

excess, Taking £, = 1t Lo ~ 107 cme_/gm, Ty = 500 9K, and

*1R
o ~ 0.01-0.02 appropriate for ‘the' Mira variasbles gives
M, o~ 1.L2.B x 1070 i T
a aQ

For‘ Td = 3007".]{ thése masses wouid be .apprnximatelg T.7T times -
larger. The aéreement 'with the earlier estimates is quite good,
which medans we have at least been self-consisteént in thé calcu-
lations. ) ‘

As ‘the optical depth iz;'c;:ea.ses , the two expressians -for Md
may diverge, depending on the (unknown) correction factor g(w).
¥or the purpeses of estimating mass loss eg. (VIII-25) is to be
preferred in this case becsuse it more directly refers to the dust
grains whose distance ‘frn-am. the star, Rd’ we can estima.té from ‘the

observed eclor temperatures of the excess.
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In coneclusicn, the iden.tity of thé dust mass estimates
given by egs. (VIII-25) and (VITT-28) in the optically ti-d.n 1limit -
means that the mass loss rates will &lso be the same. Thus, we
have shown that Yebsorption of starlight" is on the other side of

the coin from "thermal emissich by dust" as could be expected.

ii[ Conservation of Momentum -~ the Inverse Rocket Problem

If the mechanism driving the mass loss in e star is radiation
pressure on some comporent of the circumstellar envelope, we can

measure the rate by applying Newton's second law:

o i o
T F = - Py (VIII-29)

to the radial motion of the envelope as a whole. Fpr is the tctal.
(outward} force of ::.'adiati'nn pressure on the envelope and Fgrav is
the total (inward) force of gravity. We define apr as the frection
of the star's rediation field which goes into driving mass loss,

i,e,

ta

: A 7
For = %p o . (VI1I-30)

Now consider the ecircumstellar shell to be composed of
many 2iscrete radial elements with masses my moving at an avefage
velocity V radially outwerd from the ster. Then the total radial

momentum is given by

P=3m V=MV , (VIII-31)
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where M represents the total mass of the envelope which is being
accelerated by radistion pressure. Therefore,

P _Myaemy

= s _ {(VIIT.32)

where V 1s the change of radial velocity with time and M is the
ra‘te of chenge of mass moving in the radial direction with velocity
V., BSdlving for M;

£

- : dP - * ’ -
M= (E -MV) Vv = (rxpr = - Fgmv - MV)/V . (VIIT-33)

Th:Ls is essentlally an "inverse rocket problem" with M representing

the accretion rate of the circumstellar envelope and, therefore,

- the wass loss rate of the star. In the cese V ~ const appropriate

for the gas loss in lete-type stars, V ~ 0 and we have

- I o £
21 % pr ¥ .
M=g (cv T Fgmv> < =z . ‘ (VITI-34) _

In order for radiation pressure to be effective in driving mass

loss, we must have F r>F . If we assume photors cannot

b2} grav
scatter back and forth across the envelope'a..na impart more than
hv/c of momentum to the enveio;be, then an upper limit to radiation

. ‘ X Y
pressure driven mass leoss is givem by apr = 1, which, Tor .\‘,* = 10 }:@

and V = 10 km/s, implies

M <20 x 10‘6 Mo'/yr .
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Further consider a circm:.Jstellar shell where the radistion
pressure is exerted on thé dust grains end then transferred to the
gas viz collisions as discussed by Gilman (1972). In the optically

th:l,x; case the net force Fpr 1s the sum of the forces on the ﬁdi—

vidusl grains, eq, (VIII-£), so

2
a. =N (Qpr)vis i By

B , : {VHI-SS)_

1
which can be relmted to the relative bolometric excess ¢ defined

in Appendix A {i.e. eq. A-17) by

_ <Q‘pr>vis oz

® = _S—'—" o e
pr (QEI. vis

(VITI-36) -

vhere the subscript "vis" meens averaged over the stellar radiation
fleld. This shows that the same grains which sre responsible for. -
the excess emission (i.e. m, Bl} cbeerved In the igfrared nust

also be responsible for the mass loss i_f this mechanism ;Ls to be .
effective. .

The condition for positive mass loss to occur can be

written
F 4 : :
= p_d;i >1 . . {(vIIz-37)
grav g “grav
where

3% Perajn

_ , |
. Iy : (Qp yma
Err = (c e Re) ('_t = ) - (V1I-38)

stars is in the renge £, ~ 10%10

30k

is the outward radiative mecelerstion per upit mass of dust and

G M , :
€ oy = = © (VIIE-39)

is the imward gravitationsl acceleration per unit mass, The gas
end dust densities are given by eqs. (VIIT-12a,b) and vg/vd > Q.7

frem the previous ssction so, spplying eq. (VIII-14}, we have

o £ : ' ' :
B (e 300)(— Y2} (%L “) 3 g”*/cms) N
Fgra.v -~ ZLOI‘L £ \Ms 2 Pgrain /. PF

x Ug>1

» (VIIT=40)

as a necessary condition. Here ! £ T is the mass fraction which

« -

- 1
actually condenses to form c'lust,r i.e. Mg 7= il Md.

(a) Carbon Stars

For 'small graphite grains, a £0.1 g, (Qpr) ~ (Qabs) o
0.25(2/0.1 y) for T, = 2250 °X and this becomes (Pgraphite'= 2.2
g/ cn’

F_. &, M
ET = (£* 300) —— 2 15.7 . (VIII-l1s)
T 10 &
o]

M

grav *

&
Gerdon (1968) found thet the Luminosities of the late-type carbon
7 £®. Eggen (1972) argues that

the masses of late-type cerbon stars 1lie in the range 1.5 M@ <

—
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. b
M, €5 My. Taking £*=5x}9 Seand M, = 5M, we hav.e

F_ .
- (£ 300) 5.7 L .
grav

so 1f rmore than ~ 1/5 of the availzble carbon condenses to graphite
Fpr >> Fgrav is satisfied and it appears that radiztion pressure
driven mass loss- must be considered. Further, since small graphite
grains have a small slbedo, <A>vis < 0.1, 'Qs << Qa. and by eqs.

(VIIZI-T}, (VIII-36) o ~ w, 80 eq. (VIII-34) becomes

. £ _
Moy = (-l—zf-—-)(ﬁ)—]“,-”ﬁ) 20 x 1670 ufyr
. 5 _

%

independent of £, The resultant mass loss rates are given In

Table 11 for vericus parameters,

TABLE 11

Carbon Star Mass Loss Rates Using Conservation of Momentum

< v o Mtot
10 0.3 7.2

0" 5 10 0.8 16
20 0.3 _ 3.5

10 0.3 o

0% £ 1 - 0.8 160

20 - 0.3 35

_6

m/s - . x 10 Me/yr

These results are to be cémpared ﬁith the lower limits (because
of uncertainty in f') on l:lg derived by the method of "weighing the
dust" and given iIn Table 10, For & = 101* .i'.@, Vg. =10 km/s'the
results are comparable bubt slightly less {,-.. 20% less) tha_'.u the
resulté given there. The rather good agreement between these two

widely different methods for estimeting mess loss lends suppori:

to the radiztion presswre driven mass loss model and to the simpli. -

fied shell geometry adcpted in the previous section. TIf betn
models are teken to be correct, it implies £' ~ f, i.e. most of
the available carbon atoms. sre dctually condensing into graphite,

and the late-type carbon stars would appear to be truly efficient

dust facteries. Further, if Vg = 20 km/ s the gas loss rates given

here are reduced by a factor of two while the minimum gas loss
rates :Ln Table 10 are increased by ~ 1.5. If Vg is increased any
Iipre then this, there will be diségreement even if .’l',* = iOS £@ and,
the particles are large (& > 0.1 p). Thus, we would predict that
mea-surements of‘Vg fo.r carbon Miras similar to the ones studlied

here should give Vg < 20 Xm/fs.

(b} M and 5 Stars

For silicate grains the opacities in the 1-3 ¥ region are

unknewn but there is & lower limit of

Q) = Q) + (1 - 8) Qg ) = (2 - 8) Qé.ﬂatt)
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For small grains, g 0. Taking n = 1,65, k = 0 {i.e. "clean
silicate”, no absorption) the results shown in Table 12 are
obtained.
TAELE 12
(Q'scatt>'2‘*'
T, (°K) 2000 S 2500 3600
. .
.1 p 0.016 0.639 0.07h
0.2 k. 0.18 6.30 . o,k
For smal] grains <ijr} will be very small becszuse of the
~ (21'13./?\)1'L dependlence of Q__,, for 2m/A <1 (Appendix B) so
that any large grains (a > 0.1 p) will dominate the radiation
; ~ 3
pressure. Teking a = 0.15 u, {Qpr) =~ 0.1 and Perain = 3 gnfem ‘
in eq. (VITT-40} gives T
For £ My , \1v)
z (£ 300) {—p— {3 )] 31 . © {VIII-51b
Fgra.v . 1907 £ Y ’ :

The situation for the M and 8 stars appears to be less favorable
than for the carbon stars 'regarding radistion pressure on the grains
driving the mass 1055.. It would seem to require that either (1) =ll
of the available stoms must condense to silicetes (i.e. f' ~ f =

" 1/300) or (2) there De some sbsorption Ak 1-3 s by the grains, if
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this mechanism is to work. Smwak (1966) reviews the available data
on M-type Miras and concludes £~ 104 S@ and, with less certainty,
M, ~1 MG) for stars comparable to those in this study. Taking

FP Fgra.v ~ 3.1 eg. (VIII-34) becomes

. ar&'.*
¥ <068 =—
~ YV e

So apr Z 0.25 is required to explain the mass loss rates derived

earlier (Table 9}. In terms of o [eqs. (VIIT-36), (VIIL-7}] we

have

. £
M o * 10 km/s 13.6 % 1075
,S I T (IS (104 EG)( 7 3 X MG/W 2

vwhere g = 0 for small grains and (A) = (@/(Q  + 2.}y is the grein '

~albedo averaged over the stellar radiation field., For the M and

S sters, a is quite small {~ 0.01-0.02) so if this method is to-

agree with the results derived by “weighing the dust” (Table 9)

- we must have, even if f' = f = 1/300 (i.e. complete condensation),

1
Toay 2

or

@, . 20.9 )

vis ~

This result has been used In the previous section to derive a
1imit on Gyis for siljcate particles. We conclude that the eilicates

around the M and § stars must have very little sbsorption in the




wavelength range Ah 1-3 p If they are Fo be effectiver in driving
mass loss (large apr) end stil] ‘show g0 little bolemetric excess
{small o). The case for this mechanism d_ri\_tiﬁg the mass loss in
M and § stars would be strengthened irf Evig could be determined by
independent meams, such as high spatiel resoluticn studies giving
Rd directly or measurements of the optieal consta.nt;s of~realistic
silicate materinls (for instance lunar, meteoritic, and clometary

silicates) in the remge Ak 1-3 p.
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IX. COWCLUSIONS

This study has been concerned with the dust arownd stars
and some of its conseguences. The time behavior and detailed
spectral distrlbuticn of the infrared excess due top dust have

been cbserved and are interpreted, using other cbservetions,

" lsboratory measurements snd the laws of physics 5 in terms of the

type of dust, the smcunt of dust, the possible polarization

due to dust, and the distribution end dynamics of dust in the

circumstellar envelope lezding to Information about mass _lpss.
"1. As = result of the study of the variability of cool

stars at infrared wa\.relengths , 1t must be cénc_:ludéd that:

(e) There is no evidence the.at changes in the intrinsic
polerization of starlight can be atiributed tec & significant change
in the total smount of eircumstellar dust, Infrared emission is
Interpreted in terms of the large scale emiszion of grains arcund
the Btar -- condensing and being blown out through the gas by
rediation pressure (Gilman 1972; Gehrz and Woolf 1971). The
changes In intrinsic polarization Sholll? be interpreteﬁ in terms
of scattering and absorption by much mo:;fe locaelized and transient
régians of gas and dust or perhaps by 'aligned -grains.

{b} There is scme eirid:ence from the dependence of the

observed [11 p] - [8.4 L) color of M-type Mira variables with phase

compared with thet expected due to & constant smount of dust heated

by & varieble stellar luminosity and temperature that perhaps cn

average there 15 more circumstellar dust at minimum phase than at
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mexlmum phase. This evidence is indirect in that no [11 p) - [8.4 u] .
coler change has ‘oe-en 6bsérved vwhereas a decresse in this color is
expected st minimum phase due to a decrease in the stellar lumi-
nosity and temperature,

() There is evi_nience for & secular decrease, of about
& factor of wo, in the amount of dnstrsu:rounding cCet over the
period 1967 to 197L. There is weaker evidence for possible secular
ché.nges In the dust surrounding R Gem end V Cr@. The 2] other cool
stars shcwéd no evidence for secular variation, over the three year
nmonitoring pericd and in compariscn with the earlier measurements
by Gillett et ai. (1971), in the total amount of dust, !

(d) There s no evidence for any large sudden change, on
time scales much less than the visual periocd, of the overall amount
of dust surrounding a.n;,r of the cool stars,

2, The deta that has been cbiained on the spectral energy
distribution of excess radistion from the stars indicate that:
_ {a) The characteristic “silicate" iype emission profile
ginilar to that cbserved from the oricn Trepezium region 1s found
in many ¥ end § stars, Some variations in detaileci chape, e.g.
Rk Leo, are found. ZEffects of cpiical depth'a.nd grain temperature
do not sufficiently explain these variations, I&rge grain size,
& different chemical composition of dust, or a nch-blackbo_dy stellar
continuum are possibly iudica‘ted.A

{b) The excess emissioh from ccol carbon stars can i:rnha.bl,y

be attributed to radiation characteristic of the emiss_ivif.y with

wavelength of silicon carbide superimposed on a blackbody continuum.
The amount of blackbody excess 1s much stronger from carbon Mira
variables than from Semi-regular varisbles, '

(c) The spectral excess of the § star W AqL is unique
among the M, S and C stars of this study In thet it appears smoocth,
with no large emission or abscrphion festures. It may be compared
with R CrB, wﬁose spectrum is alsc smooth.

{d) No spectra heve been observed in this investigation
that require intexpret‘ation in termé of greins of exceedingly
different chemical composition then those discussed -- tlackbody
grains, silicate grains, .and silicon carbide grains, .

3. The data presently available is insufficient to
definitely decide between & double or single star model for R CrB.
It is argued that the double star model requires a.ﬂditiona].
assumptrions to explain some of the iﬁportant characteristics of
this wnusual object which are a more natural consequence of the
E;:Lngl-e star model end is tﬁeréfore less likely. 011 the single
star model it is found that the behavior of the infrared execess
Flux with time ca.ﬁ be interpreted as the aepﬁz;ture from the star
of dust formed on or sbout JD 2,1%11-1,033 with an apperent recessicnsl
veloeity of 27 km/s, There is no visual e:\rent near this date but
If the recessicn is extrapclated lLinesrly back in time the material
would have had to leaveé ‘the star on JD 2,@0,1}00 about which time
there was & visual event, The totel mass loss rate for R CrB is
analyzed in terms of impulsive events and is foun& to be similar

to that derived for the Mira varisbles, A larger fraction of the
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mass 1oss appears as dust grains for R OrB.. The varjable. intrinsic
polarization of R CrB may be due te sca;l.ttefing cff nf. discrete,-
optically thick clouds or alternatively, aligned dust grains in
the line of sight.

. y, It has been argued that the ra.piﬁ varisbility of
intrinsic pols.riza.tion, itx_a lack of carreiation wi{:.h elther infra-
red or visual flux, and the large shell opticaL depths inferred
from-the infrared cbservations ls.re ﬁifficult to reconclle with a
well ordered as-ymmetric' envelope model. Or the other hard, since
the optical depths are large, any polarization mechanism which 1is
propesed must conmsider the effects of scattering and sbsorption
in this shell. A model involving smli clouds, perhaps close to
the star, may be able to polarize the sta.ﬂ.iglhg and also change
rapidly but this light must then transit the extended envelope
which is well away frém the star. A possible alternative may be
asymmetric graing In the extended envelcpe aligred by the Davie-
Greenstein iaamémaguetic relsxation mechenism. The aligrment time
scales are sma.l]_,' 1-3 days, and the field fequired ié modest
~ 1-2 gauss, If the fleld is dipclar, a stemr surface field of-
~ 16-100 gauss is implied and,while the grains on our line of
slght to the star may be in a “picket fence" array, the net align.
went opver the whole envelope snd the resulting infrared pola.riiation
need not be large, . ) -

5. Mase loss from la.'lbe-ty?e stars has beeﬁ re-Iinvestigated,
Dust grains ic the circumsteilar envelope will be expelted by ‘

radistion pressure, as suggested by Gllman (1972) and Gehrz and

3L

Woolf (1971), so that the secular stability of infrared excess
observed for most stars here implies a continuous cuﬁd&nsa.t:l.on of
new grains for both the large and small amplitﬁde varié.hles. In
order that the surface layers of the star not be de;pleted of con-
densed elements, the observed persistence of dust grains in the

circumstellar envelope in t,hé presence of the strong radiation

'p'ressu.re repulsion implies & minimum gas density necessary to slow

the outflow of grains leading to & minimum massi loss rate > 10"6

MG/yr. The large mass loss rates found by Gehrz and Wc-mlf (19‘71)
are supported without necessitating large 10 p cptical depths. In
adﬁition, it is found that a self-consistent solution of the -Vcoupled
eguations governing mass joss lemis to a limit of 5-10 ‘.«nﬁ/s for

the terminal velocity of grejns relative to gas. Finally, it is
Tound that for.the carbon ‘Miras, the .ca.lcula.‘ted mass loss rate B
aséming graphite dust, agrees with the mass loss arrived at by re-
qu:f-ﬂ::s conservation of energy end womentum in the circumstellar
envelope, thus supporting the idee of Gilman {1972) and Géhrz and

Woolf (1971) thet radiation pressure onw the grains may be the agent

driving wass loss in the cocl, lumirous stars.

The gas and graphite loss rates for the carbon Miraé are
found fo be approximately twice the gas and silicate loss rates

of the M Miras. Thus, since ~'10% of Miras are carbon-rich, the

Miras will contribute a ratio silicate/graphite ~ S'to the inter-

stellgr medium. If, es proposed by Gehrz and Woolf {1971) and

supported by the f:l.ndingé here, the Mira variables comiribute a
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major fraction of the interstellar dust, we would expect the ratio - APPENDIY A
silicate/graphite ~ § in interstellar space. The ratio silicom ) :

y . INTERPRETATION OF OBSERVED FLUXES
ce.rbide/graph_ite in the carbon Miras is upcertain because of the
uncertain temperature and optical depth of the silicon tarbide The monochromatic flux (W cm“z u“l) at waveleng;th A cbserved

from a star, Fobs

enlssion feature,
: A

, can, in the absence of intersteller redﬁeniﬁg,

be characterized by spproximately

®
Fo‘ns ~ £ e T (A) . Fiheu

I 3 ’ (a-1)

where F. % is the flux from the star which would be opbserved in the

I
absence of a shell, Ty (A) 1= fhe effeective extinction optica.]_.
depth of the shell for our line of sight to the star and Fiheu

is the flux which would be observed from the shell in tﬁerabSence
ﬁf the star. In the late-type stars and R CrB the component of the
shel} which is importent for extinction of visible Light [T (A)}
and radiation (Fihellj at infrared wavelengths is most probably
dust. Jones. {1973) has considered the problem of radiation trans- -
fer in a sphericélly——symmetri;: circumstellar cloud of dust gram -
and finds expressions for the effective 6p§ica.l de’pti] Te_ in terms
of the geometrical o‘gtical_ élepth ( Tg) and the grain albedo and
phase function (see Appendix B). 7

1) The Star

The flux observed from the star can be characterized by
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F* =0, B, [TB_(?\')J T : {A-E)I

where {1, = ﬂr*a/])a ie the apparent sclid angle of the star, r, =

radius of the star, D = distance, star-earth, B,(T) = Planck

-2 -1 -1
blackbody function (Wem -~ w— ster ), and TB(l) = brightness
temperature of the siar at wavelength A = temperature of the radi-

ating level where LY

- fact this brightness temperature is s very complicated function of

= 1 in the stellar atmosphere. In mctual

.A. depending on the temperature structure, molecular ebundances,
pressure, "turbulent" velocities, ete., and a1l these parameters
ere inter-relgted -- in short this ié a d4fficult and stilt cu:-rrent'
problen of model a*;'.mosphére caleulation. As the primery concern
of this thesis is the properties of th;a circumstellar dust grains,
this problem will not be discussed further here, However, we are
aware that the de*fiatiops of Fl* from a blackbody cen affect our
‘interpretation of observed exc.ess f}_uxe_s a5 due tc circumstellar
emission and to a certaﬁl extent wake this uncertain. It is
pointed out in the text when it is believed this uncertainty may

be significant.

11) The Shell

In the shell the continuwous cpacity at infrared wavelengths

is dominated by the solid particles (dust grs;ins) of the circum-
stellar envelope. The dust grains scatter end sbsorb stellar

vhotens, heat up, and radiate in the infrared according to their

3T

temperature and emissivity, For a single grain i, the cbserved

fluxFiuillbe

X
ri-sta = (1.} - (&-3)
P SR R R r

where ¢ i = Q TA} is the emissivity of the grain, which is a
X abs ’

function of grain composition (i.e. optical constents), size, and

shepe as discussed in Appendix B.

Qi = 'n'a.]._g/'D2 is the zpparent 50lid angle of the grazin of

i

redius a, and T, = the temperature of the grain.,
" For a shell going opticelly thick, the cbserved fluwc will

be a complicated function of the run of density, temperature,' and

.the irdividusl particle opacities through the shell. 1In addition,

the observed flux may depend om the viewing direction ("patchy
clouds"). For an épticelly thin cloud, each individual dust grain

is observed independently and the observed flux is given by

F, R s f RSO . (a-3b)

The tempersture of each particle is, in turn, determined by an

energy balance
= E . ' ' (a-4)

In the presence of the very intense stellar radiation field

(£, ~ 10h Sé) the E, term is dominated by absorbed stellar




319

_ radiation which, for the optically thin casé , 15 given by

. o D2 - L2
Eill = ;-2- FR* iel Ta g aa 3 (A-s)
h=0 d
where R& is the distance of the dust grain from the star. If we
further define an average grain emissivity "‘\ris" 3 averag'ed over
the stellar rediation field as
o<

fo ®* 5, B
= T

rip = Gy = - . we
where ¥* = J' = F,* di 16 the total flux (w cm-z) received at
. o )

earth from the star, eq. (A-5) reduces to, varicusly,

ﬂ2 B.2
= & g . (4-Ta)
Henenn vis )
. ’ £
1 o %
Ein = =1mTa h—ﬂ-;—g eViE (A'Tb)
d .
o b 1‘*2 o Ty . . .
SME ———— gy s (a-7c)
L Ry ' : -
vhere “'sﬁeu = nade_/D? 1s the solid angle subtended at earth by
a spherical shell at 'Rd and
z - 2 L
fe=bad F=bar arT,

is the total luminosity of the star (W = 10' erg £~V) where T, s, .
g 15,

by definition, the "effective tempersture” of the star.

At the temperatures characteristie of the circumstellar
shells in this study (Td ~ 300.-900 °K} the primary energy loss
mechenjism is .therma.l re-radiation. A small grain will come to
thermal equilibrium at a temperature Td and radizte owver its .

whole surface so we have:

: 2 @
Eout =hye J‘O &, [w B)L(Td)] dh . . (A-8)
=EmhnaEUle‘_ : s (a-9)
. where
J‘ By Bh(Td) i,
e = Quedy = —e——————
IR ‘Bhs

d 3‘0 B, (Td) ar

is the effective average grain emissivity for the infrared
rediation (radistion at T = Td). Equation {(A-Y4) now implies, using

eqgs. (A-7) and (A-9) thet

« 3x l/J-I— €4 }./h ’ ‘ - ’
- (4-10
(E v “shen) (GIR ) —
: . Yo\ k
7. = S a— vis 4-10b
a ’ (16 ™o Ry ) (em ) ) ( )

/4

) /2 7 )
. X 1/h (r*) L ( fviﬁ> S .
=1, (ﬂ) ) - . {-10 )
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& =mall grey body, defined by €, = ¢, const or a blackbody,

e = 1, will cdne to a temperature
' /% fr\i/z
1 *
TBB =Ty (T(.) (R_d) 2 (4-11)

and & general grain reaches

1/k

[} - R
Ty = Ty ( vis . : (a-12)
€1R )

The observed flux frem the (optically thin) shell [i.e. eg. (A-3b)]

will now be determined by {a} the run of temperature (‘fd) and
@ensity of grains through the shell and {b} the detailed grain

emisgivities €+ The grain cpacities are discussed in Appendix B.

iii) The o and B of the Excess

As a measure of the relative importance of the grain com-

ponent we define ¢, the relative bolometric excess y 88

3nius‘s . ¥ . (13)
R . -
3° s Fx . 30 ? . ) .
where, as ususl & = [ “ F, d\.  Under the assumption thet the
: o}

fluxes are spherically symmetric, o represents the fractionsl emeount
of the total luminosity which is radiated by the dust grains.
Further we define a monochromatic measure of the relative

exXCess

exe Fobs ccnt

F. F
B =t =t A (A-1k)
W cont Feont ? ‘

B s

where the separation of observed flux into "excess" and "continuum"
is made in the text. e, P can be related to the amownt of dust in

two ways:

{a) Absorption of Sterlight

o represents the fraction of starlight which is sbsorbed

by the ehell so from eq. (A-1})

e s

vhere (1 - eTTE)viS is the effective sbsorption of the cloud
averaged 6ver wavelength and over the ot sterradians _surrbund.izl,g

the star, In the optically thin case (T,x << 1) we have

o (A) = Ta.‘ns(;\) —;"\1 T&hs(k)

el

TEa °
o s _i;i . (8-16)
i bR

3b2




vhere ]Ri 1s the distence of the ith grain frae the star. Averaged

over the stellar radistion field this becomes

<Te>vis = <Tabs)vis == —5— 3 {a-17)
: i b R, -

i.e, <Te>vis is directly proportional to the t?otal solid angle the
grains subbend at the star and is thus one measure of the "amount
of dust.-" ‘ .

. The case of sn optically thick (r >> 1), spherieslly
symmetric circumstellar dust shell has been treated by Jomes (1973).
He finds expressions for Te in terms of the geometric optical dept;n

T =T

s abs T Tscats for various combinations of the grain glbedo, A

r

and phese function g = {cos 8) (see Appendix B). For most reascnable

grain parameters and modest optical depths he Ffound

Te 2 Tabs *
So again (n;e)v; is will be approximately 1inéar1y proporticnal to

the "emount of dust" and @ = (1 - e ')

s will be an :anrez_asing

functicn of the Yamount of dust."

{t) Thermal Re-Rmission of Ligat by Dust ]

By definition, in the spheriecally symmetric case,
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‘where m
BT

C 3o

£ /s . (a-18)

= £/8 .

obs 4
where £* is the stellar luminosity. Using the definition of SR
(eq. A-9}, In the optically thin case,

2. gnph ) (a19)

Again o is & measure of the amount of dust.

A monochromatic meésure of the amomnt of dust is given by
Bl' In the case of the "econtinuum” by the flux from a star and
the "excess™ is due to thermal re-radiation by dust grains eq.
{A-14) vecomes [usiﬁg eqs. (A-2) and {A-3b)]in the optically thin

limit:

3 &12 &, [B(T,)]

- . _ {a-20)
mr, 'B)L(T*}

Further, in the case {Appendix B) x = Zma/A << 1, we have {eq. B-T)

o .
g e =04, e = Porain ™ :

.. Is the mass of the graizﬁ and Hy s the mass absorption
ain

coefficient, is independent of grain radius a. Thus eq. (A-20)

becomes

_ " Md (B;\(Ta)>

= (a-21)
wr,” B (T,.)

A
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where Md = Xm is the tobtal mass of dust rediating and
i .

1
grain
sme,’ B, {T.)
R S S S
@ (1)) = Ay
xTa &
N 1 %
1
is the average "source function" for the grains. Thus, BA. is

directly proportionsl te the total mass of dust radiating.

AFPEWDIY B
GRATN CFACTTIES

i) General Formulas

& small, spherical grain of radius a of materjal of bulk
optical constants m = h - ik = g, where m is the complex index

of refraction and g = - igz is the complex dielectric constant;,

ol
will both scatier and absord radiation incident on it. The

sbsorption ercss-section is given by

ape M) = @A)« &7 . (5-1)

The scatiering diagram is in general also a complicated fu-.nction
of scattering angle polarization of inejdent light, we will oniy

consider here the total average cross-section

2
Uscatt(l) = Q‘s(k) ma . {s-2)
and the phase function

H ’ dcs
g = (cos 8y = [ v cos B 4} . (8-3)

Two important guentities are the albedo of the grain, A()), defined

as
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I % 9 . :
AR A T : (B-4)

i.e. the ratic of scattering o total cross-section, and the

© efficiency for radiation pressure

QPr = Qa'bs + (l - g) Q.sca’t;t 2 (5'5)

wnich determines the force on & grain due to radistion pressure,

In the case 2ma/A » 0(1), the opacity para.meteré are
arrived at by applying Maxwell's electromagnetic equations with
appropriate boundary conditions (= Mie theory} to the situation of
(grain + incident plane wave) as ﬂeserﬁ:ed by Van de Hulst (1957).
The solubtion involves sums of Bessgell functions ‘and requires a
computer -- this will not be discussed further here but some con-
éequencés of the large grain case have bteen considered in the text --
in this case the computer program written by T. Jones (1974) for use
ol a Wang 7200 computer and tested against publishedr solutions has
been used, ’

. In the case 2ma/A << 1, the solutions greatly simplify to

(Van de Hulst 195T)

afo 4 2 2
Q :...T._,“E" _2__._.“1 -1 =0
sea 3 B w o+ 2
a = .k 2ma mlme-l (B—6)
abs T\ A ;2"?2' _ )

[ = th .
i.e. if g, = 2nk # 0, then Qbs  Qecatt

and & = 0 and the absorption

cross-section can be written as

2
Taps = Yapg TE =M, Borain : (B-7)
whers m = -11 -na3 and p = grain density : Y cm3 and
grain 3 4] e g s B
3 Yps 6

T e TR

Pl
g
B
[
EI'\)
o S

18

i
p. A

= (8-8)
i5' the mass ebsorption coefficient, cmz/gm. In the case of a
non»spheridal grain, the absorption cross-secticn depends on the
orientation of the electric field vector with respect to the grain
axes (ven de Hulst 1957; Gilra 1972a). In the case of an ellipsaid
with axes aa, J =1, é, 3, the mass absorption coefficient for

electriec vector parallel to the Jth axis becomes

n () =20 1 2 5 . (@9)

. 2 Z
[Lj(sl -1} +1]7 + L‘] e
where LJ is a shspe parameter with the property

3

2L =1
FERR

and the spproximate relationship
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. ],'_.J = consg 1/a.J
{the exnct formilss are given in Van de Hulst 1957). Thus, for a
sphere, T = (1/3, 1/3, 1/3) end eq. {3-9) reduces to eq. (3-8).
For en oblate sphercid of 2, = 8y >> &3 L (0, 0, 1) and for a
prola.te- spherold B = By << g.3 L - (0.5, 0.5, O).' For freely
orlented ellipsoids, the average absorpticon coefficient will be
given by . .

: X nA(LJ)
o) = 3_...3_._.

If € > 1, then the s.bsomt_inn cross-gection has a maximum
for I, i 0, i.e. for radistion with the electric fleld along the
leng exis of =n asymmetric grain. If el < 0, then there are strong
rescnances vhen I, = /(- e} or g =1- (l/LJ).

ii) Specific Materials

The optical consta.lﬂ.a vhich have been used in calculating
grain opacities in the text are from the litersture as follows:

(2} Silicates
(1) Perry et al. (1972): optical constants from
~ 5-500 p for ~ 9 Lunar silicate samples at ~. 150 °K
and ~ 300 °K, '
{ii) Huffman and Stepp (1071) opticel constants for
one terrestrial silicate {brown enstatite, (ﬁgFe)sma)

from ~- 0.1-1.0 i at room temperature.
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(b) Bilicon Cerbide (SiC) ,
Spitzer et al. (195%a, b}: ocptical constants from
I-25 B for hexegeonal and cubic SiC at room tewperature.
(e) Craphite -
Taft and Phillip (1965) optieal 'consta.nts frem 0,04 o
to ~ 24 | for electrie vector in the basal plane
{4 to "C" axis = gptic axis, i.e. in the direction of
high éonductivity in plane of hexsgonal plates) at
roon temperature. TFor 3 u < ?\ ~20 W, g ¥5.9 l(p.) +
10 = |-el| and eq. (B-9) reduces o -
3 % . (B-10)

1+LJ €5

~8

3

e

o]

which for L;] # O beccmes

~2m 1 1 i
~2m 11 1
'y L_é % T5.9 A(g) + 10
J . .
,.._..1_2 _1_2_ s (-11)
LJ A

1.e. the absorption cross-section goes spproximately.as 1/12.

oy
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