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ABSTRACT OF THE DISSERTATION

Circumstellar Grains and the Intrinsic

Polarization of Starlight
by
Wiiliam John- Forrest
Doctor of Philbsophy in -Hwaics
- University of Californie, San Diego, 197k

Professor Weyne A, Stein, Chairmen

Twenty-four late-type ‘varisble stars exhibiting  intrinsic

variable polarization have been monitored over the range 3.5 u to

’ _ 11 g for several cycles, No conclusive evidence for gross changes
in the smount of circumstellar grains have:been found. Thus,
circumstellar infrared emission is attributed to the totel abun-

V dance of grains surrounding the star which does not change by a
large amount with time while intrinsic polarization is attributed
to more localized scattering and absorption effects or possibly
to aligned gr_a‘lns. Spectrophotometry with AA/ A &~ 0,015 over the
7.5-13.5 p wavelength renge of several stars with different ch-emi-

" cal camposition indicate excess emission characteristic of 3

types of grains: (1) "blackbody" grains, (2) silicete grains and
(3) silicon carbide grains:
]ft: is fourid that the Mira carbon stars and V Hya ha\.re an

energy distribution that is qua.].itaﬁively different than the semi-

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

the spectral feature due to silicon carbide grains, which alsc
appears in the senx:l.-fegula.r carbon varisbles, a major fraction,
‘from .3 to 0.8, of the observed energy from the Mirs carbdn stars
appears .as a cool component characterized by an approxims,tély .
950 °K blackbody. Thus, the ratio silicon carbide to "blackbody™

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

mechanism to explain the excess over all wavelengths seen in the

carbonr Miras 'is absorption of starlight and thermal re.radiation
by graphite grains in the circumstellar envelope.

Similar infrared observetions of the variable star R CrB
over the period 1970-197L4 have seen made and Aiscussed in terms
of a single or double star model for ‘this object. On the gingle
ster model it is found that dust made on or abous JD 2,441,033
was subsequeptly ejected from the star with an apperent recessiopal
veloclity of 27 km/s. There was no visual event -directly associated
:vith this infrareﬁ activity but if the spparent recession is

extrapolated linearly back in time, the material would have left

the stellar surface on JD ~ 2,440,400, and sbout this time there

was a visual event, Spectrophotometry with AA/)L ~ 0.02 over the

3-4 p and AA/X = 0.015 over the 8-12.5 W wavelength ranges show




an excess emission which is completely smooth and featureless to.
the accuracy obté.:l.ned, in distinet contrast _to the spectra of all
the M and ¢ sté.rs observed in this study which do show features.
Models. to explain the latrinsic polarizat.ién of starlight

in ‘terms of scattering.and é.bsorption by circumstellar dust gré.ins
a;re discussed. Tt is found that the rapld variebility of pola.r:.L-
zation end the optical depth of the shell inferred from infrared
measurements put severe constraints on the asymmetric envelope
models anfi suggest small clouds , perhaps close to the star, must
be I_'esponsihle for the polarization. Alternatively, it is found
thé.t asyimetric grains .in_ the extended circumstellar envelope

may be aligned by the Devis-Greenstein paramagnetic relaxation
mechanism. The time scales for alignment would be 1-3 dayé and
if the field is dipolar (1) a stellar surface Pield of approxi~
mately.16-100 gauss 1s required, smd (2) the expected infrared
pol&rizatibn may nof necessarily be large.

The mass loss f1.‘0m laté-type stars has been re-iuvr'estigated

-and 1% is found that the observed persistence of dust grains in
the circumstellar envelope requires continuous condensaticn and
ejection of grains leading to & minimum gas loss rate > 10'6 M (Jyr
necessary to restrain the grain outflow. The grains must be .
momen‘r;um coupled to the gas as suggest;ed by. Gilman for otherwise
the&r would exit too rapidly. In addition, it is found that the:
momentum coupling of gas to dust m}d the minimum éas loss ra.te-

consistent with the observed dust loss rate limits the supersonic

terminal velocity of dust grains relafive to the gas to approxie-
mately 5-10 icm/s. For the oxygen-rich Mira varisbles the calculated
mass loss rates (using a simplified mo;iei_ for the circumstellar
envelope) are ~ 3-T x 10_6 MJyr and the dust loss rate is ~ 1/300
of this in silicate grains. For .the carbon Miras. the gas ;ud
graphite dust loss rates are a;oprox;.mately 'l'_,wice this. and, in
addition, the calculated rates agree with the lower limit to mass
loss given by the minimwn radiation pressure exerted on the grains
(consistent with the observed infrared excess and consemtimi (ﬁ
energy) and the conservation of moﬁentum. Thus, the idea of Gehrz
and Woolf and Gilman that msss loss in late-type stars may be .
driven .by radiation pressure on the circumstellar dust grains is’

sixpported.




1. INTRODUCTION

This study was stimulatéd by the discovery (Dyckr et al.
1971) that there was a good correlation (Fig. 1) between the
average Intrinsic visual polerization and thé infrared excess of
where F is

3.56° A
the a.ppa.rent flux, W/cm b, from the star at wavelength A. This

cool stars as megsured by the flux ratic F /F

correlation was understandsble on the model that infrared excesses .
are- caused by re-radiation of thermu&.iéed starlight from circumstellar
Gust grains and these seme grains, through their scattering end
absorptive properties, pqlar;ized the initially unpolarized sterlight.
Since the polarization was known to be time variable (Shakhovskoi
196k Serkovski 1966 a, b .Zappala 1967), it was desirable to obtaln
simultaneous infrared end polarization mea.s'urements to see if the
large and sometimes rapid variations in visual polarization were
associated with corresponding variations in the infrared flux.

In addition, the identification of silicate mineral grains
as the radiating materisal around cool M sters (Gillett, Low, and
Stein 1968; Woolf and Ney 1969) and the idemtification of & similar
material as a -com_z_:one.nt of the :Lntez.'iste]la.r dust, viz. the emission
spectrum of the Trapezium obtained by Stein and Gjllett (1969}, . led
Gehrz and Woolf (1971) to ccmsider cool sta.rs, specifically M—type
Mira va.;'iables , a8 candidates for the production of this type of.
dust,’ They concluded, from their calculated mass loss rates and
the distribution of Mira. varisbles in the galaxy, that M—type Mira
variables appeared sufficient to supply all of this type oj.’ material

to the interstellar medium. In addition, Hoyle and Wickramasinghe

Fig. 1:

Average polarization as & function of infrared excess

as measured by the flux ratio F]‘.lp/FS.ﬂ.L

(1911)

from Dyck et al,
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(1962) had, before the dchov;ery of circumstellar dust shells,
suggested that carbon Miras might be the seat o:? production of at
least somé of the interstellar grains. They speculated on the conw
ditions necessary for the formation and subsequent ejection of

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

_potentially very :Luterestihg to try and study the detailed dynamics

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

occur steedily or sporadi'cally, are tﬁe dust grains (as ;axempliﬁed
by their infrared spectra} the same for all M-type starsf How do
the cerbon stars (C-type) end S-type stars fit into this picture?
To this end, light curves (}3‘7L vs. time) at broaﬁ. band infra-
red wgvelengths lo.= 3.5, 4.9, 8.k, and 112 i have been measured
for the approximately 25 late type, variable stars and R CrB in
'i‘able 1. ‘R CrB is & peculiar hydroge;lfdeficient , carbonerich vari-

able whose visual light curve (Loreta 1934; O'Keefe 1939) and

infrared excess (Stein et al, 1969) suggest the existence of circum

stellsr dust grains, TIrn addition, medium resclution spectra

{AA/A ~ 0.015) have been obtained for some of the stars and related

_objects, mostly in the wavelength range AL T7.5-13.5 y but also, in

a few cases, A 3-5 u. These speétra, along with flux measurements
at longer and shorter wavelengths may be used to interpret the broad

band energy distributions eand light curves in terms of the model: '

- star + dust. -




II. TECHNIQUE

The photon flux received a.£ earth from a celestial source
can be characterized by its four Stokes parameters [intemsity (flux =
F,, W/cm2 k), linear polarization th, %) and poéition angle (e)‘, °),
snd cireular po;la.rization {Q, + %] vs. wavelength (\,p) and time,

If the source 1s extended, wh.{ch ail will be to suﬁe extent, there
i1s also information as to the angﬁlar distribution on the sky. In
the preseﬂt study, intensity (flux) received at infrared wavelengths
vs. time for a 11;{: (Tabia 1) of variable étars was made. The
technigues used to do this will be briefly described below. - )

The infrared receiver employed for this study was desigx;ed
and built at UCSD by F. C. Gillett, The ‘dewarv corrx'sist;s' of a L He
irner flask surrounded by a L 'N, outer flask and encased Vin a room

2
temperature enclosure -- the inside is evacuated bat the L N, and L He

2
run at ambient pressure. The detector gulployed for the most part
was a Hg-doped Ge photoconductor (semsitive to photons with hv >
band gep, A <15 u) run Vat I He temperatures in order to (1)} reduce
the number of thermally excited charge carriers and.(2) reduce the
thermal background flux cn the detector. The ~ £/11 field of view
of the detector, appropriate for the Mt. Lemmon telescope, is
defined by a L }IEV field lens at the focal plane and a L N2 baffle.
The wavelength resclutlon 1s provided by interference filters in the
field of view of the detector. Fixed band pass, AA/A ~ 10.-2075?
filters are used for the broad band measurements and varia.bie band-

pass, AA/A ~ 1-24%, for the medium resolution spectra. The filters

run at L NE temperatures to reduce .the thermal background filux on

the detector.
A fundemental difficulty of measurements made at the wave-
lengths cor:sidered here is the existence of a large thermal background -

(BG) due to the '~ 300 °K terrestrial sources (namely the telescope and

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

for the brightest: sources BG/5ig ~ 107 end for the faintest sources
BG/si;g'z; 3 x 10]", g0 & relisble method of detecting the small signal
from the "stér" in the preseﬁce of this large background flux mus_i.:-
be devised. The problem is amalogous to trying to d_o visugl pho- -
tumétry during the dey with a fluorescent telescope. . The signal
frow the {discrete) s;ta.r is extracted fram that of the (diffuse)

sky by “chopping."” An rosr_:i]_'l.a.ting diagonal mj:gor near the f.ocal
plane shifts 'Ll.he field of view of the detectO.r aLterna.tély between
& beam which contains only sky end an adjacent b_eam which contains
star + sky. The preamplified detector signal (Sl) is fed into &
synchronous demodulator (phese sensitive detector) vhich detects
cnl,y ‘the part of the signal which is et the chopping frequency
(typi;:a]ly 5-10 Hz). This signel (32) would be directly proportional
to the flux from .the star .except-for (1) the offset caused by the
warm -telescope itself and {2) possible differences between. the two
sky beams (1.e., even with no star in either besmm; S, # 0). This
effect. is ct.mcelled by "wobbling" the tellescope, the star being put
alternately in one (S,) and then the other (82') sky beam, the
reference beam béi_ng alternately on one side and then the other

side of the star. The net signal, which is’ proportional to the flux




from the star, 1s then ASB =8, - 8,'. The signals §, are recorded
directly on a chart recorder end also digitized and sent into an

integrator where the differehc:l_ng to get S, 1s performed. Wobbling

3
is done once every 10-30 sec, in the case of a faint source many 33
.are combmea.to give an average .signal, S, and standard deviation .
of the mean, o . . ,

For all the measurements described here, a -22"T beam diameter
a.ud 36"7 chopping-wobbling‘distanc'e, as projected on the sky, was
employed. The broad band filte;-s ‘used had centrai wavelengths Ao

and widths AM (FWHM) given appruximatef!y by:

A 2280 358 b9 Bhp 112 125p 18

M 05 s 0w 1.0p 084 2.0k | LT b

Monitor (light curve) wavelengths

And the narrow band filter wheels covered the ranges

A 2.8-5.5 AMN 2,29
AN T.5-13.6 p AN L 1.5% .

The observations were made, almost exciusively, during the night
using the 60" metal-mirror telescope of the U. Minnesota-UCSD
Infrared (bservatory on the peak (. 9300 ft. high) of Mt. Lemmon,
Arizopa. Flux measurements are made by comparing the signfil SL from
a target ‘ob,ject at a partieuler wavelength to that from a "strmdérd"

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

By (standard)

Fl(obJect) = sh(object) W . : (11-1) |

A. Broed Band

The broad band flux from "stendard® stars (Table 2a) 15
derived by this technigue using the fundamental stardard star
olyr (Sp:A O V) and the flux for zero magnitude [Fl(O mag) =
fh(a[w'r)l given by Gillett, Merrill and Stein (_19{1). In addition,
the secondary standard star o€ Ma (Sp: A IV) was used for cali-
brating the stendards assuning F)\(QCMa)/FA(aLyr) = 3.44, const,
At was}elengths other then those g:‘u..'en by Gillett et al. (1971) the
flux for zero magnitude wes extrapolated using a 10,000 °K black
body appropriete for olyr, oCMa, for A > 1 u and using the caliw
bration of Johnson (1965) for A <1 p. The broad band fluxes &t a

wavelength A are conveniently expressed iIn “magnitudes," {A], where
Fk(star) = FA(O 11123..3)]_0_{R]/e'5 i . (11-2)

The (assumed) magnitudes for olyr, oCMa and derived magnitudes for

the other standard stars are given'in Table 2a along with the assumed

flux for zero magnitude.  In general, the repeated mea.su.reménts of
standards were consistent with (1) the magnitudes listed and (2) no
time Qafiahuity, within ~ % 5%. The sbsolute flux calibration is
less.certa._in and could differ b).r as mu;:h as  20% from that listed.
Standard sté.rs were measured regularly through the night at
all wavelengths used to establish the sensitivity of the system
[i.e., SA(*)/FX(*)I end possible varietions in semsitivity or

devietions from eq. (TI-1) due to:




(1) Telescope focus
(2) Sky transparency vs:
{a) time
(b) =zenith angle, BZ
(e) =azimuth angle, ¢

(3} De‘t‘ector beam alignment

(4) " Guiding errors

(5) i‘iun-linearity of detector system

{6} other,

These measurements were combined to give the adopted sensi-
tivity through the night which was applied tb the target stars
(eq. II-1) .to give the observed fluxes (magnitudes). In general,
target stars were cbserved near meridian transit so as to mini-
mize the corrections due to dii‘._’fering zenith engles,

The errors to be a.ssigneé. to the broad band measurements
are difficult to assess & posteriori. 1In most cases the statis~ -
tical errors were very smﬂ_i (<;C + 5%) and the true error is
probably of a systematic pature. Varisble sky transparency was
most troublesom at 3.5 y and, especially, k.9 p.rwhere the filter

bandpasses overlap the wings of the atmospheric B0 absorption.

The 8.4 u and, especielly, 11 p filters are placed in much cleaner -

atmospheric windows. A_ statisi‘.ica.l anelysis of thé systematic
errors was made by cofmparing measurements of the same bright
target star wmade more than once during a week's observing run.
We assume the star's flux 4id not vary on & few days' timescale

and the measurements (Qi) are distributed normally about the

10
mean (Q), i.e., the probability P(Q:l) 'is given by:

Lo p
P(Qi) = const, e"(Qi“Q) /20

Then if & =z iQ’l - QEI/(Q]_ + Q2)_, the average standard deviation

is given by -(c/_a) = (1/ 2) (A2)1/2.

pendent pairs and gave for (0/Q):

The average from ~ 60 inde-

Time ' (3.5 ul [4.9 ]  [8.4 4] ' {11.2 4] [12.2 u]
| (3.5 8] ~[3.5 ] ~[3.5 W] -[8.4 gl
1970.8-1972.0  0.07 0.67 0.07 0.07 °  0.05
1972.0-1974.0 0.04 ST 0.04 Q.04 T 0.0k
o.o%

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

the first year to x 44 for the last two years.

B, ' Narrow Band

The primary standards for the nerrow band spectra AA 8-13 u
were aBoo and «fau, assumed to be k00O. °K and 3500  °K black bodiés .
respectively rormalized to their broad band fluxes {Table 23).
The standard and target stars were measured at close to the same
zenith distance (within ~ 0.2 sec 6 ) but different times, the
flux is then given by eg. (II-1). Broad band measurements (at.

B.bp, 11.2 p, and 12.5 ) were also made as a cross check on

the corrected spectra. At these wavelengths the primary atmos-

pheric absorbers are water (* < 8 p), ozone (AA 9-10 u pesking .




at ~ 9.6 u) and 0, (A'> 13711-). The ozone and CO2 absorptions
seemed to be fairly stable through a .night end from night to -
night but the H,0 could be highly variable, especially on "wet"
nights. As & check on the procedures, two spectra AM 8-13 u .
of the alstex.‘oid Ceres were obtaiﬁed. The corrected spectra
followed a ~ 220 °K black body within thé statistical (~ 5%)
errors, s0 it is believed there are no gross systematic errora;
being introduced by this procedure.
' The errors in a given spectra for A > 8 p can be estimated

by ‘ )

(1) Secatter in adjecent points (we take ~ 2 iz;oints per
resclution element)

(2) statistical errors arrived at in averaging two or
more spéctra.-together.
Method (2) is to be preferred, especially when cne is looking

for real features in the spectra.

III, THE STARS

The program stars {Table 1} are all of late spectral
type (excluding R CrB, deseribed more .fully in Chapter VI),
which implies & low effective surface temperature (T, ~ 2000~
3000 °K). The stars are all "giants" or "s@ergiants ," which
implies & much larger stellar radius (r, ~ 10_2-103 ré) and a
much higher luminosity (£, 103.10” 3@) than stars of corres
ponding spectral type on the main sequence. The masses of the
stars are not well k:t.lown;r for the M-type Mira varisbles and R CrB
it is believed M, ~ 1-2 M®. The structure of the stars consists .

of & hot, dense core (M

ore ~ 045 M) where the prodigious lumi-

nosities are generated by nuclear reactions; this energy is -
transported by convection to the stellar "surface” and thence

radjated to the observer. Tor the late fype stars the "surface"

is actually an .extended a.tmosphere ; the atmospheric scale height

(h = xI/mg) is comperable to the stellar radius (b/r, ~ 0.05).
The chemical composition of the cbserved atmosﬁhgric 1ayer§_s is
Indicated by the sprectrai type. Thé M-type stars have close.

to solar ebundances for most elements., The carbon stars (b«type)
are defined by Nc > l‘lo, and there are other sbundence anomalies,
The S~type stars are notable for the relative over-sbundance

of heavy metals of the fifth and sixth periods of the periodic

table (Sr, Y, Zr, Nb, Te, Ba, and J2). M and C stars may also

exhibit some S star characteristics in their spectra. R CrB

is hydrogen deficient end carbon rich, The sbundance anomalies
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are believed to be the result of nuclear processing of ﬁitially
éolar-type mteriﬂ at some time in the stars' past. In this
regard the existence of Tc99 in some M, S, and C stars, with
a half-life of 2 x 105 years is especially significant. The
nuclear reactions must hav-e occurred in thé recent past and
there m}lst be fairly rapid _delivery of processed materisl to
the cbserved atmospheric layers. 7
The sters are also varlable in luminosity to some extent
(Pettit and Nicholson 193'37_;' Strecker 1.973). The period of vari-
ation is given approximately by the free-fell 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 m/Tm ~ 2500 °K/2000 °K .. 1.25), luminocsity (. L mag =
factor of 2.5) and radius (rm/z- ~ X.35).
In addition to the gbundance anomalies there are various
- Bpectral peculiarities of which we mention the (1) "veiling" or
apparent weskening of the é’cellaxj absbrption lines, (2) oeccasional
appearance of sﬁrong emissicn lines (hence the "e" in M6e) in the
spectrum, and (3) existence of very narrow absorption lines with
an epproximately constant velocity blueshifted (i.e., to shorter
wavelengths) ~ 10-20 km/s from the stellar velocity., In the
Mira verisbles the "velling" effect is variable from cycle to
eyele and could be due to (a) oﬁacity effects (i.e., t&bﬂence,
etc._) in the “reversing layer" where the absorption lines are
formed; (b} overlying continuous emissidn which reduces the

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

of the starlight off a radially expanding circumstellazf envelope,
The existence of emission lines in such cool (T* ~ 2500 °K} stars
is quite unususl and in&icates some energetic, non thermal-equi-
librium processes are teking place. Some of the emission lines
'(hydrogen, ealcium) aré believed to originate, at least in part,
from below the reversing layer (Merrill 1960) while others

({¥n 1], [Fe II)) probably originate shove it (Nussbaumer and

.Swings 1972). The narrow, blueshifted absorption lines probably

originate in cool, circuméteuar gas in our line of sight to
fhe star which is flowing smoothly away from the star. This
implies there is mass loss occurring from these stars'(redshifts
are never seen), The majority opinion holds that the Mira
variﬁ.bles are relatively cold stars which have evolved awey from
the main sequencé. Kukarkin (1955} propesed the upposit.e view
that Miras are young, pre-main sequence which should tell us
sbout the conditions of star fomtion.

The stars are linearly polarized at visual (A 0.35~1 @)

- wavelengths, At least some of this polarization must be intrinsic

to the star because (1) the polarization is variable with time,
(2) many of the stars with large polarization are at high galactic
latitudes, and (3) the wavelength dependence of the polarization
1s quite different tﬁan that of Interstellar polarization. The
polarization 1s varisble both ih degree snd in position _angle.

The variastion is s in general, quite chaotic but there is often

& tendency in the Mira variables for the meximum polarizetion

3L




to occur at visual mi.n:l.mum or, in some cases, on thtlé rise to
maximum light. The degree 1_:1’ polarization can change {increase
‘or decrease) by factors of 2 or 3 on a timescale of < 30 deys
{< 0.1 period)., The angle of polarization can also -change by
~ 90° on these short timesceles. The degree of polarization

geperally increases toward the blue and 1s guite small by A ~ 1 .

IV, BROAD BAND OBSERVATIONS

Table 1 summarizes the stars observed in this study. Im
additlion to the star name, the spectral type , variability class
and period are sumarized from Kukarkin et al. (1969). The day
of zero phase [DO(O)] in eolumn (T) is deso:_:iﬁed in Section C.

The range of visual variation from Kukarkin et al, (1969) and the

-observed range in [3.5 p} are shown along with 1imits to the observed

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 actuszl range of variation from the observed light

.cu'rve, in the case of the SR variables they refer to upper limits

to the amount of variation,

A. Energy Distributions, M and S Stars

In order to interpret the observed light curves (fiux vs.
time) in terms of radia.tion’ from the star on the one hand and radi-
ation from its associated circumstellar dust grains on the other,
one must mske an attempt at rsepératAing these two comtributions to
the observed flux. Appendix A gives the model adopted here to gu:l.tie o
this interpretation: The observed fliux is the sum of attenusted
éta,rl:lght pPlus the radiation from the circumstellar svhe]_l. The
relative bolometric excess o = ratio of total appﬁrent flux .from
the shell to the total-observed flux is one measureA of the amount
of excess. The monochromebic excess ﬁk = [Fk(total) - F‘\(continuum)]

x F)\'l(éontinuum) measures the size of an emission feature relative

16




TABLE 1 ' =]
Stare Included in the Observing Progranm

(1} {2} 3 4) [E 6) (7) (8) (9 (10) RiRY) (12) (33)
. D (o) Visual . '
Name HD IRC Spectrum  Variability Period J,D. 2,440,000+ Magnitude  [3.5 pP* * [4.9 u]-[3.5 pl¥ [8.4 p]-[3.5 w]¥ {11 n)-[3. 5 p]¥ [11 w)-[8. 4 u}¢
{days} :
oCet 14386 00030  MS5e-M9a M 331.7 820 3.7-9.2  -3.48,.2.83  -0.30£0.05 ~0. 9040, 06 -1, 68£0.08 -0, 760, 06
ZEr 17491 -10040 M4 IO SRb ' B0 (746) . 6,4-7,8 40.10,40,26  +0,17%0,07 -0, 2840, 10 1,0420.11  -0.76=0.10
W Per 237008 460097 M5 ) SRb 469 8.7-11,8 -1,57,-1,30  -0,15%0,05 -1. 0020, 10 -2.5820,10  -1.5620.10
R Lep 31996 -10080  C7ce M 432.5 {40 yr) 800 6.8-9.6 -1,23,-0,08  -0.300.10 -1.209,10 -1.90£0,10  -0.66=0,05
Y Tau 38307 20121 O.F_n SRa 240.9 {1750) 6,8.9,2 ».0.40,.0,15 -0, 0420,04 -0. 760, 06 «1,4620.10 -0,67+0.07
UOori 39816 420127  Mbe-MBe M 372.5 782 6,3-12,0 -1,70,-1,00 -0, 350,05 -0, 9040, 10 -1.7020,15  -0.78=0.10
TV Gem 42475  +20134 Ml Iab SRe 182 ) 6.6-8,0 40.50,10,66  .0.10%0,08 -0.9240, 08 -1.90£0,09  -0,97=0,04
UU Aur 46687  +40158 ~ G54 A SRb 235 (3500) 5,1-6,8 .-1,28,-1.08  +0,08+0, 04 -0, 53%0, 04 -0,9420,06° .0.42=0, 04
R Gem 53791 420171 83, 9c.S6,9e M 369. 6 728 7.1-13.5 +1.12,+42,04  ~0,24%0.05 -0, 8810, 05 21.2220.38  -0.2020,20
"R Cnc 69243  +10185 Mbe.MBe M 361.7 "595 6.8-11.2 -1,35,-0.90  .0,40£0,08 -0, 8220, 10 -1.30£0.10  -0.4820.06
R LM3 84346 430215  M7e-M8e M 372.3 610 7.1-12,6 -1,35,-0,80  -0,4040,08 -0, 9240, 06 -1.70£0.10  -0.72%0,05
R Leo 84748 410215  Mb6.5e-M% . M 3126 740 5.8.10,0 -.3.23,-2,68 -0, 30x0, 07 ~0. 75%0. 10 -1, 4820, 10 -0.72=0. 05
Vv Hya -20218 Ooum . SRa 529 (18 yr) - 6, o..wN..m ~1.90, -1,50 -0. 520, 05 ~1.75%0, 08 -2, 3020, 05 -0,55=0.06
vV CVn 115898 +50276  Mde-Mée SRa 191.9 6,8-8.8 +0,66,40,80  .0,27%0,07 -1, 1620, 10 ~2.2220,08  .-1,07=0.09
R Hya 117287 20254 . Mée-MBe(S} M 388, 0 , 875 | 4.5.9.5 -3.04,.2,68  -0,05%0,05 -0, 550,07 -1,15%0,10  -0.6020.10
ScrB 136753 +30272  Mée-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, 9240, 10
R CrB 141627 cFpep R CrB 5.8-14.8 +1.27,42.95  -1.05%0,25 -2, 3220, 48 +2,64x0,60 -0, 30=0,10
vV CrB 141826 +40273 Cé6,2e M 357, 8 930 7,511, 0 +o.¢o.3.~m ~0. 6520, 10 =-1.2540,15 -1.94£0.15 -0. 65=0. 06
X Her 144205 +50248 ' Mée SRh 95.0 (746) 6,3-7,4  «1,71,-1,63  «0,04%0,07 -0, 5540, 05 -1.36£0,05  -0.80=0,06
U Her 148206 420298  Mé.5c-MBe M . 405, 4 920 7.5-12,5 -1.24,.0,656  -0.4040,05 -0, 9040, 10 -1.75%0,06  -0,B2=0.08
T Dra +60255  CBe M 4217 995 9,6-12,3 -0,30,40,64  ~0,8320,08 -1, 8640, 14 12,4220.16 0. 6020, 05
% Cyg 187796 +30395 57, 1e-510,1e M 406.8 890 5,2-13,4 .3,20,-2,42 0,120, 10 -0. 7020, 15 -1,40£0,20 -0, 706=0. 06
RW Cyg +40424 M3la SRc 586 7.7-9.4 0,04, +0G,10 0.0 +0, 04 -0, 9220, 06 -2, 63=0, 08 =1.71=0,0%
¥ Cyg 450338  G7,4e M 421.3 650 9. 1-12,8 -1.65,-0,83  -0.830,08 -1.8040,15 -2.4120.15  -0.60=D.06
R Cas 244490 450484  Mbe-M8e M 431,0 610 7.0-12, 6 -2.84,.2,06 -0, 380, 08 ~1. 1020, 10 <2, 04£0, 10 -0, 920, 06

*Quoted values represcnt those reaults actually obaerved, None of the atars were observed through all phases of variability,
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The date is from Table 2a,

Displayed in this manner, blackbody functions of

Fnergy distributions of selected stars and the Trepezium
and is displayed in the format log (Wh) + const vs.
displaced in wavelength and blackbody functions with the

different temperatures have the same shape but are
same height correspond to equal total flux, &

region of the Orion Nebula.
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where F; is assumed to be represented by the blackbody which fits

the shorter wavelength date, continued to A > 8 p. The parameters

o and the color temperature of the excess Tcexc derived on

2 BA”
this model ami_thé T, adopted appear in colums (2)-(6) of Table 2b,

The bolometric excess o is found to be guite small, ranging from

Y. 0.01-0.03 for the Mira variables to a maximum of ~ 0.05 -for the

supergiants RW Cyg and W Per. Thus, less than 10% of the total
observed energy is radiated by dust grains and the assumption of an
optically thin shell would seem to be sppropriate. This question

is discussed further in Chapters Vv, VII, and VIII.

B, Star X

The Mira variables sre kmown to exhibit cyclic {emperature
and luminosity variations (Pe{:tit end Nicholson 1933; Strecker
1973). 1In order to separate this effect on the observed infrared
fluxes from possible variations in the amount of duét around the

" star, a synthetic star - Star X - has been constructed. The flux
from the star is initially taken to ber & blackbody .m‘.th the tempera-
ture and luminosity variation through the cycle given by Strecker
(1973) for the variable X Cyg. .The phase dependence and range o;’
te@er&twe variation of X Cyg was fairly typical of the M and S'
stars studied by Strecker (1973) and Pettit and Nicholson (1933).
To this has been added.a dust rcomponent which radiates & copstant
fraction 0.02 of the total energy (i.e., & = 0.02) with a spectral
.depend;.\nce (B)‘) given by the observed spectrum (Tsble 2a, F:lg.-?, -

Chapter V). of the Tra.pez:luﬁ. In addition, the color temperature



TABLE &b

Derived Source Parameters from the Date in Teble 2a on thé Model P:ha - Pl. + F:xe

(1) (2) (3) T (s)
exc
Star @ ’ B(’to) * e (xl‘ 12) . * *
) (1.2 p, 18 ) {11.2 p, 20 ) (3.5 u, 8.4 u)

oCet 0.013 1.h C o bho 2400
Z Ert 0.003  0.65 . ' 3000
W Per 0.046 6.0 360 koo 2¢€00
R Lep 0.30 1.1 (3.5 ) ) 950 2350
¥ Tau 0.00k%  0.80 2200
U ort 0.013 1.3 . 550 - 2300
TV Gem ool 2.2 . C : 3000
U Aur 0.0020  0.51 ' . 2400
R Gem 0.0066  0.60 2hoo-
R Cne 0,0058 0.60 - o - . 20
R LML 0.011 1.2 580 . 2400
R Leo 0.0069  ©0.97 500 - 2600
v Rym 0.k 1.6 (3.5 w) ) 900 2koa
Yom 0.023 2.9 R 2600
R Aya 0.0052  0.65 o ) 2500
8 CrB 0.025 2.6 60 - . 2300
v crB 0.4 1.h (3.5 1) 1000 2200
X Her 0.0075  1.05 120 ‘2600
U Her 0.020 1.6 830 2000
T Dra 0.79 8.0 (3.5 u) . 900 2200
X Cyg 0.0225 1.k " g0 . 230
B Cvg 0.0k 5.5 . 480 . - 2600
v Cyg 0.8l 9 (3.54u) %50 200
R Cas 6.02% 1.9 . ) R ' 2100

Trapezium - - 200 7 —

* lo =122 excebt for those deuigimteﬂ as '.\o = 3.5 1

* 4, refers to the best "blackbody fit" to F,* vhich s used to derive F*X° and columna (2)- (L)
a8 described in the text. Briefly, Fj* is assumed to be represented b} the best"blackbody™
£it" to the short wavelength data extended to longer wavelengths. Then .

E2XC .

B r:“ « F,¥, where F}°° 1s the observed flux

B(X) = FXO/Fy%

o= [0 /[ 4, ana .
exc’

Ty “‘1'12) = color temperature of the excese bgtveen 11 and 12.
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of the dust, Tc(ll B, 18 p), tracks the star's luminosity according

to the law

/4
T~ (5)
expected (eq. j&-lo) for dust at a fixed distance from the illuminating
source. The observed energy is divided into thé 8-14 p reglons and
16-20 p regions according to the ratio Blou(Tc)/ElBu(Tc)’ where
B)‘(T) is the Planck function. The fraction of grain energy occurring
in the 16-20 §i window varied from ., 0.20 (T, = 2300 °K, Tc(dust) =
460 °K) to ~ 0.26 (7, = 1750 °%, Tc(dust) = 350 °K), so this latter -
assumption is not too important. The light curve of this star is
given in Fig. 3. Plotted vs, phase (4)) are the visual magnitude

for x Cyg (AAVSO meen light curve, Caupbell 1955), the average color

. temperature Tc(l.Oh Bs 3.5 p) of X Cyg (Strecker 1973), and the

calculated 3.5 p magnitude {3;5 k] end colors: [k.9 |.1.] ~ [3.5 p],
[8.% u] - {3.5 u], [11 ] = [3.5 p], and (11 p] - [8.% ] for Star X.
The magnitude at a ﬁavelength )‘1’ [hl}, ié a logarithmic measure

of flux as discussed in Chapter IT [eq. (II'E.)]' The_coio‘r [ll} -

. A1 1sa logarithmic measure of & flux rafio, i.e. using eq. (11-2)

: F)Ll = Fkltzer? mﬂg) 10'([1]_]-[A2})/2-5
F;e Flalzero mag) .
Which is zerc for & hot blackbody such a8 o Lyr (T~ 10,000 °K)
and becolﬁu_es idereasingly negative if there is a relative excess in
B
excess at )‘1 or a deficiency at }\2 relative to & hot blackbbcly-

at )\l. Thus, & negative color [hl] - [7L2] indicates either an
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Fig. 3:

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

Heo absorption at {3.5 pj and the solid triangles indicate

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

in the amount of gilicate dust.
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The visual magnitude (V = [0.55 p]) follows the temperature
varlation because A = 0.55 p 15 on the exponential tail of the
blackbody; this 1is accentuated by the Increased molecular opacities
at 0,55 u at lower temperatures Emak 1§6h; Strecker 19‘f3). The
(negative) [4.9 p} -~ [3.5 u] color peaks at l-ninimu:m temperature
because this is just the color temperature of the.ble.(:kbody assumed
for the star. The [11 4] - [3.5 p] eolor on the other hand sl_lov}rs
a minivgum at temperature minimum, This reduced contrast of dust
to star at 1) p is mostly due to the lower temperature of the star;
for a 1ot_fer star temperature rela.tiv.ely'more of the _5_‘(113._1:2 total
flux appears in the 11 p band .while the cha.nge‘ in the relative
amount of flux from the dust in this band due to changing tempera-
ture is much smaller. Briefly, Bllu, decreases from .. 2.0 ;t
T, = 2300 °K to ., 0.9 &t T, = 1750 °K. The [1l u) « [8.} ] color,
vwhich is an indlecator of the amount of silicate-type ei:cess {Chapter
V), shows the effect of the reduced contrast more strongly with a
deeper lﬁinimum at temperature miznimum.

As a Tirst order treatment of the possible effects of
moleculaz_' opa.c,;ities the effect of H20 ébsomtion_on Star X hes .been :
considered in a semi-emi)ﬂ.rieal manner, Spectra obtained bjr Wooif
et al, (196K) In the 1-3 p reglon of the late-type M stars oCet and
R Leo showed strong absomﬁon bands (centered at 1.% Ka 1..9 B, end
2.7 p) which were attributed to the opacity of hot weter vapor.
Subsequent calculations (Tsuji 1966; Auman 1966, 1967) coni;irmed
H20 rapor as & mz.i_Jor source of opacity for these spectral types.

Spectra in the 3-1k u range {Gillett et al. 1968) of oCet showed

an approximate blackbody continuum (T . 2500 °K)} for AN 3.5-5.5 i

vith a "rollover" or apparent absorption A < 3.5 p which was

attributed to }{20 absorption in the wings of the 2.7 p feature.
This absorption wi]_‘l..reauce the flux of the star as measured by
our 3.5 w (A 3.0-L.0 y) filter.

In addition Froéel (1971) has measured Heo.absorption at
2.1 p in _the wings of tﬁe 1.9 p feature in late-type M Mires and
fiﬁds the absorption varies with phase, reaching a maximum approxi-
mately at visual (i.e. temperature) minimum and vice versa. To
estimate the possi‘olé effect of this va.riati_on with phase on the
observed 3.5 u broad band fl@es we have uée,d the following pro-
cedure. Using the observed'spéctral shape AA 3-% p (in addition
to oCet we have obtained spectra of R Cas, R Leo, and S CrB which
show & simiiar "rollover" A < 3.5 u} we calculate the expected
reduction of the flux in the 3-4 y band A fq:;"a gilven monochro-
matic absorption at 3.25 p end.find

by
F, {cbserved) & F {obs)
A= ‘r3l‘u A =0.5 {1 + F3'25 —7) -
3:25u

1)
_]‘ Fl(cont) dx
3u :

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

at A similar phase, indicate that absorption at 3,25 u ~ absorption

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

2.1 u absorption vs. phase date on'M-type Miras, calculste the
expected depression, A, on the 3-k pflux for a given 2.1 u (snd
therefore 3.25 i) depression, and apply this to Star X. The

observed 3.5 p magnitude including the effect of water absorption,

28
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[3.5 p.]w, will be related to the un-abscrbed megnitude (3.5 p.]x by

[3.5 ul, = [3.5 pl, - 2.5 1log &
W X ,

With corresponding changes in the colors involving the 3.5 @ magnitude,
The results are shown in Fig. 3 (&i'é). -It should be emphasized that
other possible effects of ﬂmleeular opaclity, for instance H20
absorption at shorter apd longer wavelengths and CO absorption in
the 4.9 | band, have been ignored here.

It is seen thet adding water to Star X can change ‘the
observed colors considerabl).'. In particalar the {11 p] - [3.5 p)
color no longer shows & minimum at temperature minimum but now looks
rather flat. In addition, veriations from the average H,0 absorption
as seen by Frogel (1971) can change this from cycle to cycle for a
réa.'l. star. The {11 u] - [8.% u] color is, by assumption, mot affected
by ]{20 absorption and therefore may be & better index to wateh for

possible variastions in the amount of dust.

C. TLight Curves
1) M-Type Miras

.Light cMes for selected M-type Mira variesbles are }:vlotted.
in Figs. 4-9. The orﬁina:tes of these figures-is "instantaneous
phase" ¢i.(N) where for eech cycle N the day for zero phase, DD(N)
and period P(N) has been determined from the visual cbservations
of the AAVSO supplied by Ma&a]l (19'{3). The instantaneous phese

for day D is then

D - DD(N)
d’i(N) = TEE

Typically the periods vary less than ., 10% from the average period
P given in Table 1 50 the approximate expression for the phase
' D - D (0) -
$ M = @) = —>— - ¥
mey be used with the day for zéro phase, DO(O), given in Table 1
to retrieve the approximate Julien date; of the observetion. The

different cycles, N, are dencted by symbols:

N =5 <4 32 .1 0 1 2 3 04

Symbol : 4..7A.X0AD°

with time increasing with increasing cycle number. 7
The observations plotted are, from the bottom up, (1) visusl

magnitude estimates of the AAVSO (M&;ya.ll 1973). The solid I1ine is

the AAVSO mean light curve ~ 1920-1950 given by Campbell (1955).

‘(2) 3.5 ul, the 3.5 ¢ flux expressed in magnitudes. (3) The

colors [k.9 p) - [3.5 ul, {8.4 p] - [3.5w], [12 p] « {3.5 p}, and

[11 p) - [8.k p}. The dashed curves are the author's estimate of

~ the mean behavior and error bars represent typical estimated £ 1 a

errors as discussed ':Ln Cha.pter II. Above these photometric measure-
ments are plotted linear pol_a.rization measurements in the v:.sual
region (U = [0.36 pl, B = [0l ], V= [6.55 u-],), using the same
convention for cycle number and phase described asbove. The polari-

zation data has been taken from the following sources:
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1. Serkowski 197k

2.  Dyck 1972

3. Zappale 1967

4, Vardanian 1968

5. Dowmbrovskii 1970

6. Dyck-1968

7. Serkowski 1966a, b

B. Dombrovskii et al. 1973
9.  Kruszewski et al. 1968_ ‘
10.  Shawl 1972 '

11.  Dyck and Sanford 1971

. The phase coverage of any one star is somewhat limited by
the time it was availsble as a nighttime obJecf. The infrared
measurements were ma.de; almost exclusively at night and only if the
star could be measured near meridien transit to minimize atmospheric
extinetion effects, Tl:.L_us, there 1s en. ~ 0,25.0.50 gap in the phase
coverage and since ;the perlods are all the order of 1 year these

geps usually tend to overlap from cycle to cycle.

Description of Light Curves

Studies of the temperature, radius, and luminosity va.riatit;ns
of M end S type Mira variables have been made By. Pettit and Nicholson
{1933) and Strecker (1973). Lockwood snd Wing (1971) and Lockwood
(1972) discuss the néa.r infrared l;ehavior in the 1 p region. Frogel

(1971) has studied the 2 p spectra and the variations of the 2.1
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H,0 ebsorpticn and 2-.3-2.5 g CO Av = 2 absorption bands in these

2
stars. Various authors (Dombrovskii 1970; Serkowski 1971; Shawl
1972) have measured and commented on the variable, intrinsic linear
polarization of these stars, .

The 4 M infrared light curves presented here are typical
of all the M ¥'s observed in this program. The peak 3.5 p flux
comes at phase ~ O, 1-0 2 nmear the maximum stellar luminosity as
noted by Strecker (1973). In general the observed calor variations.
ere fit fairly well by Star X, allowing for possible variations in
the H20 sbsorptions from the a.vervage..' Beg]. deviatigns in the
observed [4.9 p] - [3.5 w] colors from those of Star X could be due
to (1) different stellar tempera‘cu.res , &) different amounts of H20
ahsorption in the 3.5 p band {3) wolecular ahsorptlons in the
4.9 p band as due, for instance, to CO or H20, (4) possible comtri=
bution of dust emission in the 4.9 p band, or (5) any combination
of the above. The [11 k] - [3.5 1] should be & good indicator of
the asmount c;f dust (soll:i.d triangles, Fig. 3) but there is still
uncertainty due to possibly variable HQO absorptit‘m in the 3.5 p
band., . i . ‘

The [11 ]} - [8.4 p] color, which is also a good indicator
of "silicate type" excess and is pﬁssibly less affected by stellar
absorptions, shows very little variation with phase. . This is in
contrast to the predicted behavior of Star X (Fig. 3) which has a
minimu;ll (negative) color at ¢ = 0.5 as discussed earlier. To
improve tne phase coverage and statistical significance the (nor-

melized) [11 p] - [8.4 4] colors of all the M stars were averaged
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vs. phase. The‘result cmfii'med_ this impression,r i.e. the average
[11 p) - (8.5 pl color was constant & ~ 0.05 mag = * 5% from

$ = 0.0 to 1.0. This seems to imply that there is & tendency for
more dust to be ﬁresent; (i.e., larger @) near the visual and tem-
perature minimum of these stars. A 0.2 mag increase in this color
at minimum relative to Star X corresponds to an increase in o by

a factor ~ ]..5-1.8., which is a significant amount. _If is belleved
the principal assumptions of Star X which would affect this result
are (1) & smooth, or at least constant with phase , continuum of the
star Ak 8-13 o This assumption draws support from the agreement
_of at least some star excesses with the Trapezium flux (Chepter V)
derived using this assumption. (2) Dust grains are equally efficlent
at ebsorbing the stellar radiation as the star temperature changes.
This requires.the absorption efficiency (Appendix A, B) Qs (A) of
the grains to be epproximately constant for A ~ 1.7-1.25 y.
Unfortunately, opi;:lcal constants for realistic silicate materials
arén't available in this regibn. If Qabs(k) ) X, as for graphite,
the expected minjmum in [11 p] - [8.% p] would -be even more
proncunced. (3) Effect of Hy0 on total stellsr luminosity. Woolf
et al. (1964) noted that ~ 25% of the stellar flux was absorbed
compared to the blackbody assumpiion adopted here. If this fractién
varied ﬁth phase, it could a.fi‘ect the apparent "amount of dust."
Again, if (bolometric H,0 absorpticn) ! T,, as found by Frogel
(1971) for the 2.1 H20 absor_pt:l.oﬁ, the expected minimum would be
even more pronounced. In summsry it appears that the M Mirs light

curves imply more dust is present (i.e., larger @) at minimum than
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maximum; this gquestlon should be-investigated further to see if this

can be definitely established.

(2) oCet

The photometric and polarization data in the U band for oCef
is shown in ¥ig. 4. Mire (the "Wonderful") is the prototype of its
variable class, discovered to be varia,ble in modern times by David
Fabricius, August 13, 1596, Infrared observations for all the stars
in this study were made dur:l.ng the ~ one week per month observing runs.
When possible more than one mea,auremen‘b was uw.de during the week to
check for possible systematic errors (or sudden variations). The points
plotted are the averages :of these mea;urements, plotted at the
average phase (day) for the ﬁek.

The light curve of oCet seems to be adequately described
by Star X, plus possible varying amn_uhts of .HEO absofption in the
3.5 i band., It appears that the [11 p] - [B.4 p} Light curve is
-flatter than for Star X, which l-nay imply more dust at minimum as
discussed earlier. There are no large increases :Ln this color or
the [11 p] - 3.5 1] color as due, for instance, to the sudden
I;roc'iuction of new dust during .the vobserving period. There does’
seem to be & significant change in the {11 u] - [8.% ] color from
the early spectrum by Gillett et al. (].968) taken 17 October 1967
when §(<b) = 0.96 vhich is indicated as a solid diamond on the
light curve. It is estimated that this color change would Indicate

an increase in & by a factor ~ 1.8-2.3 over the present epoch. The
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change 1s also evident in the 'ns.rrow band spectra discussed in
Chapter V. Thus, & secular éecrease on & timescale ~ 4 years in
the amount of dust by ~ a factor of 2 seems to havé océurred for
“oCet. During the current cbservation périod, ~ late 1971 - early
1974, no further changes in the broad band colors and only small
changes in the narrow band spectra (Chapter V) are évident.

The U band polarization data show the large and sometimes
rapid varlation in both degree and position angle mentioned earlier.
Shawl (1971, 1972) has discussed the pola.riz&tion extensively and

" points oﬁt that there is a Sudden increase mvpola.rization near
(}»»0.8-0.9, i.e. when the visusl light is rapidly increaéing. The
data plotted show this trend (at least for cycles N = -5 to -2) but
also that polerization cen be high at other phases (PU = 3.6%,
$(1) = 0.03, P, goes from ~ 0.5% to 2.6% for ¢{-1) ~ 0.49 to 0.51,
i.e. in ~ 10 days). Unfortunately most of the folarization coverage
is in the past. and thgre is 1ittle coverage of phases 0.5 to 0.8.
The available infrared data in the 0,8-0.9 phase region (only cycle
3) indicate no large increase in the {11 p} - {3.5 pl or [2L u) -
(8.% p] colors as would be expected for the injection of a large
amount of new dust. The angie of polarizatio.n usually. seems to 7
wobble'aroun_dr between BU ~ O°-hq°, there t;eing no large angle changes
associated with the polai'izat.ion changes at 4) ~ 0.8-0.9. Dﬁr.lng
the -1 cy’cie , However, the 'anglé went from g ~ 10° to ., 130° from
$(-1) ~0.43 to 0.49, 1.e. = chenge in éngle of at least 60° in only

- 20 days, and decayed back to 'eU ~50° vy §{-1) = 70.8&', i.c;r. another

AB of at lt_aa.st 80°, The other measuremerts between phases 0.5 and
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5.6 also gave angles {(~ TO° end ~ 90°) larger then at other phases.
The simultaneous infrared and polarization data during the
0-2 cycles indicates (1) changes in polarization by factors of 2
or 2 vs, phase during o giveﬁ cycle and (2) similar changes in
polarization at phase ~ 0.25 vs. cycle number; all with no iarge
changes in or noticeable cérrelatio‘n with the [11 pl - [3.5 p.]‘ or
[11 u} - [8.% ul infrared colors. Thus the changes in the amount

of dust during the polarization changes must be at mpst small.

(b) U ori

The vlsual, infrared, énd polarization data for U Ori is
given in Figure 5. U ori is a 1. 35 cm HEO maser end 18 cm OH “main
line" maser soLu-ce {Schwartz and .Barrett 197Ce; Wilson and Barrett
1970). The infrared light cu.rve is egain dgécribe-d. fairly well b:,r.
Star X. The larger [11 u] - [3.5 pl, [8.4 u} - [3.5 p], snd
[%.9 u] - [3.5 u.j colors dur:lngr the first {(0's) cycle could be due
t6 depfession in the 3.5 p band as would be caused by an increase

2
to be constent with phase, averaging around -0.75 to -0.80. The

in H.O absorption. The {11 u] - [8.4 k] color again shows a tendency

" polarization data 1s meager and no large "events” occurred during

the infrared monitor period, There was an ~ 80-90° 8 flip in B andU
on & short timescale near ${-1) ~0.45 and a subsequent decay through

~80° in 8, Auring the next cycle [$(0) ~0.35-0.53]..
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Fig. -
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Polarization end photometrie data on U Ori.
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!Ac) R Leo

The photometric and polarimet.ric data for R Jeo are shown
m.F;tg. 6. The spectrum of the excess in R Leo seems different then
thet of the Trapezium (see Chapter V) but probably still represents
circumstellar eémission from silicate~type grains,

The 3.5 4 light curve peaks at ~ 0.1-0.2 phase as for the
other Mira varisbles. .‘Ihe [ii-..9 gl ~ [3.5 u) light curve is adequately
deseribed by Star X but the [8.4 p] - [3.5 L.J.] color 1is more nearly
like the ster alone (~ - 0.6 to - 0.8) than the star plus Trapézium -
1:Lké excess of Star X. This supports the finding in Chagter V that
the spectral excess for R Leo has relatively less flux AA 8-9 p. than
the Trapezium, The [11 1] ~ [8.4 L] color seems approximately
constent with phase here (~ -0,75) rather than following Star X. . Fig. 6:
Coverage unear ¢ ~ 0.8' shows no sudden inerease at this phase. -

. 'I'he::fe is quite good polarization coverage o:t‘. this star.
-In particular there is e polerization "event” which occurred during
the infrared monitoring of the zeroth (X's) cycle., The polari-
zetion at BendVstarted at & low value (B, ~1.1%, Py ~ 1.8%) at
$(0) ~ 0.68 reached a maximm (PV ~2.k%, By ~ 3.7%) at ¢(0) ~ 0.78
and then decayed back to the originai values by §{0) ~0.9. On the
next cycle, the polarization redched even lower values (PV ~ 0.3%,
Py ~0.7%) at §(1) = 0.9. During this time the (1L p] - [8.k ;L]
.a.nd [11 u] - [3.5 ¢} colors were approximate;ty constant -- if any-
thing the [11 p] - [8.4 p] color was actually higher at $(1) ~0.9.

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

Polarization and photometric data on R Leo. ‘
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- discussed above 8

Neither cen the polarization evc-.jnt be explained by a sudden blockage

of the direct, unpolarized starlight by a fortuitously placed cloud

of dust 'grains which moved, or was formed, on our line of sight to

the star {as discussed in Chapter VII}). On t)ﬁ.s model, an increase
by & factor of two in polarization requires a reduction of the
unpolarized light by the same amount (~ 1 ma.g' decrease) and‘this

is not seen in the visusl light curve. Rather the increase in
polarization would seem to require an actual increase fnd subsequent
decresse) in the polarized intensity on these short s+ 5 30 days,
timescales. Since the infrared measurements indicate no large
change in the "amount of dust" as measured by o, it would seem %o
require either (1) rapld changes in the polarizing efficiency of

the existing envelope, either through changes In geometry, or grain
alignment (see Cha.pter- VII), (2) injection of & small amount of new
dust grains which are very efficient polarizers, (3) injection of
new dust grains-with low absorptivity, so they don't contribute to
the observed infrared or (L) a mechanism other than scattering snd
absorpticn by circumsteliar grains to explain the polarization.

' The position angltj: of polarization also shows interesting
varistions. Sometimes the sngle is © ~ 80-100°, sometimes 8 ~ 0-20°,
and sometimes 8 ~ 140°.160°, i.e. balfway between. During the eveﬁt
9,8 started at ~ 145° at polarization maximum

($(0) ~ 0.78), decayed to ~100° by $(0) ~0.92, i.e. A8 ~ k5" In

~ 45 days., By the end of the next cycle [¢(1) ~ 0.9] QB,V ~ho,

i.e. ai:proxima'be polarization reversal (A® = 90°). Another ~ 90°

® changé occurred in the U band at § ~ 0.15 between the -5 (X's}

and- -k (4 's) cycles.

Ly
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(d) RHy=

The light curve and polarization data 611 R Hya appears in
Fig. 7. The [4.9 p] - [3.5 p] color (~0.0 to -0.1) 1s less than
for Star X, even leaving out water. This corresponds to & color
temperature ~ 5000-10,000 °K which is much too high for the spectral

" type tM6e-MSe) 50 it must be due to either excess emission in the

3.5 4 band or sbsorption in the 4.9 j bend. The latter 1s more
1likely and could be due to the Av = 1 fundamental vibration-rotation
system of CO as suggested by Solomon and Stein (1966)., The [8.4 n} -
[3.5 u] color {(~ -0..5 to -0.6) is again lower then for Ster X and
corresponds to a color tempera.ture of ~ 2200-2500 °K. This l.nay
indicate a spectral excess more like R Leo than oCet (Chapter V);
Haclcm-sll's (1971, 1972) spectrum in the 8-13 p reglon supports this.
The [11 p] - [8.4 1] color is fit somevhat better by color = constant
than by Star X. '

The polax-'ization again shows variation in both position angle
end amount. The polarization seems to peak at § ~ 0.5, i.e. minimum
light, rather than ~ 0.85 as for oCet. The "preferred” position
angle seems to be & ~ 120° but there are excursions down to ~ 50°
and up to ~ 180°, somevhat like R Leo. The quasi periodic varisticn
in position angle, with a.rperiod twice the visual period; has been
discussed by Serkowski (1970). -

A polarization "event” ucc_urred during the infrared moni- )
toring In the zeroth (X's) cycle. Tﬁe ;pularization started at

PV,B,U ~0.2%, 0.3%, 0.5% at (0} ~ 0.3 and. shot up to pv’B,U ~

,Fig. T3

Polarizetion and photometric: dﬁ.ta.'on R Hya. .
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1.7%, 3%, 4% vy $(0) = 0.6. By the next cycle [$(1) ~ 0.2) the
polerization hﬁ returned to small values sgein, though SB was
~ 80" different than 8, at $(0} ~ 0.3. During this time the
[11 u] - [B.h u] color was approximately constant at ~ -0,68
except for o.ne.low measurenent at $(0) = 0.37. In particular,
there was no sudden increase in this ccler during the ~ 40 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 described earlier, the absgncé of significent infra-
red change or a sudden decrease in visual light here puts severe
constraints on models which explain the polarization in terms of

scattering and absorption by circumstellsr grains,

.{e} S cCrB

The polarization, infrared, aJ:Ld visugl data for S SrB are
presénted i'n Fig..8. S CrB is a 1.35 cm Hzo'mser and 18 em OH
"main-line" meser source (Wilson end Barrett 71970 H Sehwartz and
Barrett 1970a). The infrared excess for this star (and R Cas

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

_then Star ¥. In addition, the [4.9 p) - (3.5 p] and especially the

[8.% u] ~ v[3.5 ] colors are larger thaﬁ 'expeei:ed for the star
temperature and the emount of Trapezium-like “silicate" excess
indicated By .the-[ll 1l - {8.4% u) color. Part of the color may be
due to increased B20 absorption in the 3.57;1, band but the 1arger
[8_.1; wl - [3.5 u] color may also indicate a smooth "black b;ndy"

component to the excess in addition to the Trapezium-like excess
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Polarization and photometric data on § CrB.
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. indicated by its infrared fluxes (Tables 1, 2a). Another possible
indication of an extra component in the 8.4 y band is the tendency
for the [8.% p] - [3.5 u]r to reach s minimum .a.t ¢~ 0.5, contrary
to Star X with or without H,0 sbsorption. " is is an intriguing
poSSibﬂity but better spectral coverage and resolution (to estab-
1ish the stellar "continuum” at shorter wavelengths and the shepe
of the resulting excéss) or spatial résolutiun (to separate the.
fluxes from the star and circumstellar shell at A ~ 8 u) would be
needed to definitely establish it.

The behavior of the [11 u] - [8.4 u] color vs. phase Seems
to follow the "Star X" curve, Vin-dica.ting Em approximstely constant
amount of dust, rather than the approximately constant color of
other stars, though the scatter is large. There is an indication
of larger amoungs of dust than a_.‘.lerage on cycle 1 (0'5) .end smalier
than average on cycle 3 (['s) during § ~ 0.1-0.3.

Tﬁe polarization shows the typical Mira star chaos.
Polarization can apparently be high anywhere between ¢ ~ 0.0 and
0.6. There seems to be & "preferred angle" of polarizeticn & ~ 60;50"
but during the -1 and zeroth cycles -Bv went from ~ TO° down to: ~ Q°
and back up to ~ T0°, the latter transition taking place in Ad ~
0.11 ~ k0 days. In addition at $(-¥) = 0.1, 0, ~ 150° which is .
~ 80° the cther wgy'from the “preferred angle."” Again_wé see the
luge and somet;imes rapid position angle fluctuations, of the order
90°, which Mira variables can exhibit {though in thiis case wheﬁ '
the polarization 1s very high the position angle is at the "preferfed"

angle). The polarization "event® in Py at q;(o) ~ 0.h6 vguld, as
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for R Ieo and R Hysa, seem to represent an aétual increase in the
polarized flux since there 1sn't any corresponding 'depreBS:ldn in

visual light at this time.

(£) R Cas

The photometric data for R Cas is given in Fig. é; ho
polarizetion measurements could be located but Ithis star was .
included because of the fairly good phase coverage, the large
excess, and the extensive series oi-’ A B-13 y spectra (Chapter V)
which have been obtained, R Cas 1s an 18 cm OH "main line" maser
source (Nguyen-Quang-Rieu et al, 1971). The [3.5 u] light curve
shows the cﬁaracterist:i,c peaking at tﬁ_»- 0.1-0.2, The [4%.5 k] -

[3.5 pl, [8.% p] « [3.5 ), and [11 u] = [3-3.5 w] color curves are
fairly well explaeined by Star X (rith a little more Trapezium excegs)
aﬁ‘ecfed by varying amounts of absorption in the 3.5 p band. In
particular there is np extra emission in the 8.4 p band ev:i.fient.

The [11 u] - [8.4 ] color curve seems to be £it- slightly i:etter

by color ~ 0.9, constant than by Star X (o constant); this is also
seen In the series of spectra (Chapter V) tzken at different phases,
There is no evidence for any large changes (> 0.2 mag) in this color

over the monitoring périod.

(z) Other M-Type Mirss

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

U Her) are not presented but they continue the trends found sbove. _
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Fig. 9:

Photometric date on R Cas.
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R Cnc has the smé]_'l_est Infrared excess of all the. M stars studiled
here,. ﬁth [11 ] - [8.% u) = -0.5 approximately constant ¢ ~ 0.8
to 1.3. There is no evidence for any large increase :Ln this color
after ¢ ~ 0.8. From the beginning to the end of the zeroth cycle,
the position angle 8 went from ~ 0° to ~ 90° while the amount of
polarization didn't change (Ev ~ 0.5%). . . _

RIMi i5 a (wee.k)v 18 cm OH "mein line" maser source (Filiit

.e_t al. 1972). The phase coverage 1s @ ~ 0.78 to 1.32 and the infra-
red color curves are fa.i_r]y well represented by Star X. Again, the
tendency. is for the {11 p] - [8.!.& K] color to be approximately
canstant at ~ -0.795 and therg are no lerge excursicns from this
during the observing period or near phase ~ 0.8 to 0.9. No polari-
zation measurements could be found.. . '

U Her is an 18 er OH "main line" maser and 1,35 cm Hi0 maser
source (Schwartz and Barrett 1970a; Wilson and Barrett 1970). The
infrared .covera.ge is ¢ ~ 0.17 to 0.55 and the polarization coverage-
tin the past) is from ¢ ~ 0,6 to 1.05, i.e. oﬂ;hogona.‘l. coverage,

The infrared color curves are explained fairly well by Star X. Theé
tendency for the [11 p] - [8.4 .p.] color to remain constant (;t ~ =0.8)
occurs, but there is an Indication that the color is even larger o
(~ ~0.9) near minimum, i.e. opposite to Star X and indicative of .
mors dust (larger d) near minimum. The polarization can be high
anyvhere from § ~ 0.6.t0o 1.0, The "préferresi angle" 1is 6 ~ 70>

ﬁut there a& occésiona.l excursions .up fo 8 ~ 130° a.ﬁd_ down to

8 ~ 00, Dur:u:lg the -2 cycle from Q(-E) =0.82 to 0.88 (i.e. ~ 30
days) PB went from 1.5% to 3.0% while BB went from +70° to -10°, -

i.e. an 80° 9-flip.

i1) Semiregular M Stars

Compared with the Mira variables, the semiregular varigbles
are nearly constant, AV < 1 mag, A[3.5 u] <0.3 mag. The stellar
temperatures are, therefore, very nearly constant and we may inspect
tﬁe colors d-irectly. {without resort to Star X) to look for pcssible
chenges in luminosity, stellar .opacity (sbsorptions), 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 w] and [11 p] - {8.% p] colors showld be a direct measure of

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

(a) v CVn.

The infrared, visual, and polarization light curves for
V CVn are given in Fig. 10. The variation in V {~ 1 mag) spparent
in the earlier (JD ~ 2,440,200) data had damped down by the time
(D ~ 2,451 000} the infrared monitoring began. Consequently, .
there is no well de_f:[;neﬂ "pﬁase" and 1;he data is plotted vs. time
(9D). It 1s .seen thet the infrared magnitudes and colors can all
be fairly we]_‘l.rrepres;m’ced by evex'y-t;hiﬁg constant. The dotted lines
in Fig. 10 are the average of all the measurements .JD 2,440,980.
2 ,M&i ,845, .Th‘e stendard devistions of the measurements from the mean
(Table 1) .are only __sligh‘tly la_rger than those expected dué to sys-
tematic errors alone (Chapter IT) o the true variation auring this

trirme must be at wost the order of % 5%-7% in the infrared magnitudes

and colors. A change in the [11 u) - [8.% k] color of ~ 0.1 mag would

56




7

Fig. 10:

Polarizaetion and photometric dats on V Cvn.
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correspond to a cﬁange by a factor of ~ 1.25 in @ eng a change in
the [11 p] - {3.5 p] color of 0.1 mag would correspond to a change
In o of a factor of ~ 1.12, Inspection of the iight curves Shows
that the chﬂngeé in @ (~ "amount of dust" Appendix A) are at nost
~ 10%-20% du.ring the monitoring period. In addition, the colors
found here agree witﬁ the earlier measurements of Gillett et al.
(9. |

The energy distribution (Tables 1, 2a) indicate an ~ 0.2
mag excesé in the 8.4 u band in addition to the excess expected for
a Trepezim:Ifke excess with the observed [12 p] - [B.h 4] ~ -l;OT
color. As for § CrB this may indicate a secand, "blackbody” 1ike

‘ component to the excess emission, but more observt_a.tions would be
needed to establish this. Interestingly, Shawl (1972) in fitting
fhe obgerved ﬁolarization with circul.nstellar grain scattering
models found it impossible to £it V CVn with small silicate gra;{ns 3
because of the-rels.tively flat wavelength deﬁendenée of the emount
of polarization, but he could g_et f_its using iron or graphite
grains. These grains could give a blackbod:,r.ty'pe excess.

The large variations in polarization for V CVn have been
discussed by Kruszewski et sl. (1968), Doubrovskii (1970), and .
Shawl (1971, 1972). Unfortunately, almost no polarizaticn data-
simultaneous with ’ct;e présent infrared data could be found. Shawl
(1972) notes some similarities of the pelarization of V CVn with
the extreme  infrared sta.-r VY CMa, i.e. 2 polar:l;zation minimm at

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

(o) =W Cyg

The infrered and visual iight cﬁrves of RW Cyg are presented
in Fig. 11. No polarization meaSure;nents coult_l be found but this
star was included becsuse it hés the largest [ll ul - [8._11- u) and
[11 1] - [3.5 p] colors and largest o (~ 5%) of the M stars studied
here, The energy distributim_ is given in Fig. 2 and the B8-13 W
Epectruﬁ is discussed in Chapter V. .Nc.:-.la.rge variations are evident

in the AAVSO visusl (V). estimates and, as for V CVh, the infrared

light curves appear to be constant. A 0.1 mag change in the [I1 ]
[3.5 u] eolor corresponds spproximately to & 10% change in o here

s0 that over the 1080 days of monitoring this star, the "amount of

. dust," as reflected by o, has changed at most ~* 10-15%. Inu

eddition the colors here are in agreement with the earlier measure-
ments of Gillett et al. (1971). Thus, even in the absence of
temperature and luminosity variations (V,{3.5 p] ~ constant) this

star has menaged to maintain a large end stable dust shell, )

(c) Other SR M Stars

The remaining SR veriable M Stars continue fhe trends notedv
above (i.e. nearly constant) and are not plotted. . W Per has an
excess approximately as large as RW Cyg. _There are smg.]l- variations
in V (~ 1 mag) end [3.5 u] (~ 0.2-0.3 mag) during the monitoring
period {(JD +825 to +1675). The "amount of :dust", as indicated by
[11 u) - 3.5 p] and (11 u] - [8.% 4] colors, has changed < 10-20%

during this period. Polarization measurements on JD +910 and 955
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Fig. 11

Fhotometrlc date on RW Cyg.
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giverPB ~ PV ~ 3."{% which is high but its position near the galactic
p]:ane (bII = -2°) meke this Inconclusive regarding intrinsic
polarization. TV Gem is like W Per but with & smaller excess (small .
variations in V and [3.5 ], Ao/e £ 10-20%). Likewise X Her and

Z Eri, though there may be a small secular decresse in o of ~ 20-Log
from JD 4900 to +2000 for 2 Eri. Z Eri has & smaller [8.4 Bl -

[3.5 u) color end & larger [12.5 ul - [11.2 p] color (Table 2a) than
would be e@ecfed from the amount of excess observed ét f1r.2 uj,
similar to R Leo, but higher' resolution spectra would be needed to

determine the source of these a.ndma.]_ies.

iii) S-Type Miras

{a) xovg : ' . Fig. 12:

The infrared, visual, and polarizaticnm date for i-Cyg is
given in Fig. 12. The energy distribution (Tables 1, 2&7, b}, siyecttal_
excess (Chapter V) and temperature and Tuminosity variati_ons
(Strecker .1973) for at 1eastA some § Miras a.re' similar to the M
Miras so a comparison with Star X (Fig. 3) regarding possible
changes in the smount of dust is valid. Spinrad et 3_1__ (1966) and
Frogel (1971) find that S and MS type Miras (including X Cyg) have
lesf.: _HEO &bsom‘bionir.elati\re to the pure M-types so the appropriete
curves would be.tho'se without the inclusion of water (X's}. The
[3.5 v] flux peaks at § ~ 0.2, similar to the other Mire varisbles
in this study. The apparent hump or flat area oﬁ the rising branch

 of the [3.5 ul light curve between § ~ 0.7 and ¢ ~0.85 was

Polarization and photometric data on' ¥ Cyg.
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discovered by Strecker (l9'f3) with much better phaée coverage and
is undoubtedly real, It corresponds to a less pronounced hump in
the visusl light curve.

The [%.9 u] - [3.5 p] color is less negative than expected
for Star X and also doesn’'t show the peak at ¢ ~ 0,5 as expected --
this could be due to the effects of stellar cpacity (absorption)
in the broad band 4.9 p filter -- the 2.3 p CO Av = 2 bands are
known to be strong in ¥ Cyg (Frogel 197L) so the 4.6 Av. =1 Co
fundamental. bands could be ome source. The 0.2 to 0.4 meg varia-
tions in the [8.4 p] - [3.5 ul and {11 k] - [3.5 w] colors are
probably. real-minimum colors coming at lb ~ 0.2 and maximum color
at § ~0.85. The [8.4 ] - [3.5 u] color is more like the -0.6 to
-0.8 color ex‘pécted for a star without silicate excess and could
represent a deficiency in the A <79 B spectfum of the excess similar
to that observed in R Lec and T Cas (Chapter V). The veriations
in color could be due to a cpmbination of the change in stellar
temperature and opaclty (&hsorpt-ion) in the 3.5 y band, The
appr‘-oxima‘te constancy of the [11 u) ~ [8.% p] coler with pha.sg
could indicate a relative increase in fhe "amount of dust’ of
approximately & factor 1.5-2 near minimum or could be due to changes
ﬁl stellar opacity in the 8-13 p region with phase,

The polerization data shows the large and sometimes repid
variations in bothv amount and position angle of polarization, yhich
are typical of the Mira variables in this study. Of psrticular

interest are the position engle changes during the -l(.j cycle,

_ From @(-1) ~0.24 to §(-1) ~ 0.76 the position angle went from
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8, ~ 4125° to 8 ~20°, i.e. 48, ~ +75°. Then from $(-1) ~ 0.86
to ¢{-1) ~1,03 {~ 60 days) 8 went from ~ +30° back to ~ 130°,
i.e. AGE ~ -80°. All the -while, during this cycle, the degree of .
polarization changed very little, -PB ~ 0.5_—0.9‘%. The slow and
fteady increese in polarization and rotation of position angle
during the zeroth (X) cycle were not accompanied by any large
increase in the [11 p] - {3.5 pl or [li k] - [8.4 u) colors, indi-
cating the change in amomt of dust wes at most quite small (< 50%)
during this cycle.

(b) R Gem

The infrared, visuel, and polarization data for R Gem are-

given in Fig. 13. R Gem 1s the only “pure" S star in this study.
Tt is similar in spectral type (83,96) visual range (AV = 6.4 mag)
and in the [3.5 p] light curve over the phase covered to the S star
R Cyg studied by Strecker (1973). R Cyg had the 'lérgest [3.5 ]
{~ 1.2 mag) and bolometric 7(‘- 1.4 mag) ranges of the stars studied
by Strecker; the 1az-ge vearietion in [3.5 w] observed here fo:.r R Gem,
~ 1 mag, is probably correct and would probably be even larger if
observations at earlier phases were made. The [1&).9 pl ~ [3.5.1)
is appro);ima.tely constant with phgse and is probably cons:l'.stent. to
the small changes expected due to chang;:s in the stellar temperature.

7 R Gem is the faintest star 1n:this study at infrared wave- 7
lengths so the érrors in the 8.4 i and 11 L measurements ‘are larger
than for the other stars. The [8.4 u) - [3.5 u] color is approxi-

mately constant with phase at ~ -0.9 but the {11 ] - {3.5 a} color
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Fig. 13:

Polarization and photometric data on R Gem.
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A
B i B grains as seen in the S star R And (Chepter V). The [I1 ] -
. . 1 ' .
-
[”'u] [3 5#] & (04_ 0,_,%—/0 R B [8.k u} color, which is subject to larger statistical errors,
. ;K' 1 ® } L ] doesn't show the apparent spectral variation with phase as clearly,
- X
Q —_ e =1 O™
[8.4;:.]—[3.5,.1.] i —-oncx——A % A { I but does seem at léast to indicate an increase in the color from
b %A ' _ : the zeroth eycle (~ -0.1 mag)and the earlier measurements of
L £ _ Gillett et al. (1971) (~ -0.18 mag) to the meéasurements in later
¥ § T . . .
O o - . cycles (~ «0.4 . This slower timescale variation could be
[4.94)-[35u]-02 D yeles (~-0.4 nag)
< © h understood in terms of production of more silicate grains with a
1L.2¥ 2o ] , . | :
relatively constant amount of blackbody grains present. More pure
8 stars should be monitored at these wavelengths to see if these ,
possible phase and/or secular variations in spé_ctral excess are
Wideépread.
The polerization shows large and sometimes rapid changes
in amount and position sngle with time. During the -3 cycle (M}
the polarization decayed from PB ~ 454 at §(~3) ~ 0.8 to By ~ 1%
by $(~3) ~ 0.9, i.e. a factor of 4 decrease over approximately 37
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_ days; while the pc;sition angle was constant at 8, ~ 110°, During
this time there was no corresponding increase of visual flux as
would occur if the star were coming out -frpm behind an obscuring
cloud and contributing relatively more unpolarized direct starlight.
These rapid decreases In polarization are quite difficult to under-.
stand on the assymetric shell model (Chapter VII} as they seem to
require either (1) & rapid change 1in the-initial_ly aligned shell
or (2) repid dissipation ih.rough evaporation of dust gram. The
polarization during the zerogh cycle (X) elso showed interesting
and rapid variations in polarizaticm. Py 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. GB made & rapid transition
from ~ 50° to ,150° and then returned to . 50° by cycie'-s end.
Unfortunately the infrared data dl_.u-ing this time is father meager
but at least there doesn't seem to be any lerge increase in the
[11 p] - [3.,5 p] color which should accompany the Injection of new

dust.,

" D. Energy Distributions -- Carbon Stars )

‘The infrared magnitudes taken at a'particular time for the
carbon stars in this study are éi\ren in Table 2a. Broa&?l band energy
distributions for selected carbon stars are plotted in Figs. 2, 1k,
and 15. The energy d:r.si:ribution_é of the semi-regular variables
UU Aur and 'Y Tau are similar to the M-type stars m that they can

be fit by & blackbody of typicel. stellar tempéra.tures > Ty ~ 2000-2500 °K

Fig. 1h:

Energy distribution of the carbon stars V Hya, R Lep and
Y Teu, The data is from Table J and the format is the

same as Fig. 2.
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to which is added a small amount of "excess" at A > 8 u. The

AR 8-13 p spectrum of the excess (see Chapter V) is different than

V Cyg

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

from "dust” in the observed flux. Deviations from the stellsr

IiHIl]
Lol

blackbody are evident at A < 8 p due to the wavelength dependent

© ) . stellar opacities, but the overall shape and level seems fairly

0
I

well defined., The temperatures éssi@ed here agree fairly well
with temperatures assigned by other means. Fujita (1956) analyzes
the relative strengths of atomic lines arising from different levels

of the same atom and derives a température sequence vs, carbon

tlllll[

_subtype (Keenan-Morgan system). He finds CS ~ M3 T, = 2750 °K to

GB ~ MB; T, & 2350 °K. Thus the carbon star sequence would be

T DrCl 7 roughly comparable to the M, seqguence in terms of photospheric
temperature, Empirical studies of the slope of the continaum
(i.e, flux level between strong absorption features) indicate

similar temperstures. . Fay et al. (19(3) made scanner observations

Ll

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

stars studied here} and found "continuum" color temperatures ran<

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

and V CrB and the semi-regular variable V Hya (06 to CB) to ~ 3000 °K
for UU Aur (Cs)'. Baumert (1972), vsing marrow band filters in the
range A ~ 0,71 § to 1.10 u, found similar “continuwm" color tempera-

tures for these stars T ~ 2100-2900 °K.
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For the Mira carbon stars and V Hya, the situation is
@ifferent.  There the observed energy distributions (Figs. 1l and
15} are 'brcLader than a single bla.ckbod'y. This broadness is not &
function of spectral type, i.e. compare V Cyg C7,be with Y Tau CT)e,
but rather of variébl_e type. The Mira verisbles (and V Hya) have
the broader'energy distributipn while the semi-regular variables
do not. The extreme examples in this study are Vv éyg and T Dra.

If & blackbody of temperature -correslpond:l.ng to their spectral type,
say T ~ 2009 °K, is .run through any wavelength, there will be an
apparent excess lengward ‘and an ap?a.renf deficiency shortward of
thet wavelength. We therefore propose that the observed energy
@istribution is actually tﬁe sum of the flux of the star, possibly’
modified by eircumstellar attenustion, plus the flux from a circum-
stellar shell. For the star we propose to adopt & blackbody with
temperature given by the spectral type and the near infrafed

(A} 0.6-1.1 j1) measurements mentioned gbove, i.e. T, ~'2000-250;J °X.
This will be normalized at near infrared ﬁavelengths (A ~1-1.5 u)
taking into a.ccouqt the departuree from a blackbody shown by real
carbon stars of approximately the same spectral type (i.e.-UU Aur,
Y Tau here). . The amount of excess flux at longer wa'.velengtha'wil_l
then be attribuf.ed to radiation from_ the circumstellar envelope.
®1y in the . cese of V Cyg and T Dra (Fig. 15) does this procedﬁre
Iresult in a well-defined separation of ster from dust. TFor t‘hese
stars the star blackbody which fits the Short‘wavelength fluxes
falls far short of explaining the eﬁerg';y observed at A > 2 p. The

flux left over (excess-) can be-fit by an ~ 1000 °K blackbody plus

T8

& spectral feature in the AM 10-12.5 u region which is discussed

in Chapter V. In addition, this cool excess rei)resents most of the

~ observed fldx, i.e. here @ ~ 0.80. This means the shell is going

opticelly thick, if.e. 1 - e‘_(TabS) ~ T => (wabs) ~ 1.7, The

" problem of interpreting the observed fluxes is now quite difficult

because the observed stéllar flux will now be medified by (Appendix A)

obs _ _ ¥ , -T dust
F =5 (e )+Fx

A
and now T,, the effective attenuation of sté.rliglit ‘by the dusi; shell,
is not smell and will be a complicated function of cloud géometnr ,
and grain opacities whose solution is given 6n1y by a complete
rediation tfa.péfer treatment wh_i;:h will not be s;ttempted here. We
shall try and derive some simple conseq;uen}:es of the observa.tior_xs.“
(1} The brosd band emergy distribution of the excess is represented :
fairly well by a T ~ 1000 °K blackbody. If this is an actusl tem-
perature of the emitting region, then Ryi1/Te 2 (T*/Tshe]_'l_)a ~ k.
The most plausi‘dle endssion mechanism to explain this is rad_iation
from circumsteller dust grains. The dusl e;nergv distribution might '
indicate a hil_:lary system but the infrared varies with the same
period as the visual (see light-curves) 5o it aﬁpea.rs the dust
grains derive théir ehergy from the stellar radiation field.

{2) Rediation from the dust begins to be a significant
fracj:ioﬁ of the cbserved flux at wavelengths as short as A = 2 u
for V Cyg smd T Dra. This means that the stellar absoxpticn features

should a.ppea;r weakened ("veiled") relative to a star with no dust
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excess. ‘This effect hes been observed by Frogel and Hyland (1972)
who found the 2.3 k bands of CO In carbon stars were wesker in the
Mire variables reiative to the semi-regular variables of the same
Bpec‘bral. class, This weakehﬁg wasg correleted to the redness of
the infrared colors, i.e., the Mire variables (and V Hya) had
redder [3.5 u] -.[1.25 1] and {12 wl .-.- [3.5 w] colors than the semi-
regular variables. The authors concludevi this might be due to tﬂe
result of overlying radiation from a circumstellar shell. The extreme
example of the stars they studled was V Cyg, for which the CO bands
vere Just barely visible. This agrees with the inter_éretation of
the observed energy distributicns proposed here, i.e. for V Cyg (ana
T Di‘a) c;l.rcumste]_lar radiation represents ~ 2/3 of the observed
radiation at [2.3: nl ( B2.3u = 2), Bo we would expect .stellar features
to be ~ 1/3 as strong,

An extreme exémple of this effect is the infrared star
IRC +10216, The star has very red colors (~ 600 °K blackbody 2.5 g,
excess at longer and shorl:e_r A's) and the 1.5 u - 2.'5 " spéctra
(Becklin et al. 1969) show no discernible stellar absorption features.
Spectra :Ln the 1 p region (Mi]ier 1970; Herbig snd Zapalls 1970)
show characterisfcic carbon star absorption features and result in
its being classified as a late-type carbon star (~ likeVV' CrB). - The
. su;:positidn that cjr;:umsteilar emission is responsible for the
"veiling" at longer waveleﬁgths was confirmed by lunar occultation
measurements of the source (Toombs et al. 1972) which showed the
2.5 p. radiation came from a ~ 0.h?-disk with brightness temperature

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

larger than a 2000 °K star (8, ~ 0.05") would be.  For IRC +10216
& separation of "star" from "si'le]_l" as done for V Cyg results in

8

2.5, ~ 10 and @ ~ 0.99%.

With this proposed Interpretation of the energy distribution
of carbon stars the situation regarding Bepa.re.tit_zg star from dust
and possible time variationsi in a becomes quiteﬂé.:i'.fficult. - The
[3.5 pl - [1.04 pl cc;lt_:'r no longer measures T, {as for M stars) and
the 3.5 p flux is no longer directly related to the total apimrent .
flux from the star &* = f:: Fl* ar, as there is a contribution at
3.5 4 due to the circumstellar envelope (dust grains)., In addition
@ << 1 no longer holds so (Tabs) << 1 and the assumption of an
optically thin envelope (Appendix A) 1s not valid. ‘I'h:l.svmeans the
observable paremeter o = 3dust/ (3@'81: + &%) is no longer a linear
measure of the mo@t of dust {eq. 15-19 Appendix A). For instance
for V Cyg, @ ~0.82 = > (1, > ~1.8 and a 50% increase in {Tops?
es due,'.for instance, to the injection of a large amount of new dust
would only increase o 0 ~ 0.93. Tl;le colors in the iqfrafed might
chenge even less. - In this case, the shorter. 'ué.velengths become &
better méasure of theramount 6!‘ dust, at least selong our line of
sight to the- star, due to the e@oﬁentiai attenuation ~ e ;(eq_. A-1
Appendix A) of the starlight, If the grs;j.n opacity is a dgcmaaing
Function of waveleng‘cli; as- for small graphite grelns »(Apper_l&ix B),
‘then an increasse by 50% in {Tops? ™ 'rl.Su. for V Cyg would result .
in a decrease by more then a factor of 2.5 (i.e. _>‘1' mag) in the
visual (A = 0.55 ) flux from the ster, sssuming the shell is

spherically symmetric.




The additionsl possibilily that the circimstellar shell be
non-spherica.lly—ﬁymmetric s 88 well as optically thick, makes the
interpretation of observed ﬂﬁxes in terms of "amounts of dust"
more difficult. It is easy to Imagine situatioxis in which the
cbserved total ij.ux, ZTIObs = '.’,dust + F* 15 less than the total
apparent flux from a star:a.lone_ (1 = 0) (without dusi; clowd},
e.g. & single small, optically thick occulting cloud r, < Taowd
Rcloud-*' Tt is even possible to imagine & shell which will givg
3°bs > ¥ (1 =0) for an observer in a preferred direction (thermay
focussing). Energy comservation of coufse requires J‘3°hs Dad(l =
‘f F (1 =0) Dedﬂ = L, vhere £ = luminosity of t}herstar and D = .
distance star-earth, but 3obs’ sdu.st need not be spherically symmet-
ric for optically thick shells.

In summary, the semi-regular variable carbon stars UU Aur
and Y Tau have energy distributions which are similar to the M stars
studied here with the star dominating the energy distribution for
A < B p and & small excess at longer wavelengths ‘(o: < 0.05). The
Mira carbon stars (and Vv Hya)ron the other hand, appear quite
different, withr excess "blackbody" like radiation at l > 2 @ which
represents a considerable fraction (o > 0.3) of the observed energy.
If tﬁe excess is attributed to circumstellar grains, then the early
near infrared ﬁeasurements of ¥ Cygrby Pettit and Nicholson (1933)
which Indicated an extremely low temperature (T ~ 1350 °K) should
probably be considered the first (unknowing)} detection of an infrared
excess due to circumstellar grains. Definitive tests of this ﬁodel

might be (1) high spatial resolution measurements , @5 for IRC +10216,
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to determine the size of the emitting/scattering regions at various

- wavelengths; (2) high spectral, resolution measurements from 1 4 to

. 5 4. On this model one expects Increased weskening ("veiling") of

the stellar absorption features as a {or BA) increases. The “velling"
should increase with wavelength and be much stronger in the Mirs

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 variations of the Mira variables will
affect the shape of the light curves. The luminosity variations
are clear from the infrared light curves .(Figs. 16-20) and tempersa-
ture variations are indicated by the ~ 2 to 3 magnitude veriations
in visual light. An estimate of the stellar temperature and
ltunin;losity va:iatio.ns was made using the [1.0b4 u] "continuum"
measurements of Baumert (1972) and the -V magnitude given by the
AAVSO ’(Ma}all 1973). The 1.0k p flux is thought to be relatively
near the “"continuum" at these wavelengths (< 0.2 mag depression)
and is & short enough wavelength so that emission from the ~ 1000 °K
excess can be ignored. The V = [0.55 u] Ima.gnitude is blanketed but
includes the "continuﬁm“ region at A > 0.57 b (Fay et al. 1973).

A color temperature wes calcula.t;ed’ for the éva.ilable _dnta. and plotted
vs, phase. The color temperature for V Cyg, with the best phase
coverage tmcked ~ 50-100 °X below the assumed 'température_ of Star X

(Fig. 3). The color temperstures of R. Lep and V CrB tracked &t
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~ 100-150 °K above that of Ster X. Thus it seems that the carbon
Miras studied here are similar to the M-Miras in their temperature
fluctuations, T at § = 0, Tin 8¢ ¢ ~0.5-0.6, end Toon Tntns ™
1.3. V Cyg and T Dra have color temperatures running ~ 250 °k
below V CrB and R Lep. ’i'he apparent stellar luminosity variatioﬁs "

derived from T

and [1.04 p] were less well behaved but seemed
color :

consistent with maximum stellar luninosity at ¢ ~ 0.1-0.2 and ~ 1
mag variation in luyn:inosity similar to the M stars,;

‘To try and separate the effects of the temperature and
luminosity fluctuatriun from thqse due to changes in @, a model ster
has been constructed, The star is assumed to be & blackbody of
T = T, to which is added a blackbody excess which represents a
fraction « Qf the total luminosity at a temperature TBB = % Ty-
T, and o are now varied. The total luminosity is essumed to go as
T*l*, i.e. ignoring radius changes which vould affect the chserved
colors (flux ratios) only_in the second order through TBB'
different @ = 1 - " {"8bs? the totel luminosity is held comstant

For

and the ster is assumed to ﬂe neutrally extinguished. The results
are given in Table 3. o

For R i.ep, V CrB, and V'Hya o ~ 0.3 and an increase to
o~ 0.5 (('rabs) = 0.35 to 0.69) as due to a facth of ~ 1.9 }ncrease
in the "amount of dust" results in only an ~0:13 mag increase in
[3.5 ] and ~ -0.21 ma.g increase :Ln the {8.4 p} ~ [3.5 1) cclo::;.
The color changes would be hﬁd to distinguish from a change due
to a temperature change. For V -erg and T Dra, @ ~ 0.8 end the

color changes for a given change in (Tabs) will be even smaller,

TABLE 3

Charecteristics of the ilypothetical Cerbon Star
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Thus for the Mira carbon stars (and V Hya), changes in the "amount
of dust” will be harder to detect then for M stars. This is due
tos
(1) ‘None of the infrared monitor. wavelengths used here
measures radiation purely from the star; the ~ 1000 °K blackbody
excess -can contribute significantly to the measured flux at 3.5 K.
(2) The excess is broad and smocth 1_n nature in contrast to
the well.defined "silicate bump" in the M stars. There is a
sharp feature in thé excess AA 10-12.5 | (see Chapter V) which is
monitored by the [11 w] filter but the adjacent [8.4 w) filter
monitors a continuum which is also part of the excess. Thus an
7 equal increase in both components of the excess may change the
[12 p} - [B.4 p} color very 1itf;le. ’
7 Fig. 16:  Polarization and photometric data om R Lep.
(3) The optical depths for the circumstellar shells deduced o
from the observed energy distributions (<Tab o)~ 0.36-1.4 for Mira
varisbles) are no longer << 1 so the simple-minded model star

presented here may be misleading.

i) Mira Variasbles
(e) RIep

The 1igh£ curve and polarization data for R Lep are given
dn Fig. 16, the format is identical to that-of the M stars. 4as for
the M and S type Mifas, the 3.5 p flux pesks somevhat after visual
meximum at ¢ ~ 0,1, The small changes in colors during. the cycle

are consistent with temperature changes in the excess, maximum
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temperature coming at ¢ ~ 0.1, i.e, bolometric maximum and minimum
temperature at § ~ 0.6, bolometric minimum. The [11.2 u] - [8.4 u]
color is spproximately constenmt at -0.66 which is consistent with
a constant amount of "silicon carbide" excess (Chapter V) relative
to "blackbody" excess.

The polarization, on the other hand, shows cheotdic behavior
similer to that of the M and S type Miras. ‘A suspected constant

interstellar component to the polarization (P = 1% © = 35°) has been

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

affect the existence of changes in the polarization. The degree
of polarization is capable of be&.ug high (or low) during any part
of the cycle, There may be some enhanced activity arcund Q) ~ 0.5
and (il ~ 0.8 in the blue region, but this is not apparent in the
visual region. As for many of the.M and S Miras, there seems to
be a "preferred angle" & ~ 20° with oceasional large excursions
down to 8 ~100°, The behavior of 8, with time is particulerly
intriguing. During the -3 cycle (M) €, ~ 20°, beginning with the
-2 cycle (A) 8, ~ 20° but around $ ~ 0;5 spparently transited to -
8, ~100°, beginning the -1 cycle (@) 8, ~100° but by § ~ 0.3

BB ~ 20° again. Then begimning tl;e zeroth cycle (X) BB ~-20° tran-
siting perhaps at € ~ 0,5 to reach GB ~ 100° by cycle'ts end.
Continuing into the +1 cycle (0) GB ~ 100° transiting at perhaps

$ ~0.5 to.aB- ~ 0° by $(1) ~ 0.8. This cyclic behavior of BB is
reminiscent of the RV Tauri star U Mon studieﬁ by Serkow;ski or1),
here the period of angle varlation would be twice the visual period.

Such quasi-periodic sngle chenges with double period, have been

88
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noted by Serkowski (1970) for the Mira variables oCet and R Hya.
The polarization activity in the blue near §{(0) ~ 0.5 and

the aforementioned angle variations during the zeroth (X) and

first {0) cycles in B and V are not accompa;lied by any large

deviations in the iInfrared colors and megnitudes from the mean

~ behavior (dotted lines in Fig. 16). In particular, there is no

.evidence for the production of a large amount of new dust near -

@ ~ 0,5 to account for the position engle variastions.

{v) Vv CrB

The infrared, visual, and polarization data for V CrB .:ls
given in Fig. 17. The increase in infrared colors toward minimum
is again probably cons:i:stent with the changes expected due to 1un;i~. 7 Fig. 17: Polarization. and photometric data on V CrB.
nosity and temperature chenges with a constant average "“amount of
dust" present. The range of variation at 3.5 w is la.réer for
V CrB than R Lep (~ 0.9 mag vs. ~ 0.55 ma.g), so one might gx-pect
the larger color variations which are observed. The [11 p] - [8.4 )
color is approximately constant at ~ -0.65 except for one high
meesurement. et $(0) ~ 0.22 and one low measurement at ¢ (2) ~ 0.85,
agein consistent with an approximately constant amount of "silicon-
carbide" excess relative to "blackbody" excess. One V:Lnteresting
and u:.lique (among the Mirs 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 "mean light curve" given

by Campbell (1955). The mesn light curve is the average of AAVSO

visual observations over the period ~ 1920-1950 and so should be
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c_omparable to the current visual estimates; for all the uther. ﬁ, S
and C Mira variebles the current eye estimates tend to cluster
arownd the mesn 1ight curves given by ‘Campbell (1-955)._ This
decrease in V could be due to (1) A change in the magnitude sequence
assigned to the stars around V CrB or in the AAVSO obsérvers.
However, other red stars, such as R Lep, V Cyg, ‘doh't show such an
effect. In additionm, phqt;,oelectric measurements by Mendoza (1967),
Serkowski (1966e), Dyck (1968) and Dombrovekil et sl. (1973) also
indicate a decrease in the visual flux frr.)m the -7 cycle to the -3
through =1 cycles, though this. result depends mostly on the early
measurements by Mendoza (1967), which -y close to the "mean 1ight
curve" level. ‘

@) A change in the actual luminosity or temperature of

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

star.

(3) The sppearance of or increase in the optical &epth of
& dust shell around V CI;B;' The‘currezit infrared energy distribution
(Teble 2a) indicates (Tsble 2b) a shell which radiates a fraction

o~ 0.4 of the total energy of the system. Thus ~ 0.5 and

"5

i1f we assume the opacity of smé.l:[._ graphite graizis, ) ~2.5,

0.55u

Thus, 1f in the past, the shell was much thinner, the

<1l
o.558
apparent visual flux would be incregsed by the required smount
(~1.5 mag), ¢ Unfortunately, there are no earlier measurements of
the Infrared energy distribution to test this hypothesis. The time.

scale for this ~ factor of two incresse in the amoupt of dust would

be, using the photoelectric visusl data, on the order of 3-4 years, -
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i.e. similar to the timescale for secular decrease in the amount
of dust vhich was possibly observed in ert.
V CrB shows a quite high degree of polarization, up to
~ 54 at V end perhaps. even 10% at B. The-re does not seem to be a
preferred phase for high polarization. The "preferred angle" fot
polarization é.ppears to be Bv ~ SB ~ 1h0°, The series of.measure-
ments during the ~3 (M) cycle for which BV ~ 40° are all due to
Dyck (1968) and may be in error because measurements by Shawl {1972)
during this time gave 8, ~ 1h0°. Thus, V CrB may be one of the
few stars in this study which does not shbw large changes in position
angle of polarization. The decrease in polarization during the +1.
eycle (0); Py from ~ 44 to < 0.7%, Py from ~ 2.7% to 0.9%; was not
accompenied by any noticesble increase or decrease in the infrared
magnitudes from the mean ISehavior; Nelther was there a lerge Fig. 18:
difference in the visual magnitude for this cycle. Again apparent
changes in the polerized flux are not accompenied by large changes

in the infrared.

(c) T Dra

The infrared, visual, and polarizetion deta for T Dra is ]
given in Fig, 18. The AAVSO visual observations were few and
Bcatter.ed 50 the phase was not well defined. The 3;5 w light
cuﬁ"e is unique for this study in that it .pea.ks before the adopted
zero visual phase -- this probably means‘the phase is wrong and
should be shifted ~ +0.1 to +0.2. This would probably not Qisagree

with the available AAVSO visual estimates. The {8.4 u} - [3.5 ul

" Polarization and photometric deta on T Dra.
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and [11 u] - [3.5'7;1] colors show small but probably real variation
with phase similar to V CrB; they are probably consistent with an
approximately constant "smount of dust.® The [11 p} - [8.4 u}
color is approximately constant at -0.63, indicating no large
apparent chenge in the amount of "silicon carbide” relative to
"dlackbody™ ex-cess.

The polarization data is mesger but does show (1) large
visual polarization, up to By~ 3.5%, consistent with the large
excess for this star  (large [11 u] - [3.5 p] color, o ~ 0.8).

(2) TLarge changes in the degree of polarizetion, and in ome case
an a short {~ 50 days) timescale. (3) A large change in the
position angle of polarization from eV ~130° t0 ~ 90° in ~ 15 days
during the -2(A) cycle ending up at BV ~ 50° in the -1 (@) ecycle,

ie. a change of at least 80° in position engle through one cycle.

(4) v cyg

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

polarization data could be located for this star. As for other

‘Mirs variables the 3.5 # flux peaks at § ~ 0.1-0.2. The variation

in flux ratios 11 p, 8.4 p, k.9 p: 3.5 p are sj.ﬁﬂar to the other
carbon Mira.s, the minimum ratios coming approximately at 3.5 u )

(~ 'bolometric). maximum snd the meximum ratios at 3.5 % (~ bolometric)
minimum.' These variations are probably consi;stent with & constant |
average amount of dust excess, the changes being due to variations

in the temperature and luminosities of the star and dust, with ‘the
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Fig. 19:

Photometric data on V Cyg.
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relative luminosity in dust, «, approximately‘ constént. Agein,
the {11 u] - [8.h4 p] color is approximately. constant at -0,60, which
is consistent witﬁ & constant ratio of "SIC" excess to "blackbody"”
excess, .

V Cyg snd T Dz;a have very similar epergy distributions (Fig.
15) and spectra in the A '8;13 n région (Chapter V). Curiously )
enough, these two stars hav.e almost ‘identical pericds, differing
by only O.4 deys. The energy distribution 0,55-20 p is characterized
by an ~ 950 °K blackbody, & small emission feature A\ 10-12.5 p
attributed to emission from SiC 'gr'a.i-ns as discussed In Chapter V,
and an excess at shorter wavelengths (A < 2. ) which can be charac-
‘terized b:;r an ~ 2000 °K blackbody. As &1sc‘ﬁssed earlier, ‘one
possible explanation of the extremely. cool ‘enefgy distribution is
re-radiation of absorbed starlight by circunsteller grains.. The
;axceés radiaticn at shorter wavelengths would represent transmitted
sta,riight which is atienuated and possibly alsc reddened by the
cireumstellar shell. If this interpretation is true end the '
separation of ster and dust as given in Fig. 15 1s adopted, t_he_n
the fractionzl amount of spparent energy radiated by the circun-
stellar shell 1s & ~ 0.8 for these two stars , which is the largest
value for o of the stars in this study. One consequence of this
‘is‘ tl'i_at aJ_'L the infrared monitor *;:avelengths measured here; 3.5 -
11 p, refer now more or less to radiation from the z_iust d:l.rectly;‘
if the weakening of the stellar 2.3 u CO ba.qu found b;;-r Frogel and
Hylend (1972) for V Cyg is due to oyerlying emission from fhe dust,

then by 3.5  the dust will probably completely dominate because .

200

over this range the .,-950 °K ﬁﬁSt blackbody -increaSes by approxi-
metely a fadtor of 2 wi;li'Il.e the ~ 2000 °K stellar blackbody falls
{ignoring possibie i-eddening effects) bir approximately a factor

of 2; Assuming this to be the case, the 3,5-11 p measurements
should give information directly about the temperature and
Juminosity of the circumstellar shell fs. phase.  The [IJ.- wl =

[8.4 k] color is ve.pp'roxin?ately constant for these stars, indicat-ing
the strength of the "SiC" feature (discussed in Chapter V) relative

té blackbody continuum is approximately. constant with phase. Ve

" have used the mean [8.4 p] - [3.5 p) light curves to define the

color temperature T, (3.5;;,8.1#;;,) of the excess vs. phase given in
Pig. 20. Further, assuming the emergy distribution of the excess
is sctuslly described by a blackbody of this color.temperature, a.-:«;‘
indicated by Flg. 15, we have derived the appaient engula.r sizé,

Qa, and the apparent bolometric luminosity,vmsol, of the excess

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

© defined by

F;bs . .
%RTRTy
] c
where A = 3.5 u or 8.4 p.’ @, is the angular size & blackbody of
temperature Tc would hav'e'to give t)ﬁe observed flux. The total
Integrated fiux is then given by

3= | Fixc a =0, 3T ,

- and is related to the boblomet'ric magnitude by
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Qq (107 ster)

Fig. 20; Variations in the color tempera.ture; apparent engular size,

and luminosity of the excess w:i.th'phase for V Cyg and

T Dra as described in the text.

Qq (107 ster)
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E(Ormg)lo‘mbol/z's = FXe
N - R
12 o2 '

when HOmag) = 2.52 x-10" "~ W/em~ is the total apparent flux for
zero bolometric magnitude (Ailen 1963). 1In the optically thin
case, where Tc referred to an actual temperature, Qa would be
related to the total mass of dust M, radiating (see Chapter VIII)
by .

S o M
aQ = grains abs= M\ Ya « M

> ’
a D2 D2 d

where n, 15 the (constant} mass absorpticn coefficient of tne
grains and D is the (constant) star-earth distance. In an actual
circumstellar shell, a, will be a function of the run of demsity, .
temperature, and optical depth through the shell.

The colc;r temperature shows only small variaﬁion ui@h phasé,
Tc(max)/Tc(mip) ~ 1,15 so tﬁe bolometric magnitude essentlally
tracks the [3.5 u] magnitude, with & range of ~ 0.8 megnitudes,
similar 1;,0 the range of bolometric megnitude found by Strecker
(1973} for M and S5 Mire variables. The variation In Q,
na(m:-ax)/ﬂav(miVn) ~1.31, 1.68 for V Cyg and T.Dra respect}vely,
with m‘:l.ni:‘num Q& cnming'amroximately at bolometfic winimum could g
be due to a relatively smaller effectiu_'e amount of dust radlating
at minimum as due Por instance to production of dust néar tre star
with a larger relative sbsorption optical depth than the same amount

of dust after it has moved further from the star.

ii) Semi-Regular Carbon Stars

. (8) V Bya

The infrared, visual, and polarization data for V Hya are
given in Fig. 21. V Hya has the small visual variation, AV.S 1 mag
during the observing period, of thé semi-regular variables and an
energy distribution, Fig. 1k, similar to the Mira varisbles R Lep
and V CrB. On the circumst;e].‘l.ar dust shell model, the excess radi~
ation longward of A ~ 2 p is attributed to re-radiation of absorbed

starlight and represents a fractional amoumt of the total flux from

.V Hya of d ~.0.4, The [3.5 u] flux has approximately equal contri-

butions from the star and the shell, i.e. B

3 5 ™ 1.6, and the
longer wavelengths have increesingly more relative flux from the
shell, t.e. 0°°(3.5 u, 8.4 p) ~ 900 °K. Thus, the colors [A] -
[3.5 p] convey poténti;al information about the smount of dust excess
vs, time., . ‘ .

The var:lation‘.s in (3.5 p]. are probably real, i.e. A[3.5 p} ~
0.4 mag, with the 3.5 p flux apprdximtéw in phase with the visual
flux. All the cclors [A] - [3.5 1] and [311 p] - [B.k ] are statis~
tically consistent with essentially no variation over the ~ 800 day
observation period. Thus, there is no evidence for variation in
the amount of dust, in either the hlﬁckbody component on the "SiC"
component, over this observation period. Now fhe timescale for .
veriation in fiux due to & given mass of dust would be t ~ Tabs/’}abs
3 Rd/fzd, vhich for the parameters given-in Chepter VIIT

. =Ry =20 km/s give t ~ 5 yesrs. The lack of any variation

and Vd

o~
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Fig. 21:

Polarization and photometric dete on V Hysa.
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over the ~ 2 1[2 year observation time and the .agreement of the
present measurements with earlier measurements of dillett, Merrill

" and Stein (1971) indicate that over this time, dust production must
have been ta.i{.’mg place, for other‘wise we would see a decrease in
the infrared fluxes and an increase in the via\;al flux. Thus, the
large oscillations in temperature, 1@osity, and diemeter of the
Mira variable stars do not seem to be-a necess.ary condition for the
prbduction of d_ust In carbon stars -- V Hya manages quite well with
considerably smaller oscillat‘ions.. .

7 The polarization of V Hya does. not sho;r the large and rapid
chenges in degree and position angle of the Mira varisbles. There
has been a slow decay of about a factor of 2 in samount of i)olari—
zation from the earliest measurements but there are no concurrent
infrared measurements to test if this is correlated with smount of
dust. The position angle of polarization is remarkebly s‘ca_blé at
Gv ~ BB ~ 180°; the polarization data would be consistent with an
asymetric shell of a.ppruximatelly constant gecmetry or with aligned

grains with approximately constant net alignment.

(b) UU Aur

The :Lnfrared,. visual, and polarizatipﬁ data for UU Aur 1is
given in Fig, 22. The varistions imn the 3.5 p flux though - small,
aAl3.5 B] £ 0.12.mag, are probably real because they are correlated
with the small variations in visual flux. The colors [A] - [3.5 u)
and {11 ] - [8.% p] are essentially constant within the ~ 5%

systematic errors expected. The energy distribution 'of UU Aur
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Fig. 222

Polarization snd photometric data on UU Aur.
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(Fig. 2} 1s more like the M and S stars than the carbon Miras and
V Hya -- most of the energy is represented by the ~ 2400 °K stellar
T T I | ! .
g ° {gg" 0o : - blackbody and cnly a very small fraction of the energy (o ~ 0.002}
v » . - . - .
P % 2 t + t t t is radiated in the 10-12.,5 u emission feature (Chapter V) which can
/o I — . ]
V. oo= — + t - 0 i be attributed to circumstellar SiC grains. There could be an
{0) .
[” 84 -0.6+ - - additional smooth, blackbody excess of a < 0.05 which could escape
w44 ° N ,
-04 :-o-o—é— —— .- "60_02030 —_— —0-00-§—°0~ J—— our notice, given the uncertainty in the true stellar continuum.
1 ; ' ; ; Still, it seems that the ratio of flux radiated by SiC is larger
) ) o relstive to the blackbody excess for this star, o(51C)/a(blackbody) >
I o Ty & ] | | -
. -08 | © t- © © | 0.04, than for, say V Cyg with o(SiC)/a(blackbody) ~ 0.02, though
- . - (0) - .
o this could be partly an optical depth effect and doesn't necessarily
L T — . — — = S S, O O e )
. [8.4‘11.]—[3.5[1.] 04 o°§ 0708 " ( 08 prove the relative sbundance of SiC grains to blackbody grains is
. Ve o) . -d ) .
greater for UU Aur. The constency of the {11 p] - {8.% u] color
T(l) ® ’ {~ -0.42) and its apprﬁximate agreement with the earlier measurément
- 0.0 ) . of
BQI-L] [3-51“] b oo—?(—) ————— 0= 0roO—gm — — —03§—°-00— ——— of Gillett et ai. (1970) again indicates continuous dust production
: - = °, B ) - '
) (©) 960) (o) % < with the (even smaller) veriations of this star.
o ; .
mL2p o Td o RT Y et -
~ O ~
[3_5#] o § N A 0\00\ . . The small amount .of polarization (Pv 0.5%) is consistent
=10 ; with the small amount of dust excess observed here.
5[ N .
o ° 0o °
\) ° ° ° o © : .
6o ° o o — {c) Y Tau
! | J ] ! .
1000 1200 1400 1600 1800 2000 ) The datae for Y Tau was similar to that of UU Aur and is not
J.D. 2,440,000+ displayed, The variations in 3.5 p flux for Y Tau was A[3.5 p] ~

0.3 mag. The [4.9 k] - [3.5 1) color. was epproximately constant
‘but there msy be & significant variation of ~ 0.2 mag in the [8.k p] -
[3.5 u] and [11 ] - [3.5 ] colors while the [11 ] - [8.4 u) eolor

was approximately constant at -0.67. The energy distribution (Fig. 1k}




is very similar to WU Aur except the emission feature at {11 p] is
relatively larger end there may be a small excess of ~ 0.5 mag at
[20 ul. Interestingly, the ra.t{l.o of observed flux to continuum in
the 11.2 1 broad bend filter is (using the [11 ] - [8.4 i color
excess) e[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[]J.p.] ~ 0.7 and for the other stars it is smaller, i.e, 3[]_1“] -
0.45 for V Cyg and B{HM ~0.35 for UU Aur. A blackbody cogtinuum,
1f it exists , must be small o(blackbody} < 0.05 so the ratios
@(81C)/a(blackbody) > 0.08 wh:l.ch agalin is larger than f.or.the Mira
variasbles and V Hya.
. The polerization for Y Tau, Pv ~ 1%, is epproximately twice
as large as for UU Aur, consistent with the spproximately twice as
la.fge 1 y bump. It is also as la.rgé as for the in-'e.sent level of
polarization of V Hya (Fig 21), wht.:se energy distribution indicates
& shell with considerably larger absorption optical depth. However,
since variations in the polarization of Y Tau haven't been oﬁser'ved
over the ~ 100 days of polarization data, some of the polarization

could be Iinterstellar,

V. SPECTRA

Higher resolution spectra ':i_n the infrared are important to
the mtexpreta‘i:ion of the broad energy distributions discussed in
Chapter IV. If the long wavelength excesses in stars are due to
thermal radiation from circmnsfellar dust grains, the detailed
spectral .shape wﬂlrhaVe information as to the identity of the
radiating material. i‘tle spectrom is ﬁééessary for & comparison o_f
the dust gra.in_s around stars studied here with (l) the expected
emissivities (Appendix B) of known materials measured in the labora.
tory and (2) the dqust grai-ns in other celestial cobjects, such as
H II regions, highly extinguished objects, comets » blanetary
nebulae, the Galactic center, and extragalactic objects. The work
presented here is essenti-a.lly a continuation and extensicn of the
earlier medium resolution (AA/x ~ 1.5%) spectra by Gillett et al.
(1968) ana Hackrell (1971, 1972) and high resolution (AA/A ~ 0.2%)
spectra by Gammon et a.l. (1972), Treffers and Cohen (1mh), and
Treffers (1973) of similar stars. :

In this cha.pter we present medium resolution (AA/ JL ~ 0,015)
spectra in the AA Te5-13.5 p region of some of the stars known tc

exhibit intrinsic polarization and related objects,’.

A, M Stars

i) Observed Excesses

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

in this study are described moéerately well by en --72000-3000 °K

12




13 1k
blackbody (with a‘bsoiytions at some wevelengths) plus apparent excess

at A > 8 k. The hot blackbody is undoubtedly due to the star; as

a working hypothesis we assume this 1;; so end also that the 5te2L"La.r

continuum Fh*at A > 8 p is represented by the comtinuation of the

blackbody which fits the X < 6 p data F:ont' Then the excess

radiation due, presumably, to thermal radiation from dust grains

is given by
exc ‘obs ~ ObS cont
= - * = -
Fl Fl Fh FA FA i

.lhe excesses derived in this manner for M-typé Mira variebles is

cbs cont cont
x - BOE

the amount of excess relative to continuum. For oCet, R Cas, v Her,

given in Fig. 23, The ya.rameter'Bl' = (F measures

and U Orl the excess is seen to rise rapidly, by a factor ~ 3k,
from 8 p to the peak at ~ 9.75 W, fall slowly to ~ 11 u and then

fall more rapidly, by a factor ~ 2.5, to 13 p. For RL Mi and

expecially R Leo, the rise to maximum Seems to Se more rapid and .

exc ,_exc
9.7/ F13u

for R Leo and ~ 3,1 for the first four stars. In addition there

1;}1& fall thereafter less pronounced; the ratio F ~ 1.4
way be a small, ~15%, ~ 0.7 p wide dip in the spectrum of R Leo
centered at ];I;.B.u.

The excesses of the seml-regular variable stars X Her (glant) .
and RW Cyg (supergiahf) are compared in Fig. 2k with the 1-:otal flux
from the Trapezium ‘;egion of the Orion nebula. The Trapezium was
measured with ;.zv. 22?.aperture in December 1971. -~ there is essentia.uy.r
no contribution from the hot Trapezium stars or e free-free continuum

at these wvavelengths (see Fig. 2), s0 no subtraction has been

Fig. 23:

Spectral energy 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 Orion Nebula.
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Relative
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. performed, The average error for all the points in this spectrum

(adJecent points have .been s.veraéed) was 9/8 ~ £ 5% and error bars
are shown if /S >+ 10%. This spectrum essentially confirms the
finding of Stein-and Gillett (1969), i.e. the spectrum of the
Trapezium is quite similer to the excess fluxes observed in late
type M stars. The Trapezium is part of a galactic nebuls where stars
have recently been formed and are possibly still forming. Other
hot field stars surveyed by Ney et al. (19'73) don't show this
characteristic excess emission so the emitting dust grains must
elther be part of the interstellar material which has condensed to
allow the formation of stars here or possibly the dust is a by-
product of star formation.

Thé sliéhtly steeper rise to maximum at 9.7 p and slower

fall thereafter for the Trapezium compared to the first four Miras

- verisbles in Fig. 23 can be attributed, at least in part , to the

lower temperature of the Trapezium dust -- the 11-18 4 color
temperature of the Irapezium is ~ 200 °K while for vthe star excesses
it is . L00-600 °K (Table 2b). Otherwise the spectra are, to W:l.thin
the ~ 5% measurement errors, essentia.l_Jy identical, The '@éctra.

of the éemi-regcla_r stars are also similar to the Trépezium, showing
the peak at ~ 9,7 u but & possibly steeper fall-off to either side.
The subtraction procedure adopted should be most nearly valid for

FW Cyg, it has the largest excess (B.'lOp. ~ 5.6) of the M stars
considered@ in this study so the true shape of the stellar contizmu?n

is much less important , especially for A > 10 p. The steeper spectrum




A >10u may, as before, be due to hotter dust. The si-:eeper spectrum
A < 10 4 is less certain as the assﬁmed stellar continuum is becoming
more importgnt here. It is significant'; though, that beforé subtrac-
tion, the total flux of RW Cyg was approximately as steep as t.he

Trapez:.um, if there is any stellar continuum it will be even steeper

on subtraction. If real, the 8-10 L Steepness could not be due to,

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

slightly different material radiating (2) .an additional smooth com-
yonent to the radlatmn from' the Trapez:mm becoming important at
the shorter wavelengths. The near identity of the spectra A > 10 B
argues for the second explanation. The smooth component could be, -
for instance, due to "blackbody" grains such as graphite as discussed
in 2 later section. The data here (one spectrum of RW Cyg) is
insufficient to establ:.sh this rather subtle but poss:.bly important

polnt. Whaet is needed is a highly accurate detemmat].on of the

stellar continuum at A < 8 B, usmg spectra if possible, simultaneous

with spectral measurements in the 8-13 region. Stars with large

10 B spectral features but otherwise normal energy distridbutions would
be the best cases, we suggest w .Cep and RW Cyg in the northern hemi-
sphere as ﬁeing the bést and brightest for this. High spatial

resolution measurements at A ~ 8- ~13 u to separate the star from the

dust would be more direct but the necessary resolut.aon, ~ 0. 05", has

" only been achieved to date by lunar occultation measurements of the

brightest stars.
The suggest:l.on that the excess emission in M stars found ‘by

Gillett et al. (1968) was due to small s:.licate mineral grams ‘was

119

made by Woolf and Ney (1969). Silicates are a common terrestrial
mineral composed of the ‘a.nion Sion, n>2 » with metallic cation
Fe, Mg, Ca, etec., in a erystal structure. There are many different
types of silicates, each with its own characteristic spectrum, but
they all shzsw a resopnance in the 10 p region due to the étretching
frequency of the $i-0 bond and & second ‘resonance in tﬁe 20 region

due to the bendlng frequency of the O—SL»O bonds. The identification

_with 5111ca.tes was thus strengthened by the discovery by Low and

Krishna Swamy (1970} that ¢ Ori, an M supergiant with typical

"silic_:ate" excess at 10 ki, had such a second feature at ~ 20 y. The
second resonance is clearly shown for the Trapezium (Fig. 2, rNey et
al. _1973), where _there is no possibility of confusion with a stellar

continuuwm. This identification with silicates is strengthened by the

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

environment. He found that in an oxygen-rich atmosphere (i.e. NO > NC
as fo‘r M stars) the x;zost likely mineral condensate was just this sili-
cate mé.terial. Thé silicate which mekes best use of the least
abundant species, silicon, is (Mg,Fe)ES:LOh (ollvane) for which the
mass fractlon for solar’ abu.ndances If £ ~ 1/300. Outside the earth,
silicates are an important constituent of _stony meteorités’ and are -
also found on the Moon (Perry et al. 1972)." The silicate identifi-
cation thus seems at least qualitatively reasonable; a positive
identification would probably result if a sample of comet dust could
be obtained -- sowe comets. [Comet Bennett 19691: Meas et al. (1970},
Hackwell (1971b) R Ney (1973), Comet Kohoutek 19T3f: Forrest and

Merrill (1974}, Ney (197%), Merr:!JJ. (1974)] show 10.|.|. and 20

120




emission features which are quite 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 I, will be given by (Appendix A)

where D = distance, gram-earth, B. (T.) is the Planck function
(‘W/cm [ ster) and Q hs(}.) is the grain absorptivity (= emissivity)
at wavelength A. In Append].x B the‘opacities of grains as a funétioﬁ
of ¢ = m.2 = the complex dielectric constant, grain size and shape is

considered and it is shown that

;=-"x(‘4Lj)“1)M; . )

,vmére n, =.mass absorption coefficient (cmxa/gm) ¥ o= mass of the

grain, and the L, are shape parameters of the grain, L 3 = l/ 3 for

b
spheres. Further, for sxﬁa;l.l grains, eﬂai/l <1, "y is independent
of grain size. Combing (V-1) and (V-2) we have
i .
i %M B(T;) - _ .
B e s Y (v-3)
D " : :
Fﬁr an ensemble of grains in an optically thin cloud, the

total flux from dust grains F:, will be the sum of the Fll, i.e.

. ]')2 B (1)) = 2 B, (T;) s _ (v-1)

Pley RIo oip(ny 4
Fy =R Y B (1) 2 (v-4)

where M, =i§ Mi s the total mass of dust radiating and (")\ B, (T ))

. (-"'ki B, (T, )M, )/M is the average over the cloud. We see that the

physlcal parameters which will be important in determln:[ng the shape
of the obser\red emissioh will be (l) the optical consta.nts ¢ of the
grain materlal(s), (2} the grain sizes and shapes, (3) the run of
temperature through the cloud and (%) the optical depth of the cloud.
The 11 -20 p color temperatures of "silicate type" exces.ses of the
stars in this study (Table 2b) are in the range 400-700 %K. Since
the emissivity at 20 g is Less than at 11 p. for most silicate
materials (Ney and Stein 197k, Chapf.‘er VIII), this implies grain
temperatures in the rang:e ~ 250-500 °K. It is seen from the'.black—
body curves shown in Fig. 25 that Planck funct;io.ns of these
temperatures tend to be flat in the range78—13 w3 if there is a
dis-t}ibution of érain temperatures, the average (Bl) will be even. ’
flatter. Therefore, the temperature is of secondary importance in -
determining the shape of the observed emission, at most it can apply

a tilt to the approximate relationship
da .
~ 6‘,)‘.) . ) - (V'S)

which will be used in the following sections.




iii) Silicates

In Fig. 25 are given the expected absorptivities (= emissiti-
ties) of lunar and meteoritic silicates and the selected blackbody._
functions discussed above. Curve A is the ry for & lunar silicate
(Moon Rock no. 14321) calculated for a = 0.2 b sphere by Knacke an;l
Thomson (1973) from the optical constents measured by Perry et al.
(1972). Knacke and Thomson found this ﬁarticular lunar sample to give
the best fit to the observed emission from the Trapezium. The fit
to-our spectra (Fig. 23 and 24) is seen to fairly good except for
(1) minor bumps and wiggles which don"t show up in the observed
spectra [even at the higher résolution ASx ~ 0.2%) employed by
Gazxmon et al. (1972), Treffers and Cohen (_19710), and Treffers (1973)1,
and (2) a too rapid fall off longward of ~ 11 |,L. These two deficiencies
are actﬁally quite 'genera,l properties of most lunar and -l:‘errestrial
silicates which have been measured. Hackwell (1971) studied the
absorption of various gréund-—up 'silicate_materials a.nd found that
some meteoritic silicates seemed to have (1) a smoother spectrum and
(2) more opacity at longer wavelengﬁhs, than the terrestr_-ial silicates
he measured. Shown in Fig. 26 are his data for material from the
Cold Bokkveld meteﬁrite [{Curve B, type II carbonacecus chondrite,.
mostly olivene and "modified” olivene (Du Fresne and Anders 1362)]
and from the Goa_'l.parar meteorite [Cufve C; "ureilite, "~ Q0% silicate
(Urey and Craig ;953)] .

The Cold Bokkveld mat;erial gives the best single material

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

Mass éhsoz;otion coefficients of Lluhar and meteoritic
5ilicate minerals and selected blackbody functions as
described m the text. Curve A: Moon rock no. 14321
(@acke and Thomson 1973; Perry 3_13 al. 1972); Curve B:
Cold Bokkveld meteorite (Haclkwell 1971); Curve C:
Goalpara meteorite (Hackwell 1971); MIX 1: x.k(Mix 1) =

Dy (8) + % () 1/2.
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fits-the spectra of X Her and’RW Cye (Fig. 24) quite well, but is
somewhat too peaked to fit the 'i‘rapezimn and the first four M starsr
in Fig. 23 -~ a fit longward of 1l p and shortward of 9.5 pu can be
made but then there is too much emissivity in between. The effect
of a mixture of minerals is elso given in Fig. 25 -- the expected
emissivity of equal parts of Moon rock no. 14321 spheres and the
Goalpara 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.

Another effect which may be important in' determining the
observed spectra of silicéte greins is their possibly non-spherical
shapes. The observation of linear polarization of the Becklin-
Neugebauer object in the Orion Nebulsa {Dyck et &l. 1973} which was
correlated with the 10 p. absorption feature attributed to cold
silicate grains (Gillett and Forrest 1973) can most easily be
understood in. terms of absorption by aligned, non-spherical grains
in our line of sight. Non—épherical silicate grains are also ipdi-
cated by the work of Arrhenius and Asunmaa (1973) on the structure

of the carbonaceous chondrite meteorite Allende. They found that

the low density "matrix" or "ground mess” structure was actually

made up of sihcéte-flakes, ~0.lp x 0.1 4 x 0.0L ki, loosely
adhering to each other. Again, saméles of cometary dust might shed
light on the likely shapes of circumstellar silicate condensates.
The imporfance of shape effects on grain opacities has been
emphasized by Gilra (1972a). The effect of different shapes on the

opacity is discussed in Appendix B; a general ellipsoidal particle
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will have different polarizability and hence opacity depending on the
orientation of the electric v'ectior with respecti to the grain axes.
F;)r small grains, the mass opacity KA(L_]') simplifies to eq. 8,’
Appendix B, rwhere €55 32 are the optical constants of the xﬁaterial
and the Lj's are the (th:_ree) shape parameters of the grain, I‘j = 1[3
for a sphere. Usiﬁg the optical consf.ant data for Mecon rock no. 14321
from Perry et al. (1972) we have calculated hhe. expected opacities
as a function of the shape parameter I‘j’ the results for some shapes
are given in Fig. 26. It is seen that since el(}»)> 0 for this
material, there are no strong sharp resonances. The effect of a
lower LZi 15 to (1} increase the ove'rall..emissivity and (2) push the Fig. 2-6:
peak emissivity to lonéer wavelengthé. The first effect is easy to ’
understand as small L 5 corresponds to the electric vectgr along one
of the longer axes of an asymetric grain and hence higheér polariza-
bility and opacity. The second effect is due to the increasing
importan.ce .of 22, which peaks at A = 11 K, in determining the shape
of the resonance {eq.- 8, Appendix B). The existénce of some ) .
asymmetric grains, with Lj < 1/3 will thus (1) tend to smooth out
the emissivity structure and (2) boost: the emiss.ivity, at loﬂger
wavelengths. A simple mixture of one part sphere [L = (1/3, 1/3, 1/3)]
plus three pafts of asymmetriec spheroid [L = (0.1, 0.35, 0.55)]
denoted "Mix 2" is shown in Fig. _26. The resulting emissivity is
almost identical in shape to "Mix 1" considered earlier, without. the
objectional bump at ~ 10.5 p. T gives a closer repres_en’cétion,
though not exact, of the observed spectra than spheres alone.

The grain size will also affect the emissivity; for large

grains calculations are only tractable {Appendix B) for spheres, so

Effects of particle shape and size on the absorpticn
coefficient of a lunar silicate. L 5 is the shape
parameter, Mix 2 is the absorption coefficient for

a mixture of shapes, and Mix 3 is the absorption
coefficient for a mixture of equal masses of & £ 0.2 &

and a = 2 | grains as described in the text.
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we will only consider large spheres here. The opacity for Moon rock
no. 14321 in the 10 p region is nearly that of smell spheres for a,
the grain radiuws, < 1. For a > 1 p the opacity at X ~ 8 uis )
unchanged, the peak opac‘ity' is decreased, and the opacity at longer
wavelengths is incr-eased; i.e. the 10 p feature is flattened out.
The result for a = 1u (i.e. 21a/h ~ 0.63) is nearly identical to .
the Curve "Mix 1" in Fig. 25. The result for a = 4 g is shown in
Fig. 27 in com_parisén to the spectrum of R Lec. The result for a
mixture of equal masses of 'a < 0.2 p grains apd a = 2 u.grains
(="Mix 3") is given in Fig. 26; it .prcrvides the best fit to the
obsgrved silicate features of the mixes considered here. The
question of the existence of some larger grains is uncertain; the
interstellar grain modesls (AaneSta.d and Purcell 1973) and circum-
ste;llar polarization modeLs (Shav;rl 1972) indicate a < 0.1 @, i.e.
small grains. However, an admixture of larger grains, which would
have relativeJ:y less opacity/mass and give nearly neutral extinction
at visual wavelengths does rot appéa.r to be ruled out. The problem
of growing such larger grains in the circumstellar environmeht. nay’
be more difficult. 7

In summary, by: considerj.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 can be cbtainéd from the available data on lunar. and/or
meteoritic silicates. We consider this as sui:port.i_ve of the silicate
hypothesis. It sﬁou.}.d be pointed out that whatever mechanism is

invoked, it must be fairly ubiquitous, many stars showing nearly '




131

identical sp;actra which are in turp nearly identical to the emissioh
spectrum of the Trapezium which in turn provides ‘a good fit to the
10 absorpt?.on features found in highly extinguished objects all
over the galaxy (Gillett and Forrest 1973; Gillett et al. 197h;
Aitken and Jones 1973; Merrill and Soifer 1974) and at the galactic
center fWoolf i972). Again, samples of comet ‘dust could help

ansver some of these questions., In addition, further information
about the optical constants of meteoritic silicates, such as the
silicate flakes described ﬁy Arrhenius and Asupmara (1973} , or oﬁ

B other amorphous silicate material, would aid in the interpretation

of the observed spectra.

iv) R Leo

The excess emission from R Leo (Fig. 23) seems to be signifi-
cantly different than some other M-Miras and the Trapezium in that
there is zelahive.‘l.y less flux A < 9 y and more fiux X\ > 11 p than for
these other cbjects. These peculiarities have'be.en noted by Hackwell
(1971, 1972) and Treffers and Cohen (197h4); the difference can't
-entirely be due to the normalization of the ‘stellar continuum which
is subtracted because the spectrum of R Leo .is different than, say,
oCet even before subtraction. To i;mprove the statistical significapce,
excesses from the three available spectra of R Leo (taken in January,
ldﬁch, and May 0)5‘_1972) have b_een. derived by subtraction as described
above, normaliéed and averaged t.ogethef; the result is shown in Fig..

27 with error bars plotted if ¢ /S > = 10% plus some typical error
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Fig. 27:

Spectral energy distribution of the average excess

emission from R Leo compered to the absorption coefficient

.of large lunar silicate spheres and the possible effect

of optical depth on the Trapezium spectrum as described |

in the text.
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bars in the range 9-13 p. The features noted above are evident and
the ~ 15% "dip" cent.e.red at ~ 11.8 p mentioned earlier is still
present. The "dip," if real, could be due to a grain material of
different chemical composition, as there is no such dip in the
Tra?e_zium or the Trapezium-like excesses, or, alternatively, an

~ ;].5% dip in the stellar continuum. The "dip" is not seen in the
{albeit noisier) spectrum of Hackwell (1971, 1972) so it mey be
spurious. We will consider possible physical effects which might
explﬁn the different spectrum of R Leo.

First, assume the grain material is the same for R Leo as for,
s-ay, oCet and the Trapezium. Then the grain temperature, size and
shepe of the grains, and the optical depth of the shell may affect
the observed spectrum.

IFirSt consider grain tempe?ahn-e: to give the observed
deficiency for A < 9 and enhencement for A > 1llgu, a grain tem-
Perature < 200 bK {see Fig’.. 25) would be required. However, the -
11-20 p: color tempe-ra'ture of the excess in R Leo is (Table 2b )
~ 500 ,‘_’K, and this implies, as discussed earlier, probable grain
temperatures in the range ~ 300-400 °K. Furfher, this color tem-

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

. Trapezium; therefore, independent of the emissivity ratio L ‘! ezou,'_

@ much lower grain temperature for the dust around R Leo relative to

other M stars and the Trapezium is ruled out if the grain material

is the same. Thus, grain temperature alone is insufficient to

explain the observed spectrum.
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The 10 4 emission from the Trapezium is known to be optically
thin (TlOp. ~ 10'1’, Ney et al. 1973). v If the optical depth is
increased, the emission peek will tend to be flatiened out. As a
first approximation, neglecting the rad-ia.tion transfer problem -in an
optically thick cloud, we consider the radiation from the Trapezium

to be given by

Trap _
Fy _ =72 Yhean B ’

where Ty §< L, nbeam is the angunlar size of the observing diaphragnm
and (55\), is the average Planck function for the beam used. Then, if
<Bl) ~ const A\ 8-13 p, Ty~ Firap and the effect of increasing the
optical depth will be, neglecting température structure in the iaebuia,

given by

F)\(T) =@- ™ )gbea.m <Bl>.

1-e " Trap

F.
Ty P

I

(r=0) .

The resulting spectra, with Ty F;I:r ®P(observed), for different
val.ués 9f TlOu. is shO@ in Fig. 27. .The curve for TlOu <1
corresponds .to the observed Trapezium spectrum. It is seén that -
TlOu ~ 2-3 is required to give the necessary enhancement at longer .
wavelengths. In this case the simple subtraction of stellar con-
tinuum is no lon,gér valid -~ the continuum will be modified By the
opacity of the enveiope. The poésibility of optical depth as the

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

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

spectra and (2) the fact that R Leo has, if anythiﬁg, less bolometric
excess than the average Mira variablg; if the shell were going .
optically thick at 10 u 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 observed (Tables 2a, b).
Grain size and shape w:LJJ. affect the emissivity. Using Moon
rock no. 14321 as a.n exemple, we see (Fig. 26) that shape alone is
insufficient to explain the emission longward of 11 p. The calculated
emissivity for a = 4 & grains of Moon rock no. 14321 is shown in
Fig. 27; the flatter spectrum with emission at longer wavelengths is
Jjust what is needed to explain th_e'R Leo excess. However, the more
repid fall off A <9 i_s not reproduced, but this feature is sensi-
tive to the level of the assumed continuum of the star for R Leo.
This requires véry large grains, more than 10 -times the size
normally thought to exist in circumstella._r and interstellar space.
In ;dd.ition; the intrinsic; polerization of R Léo doesn't suggest
such large grains (Shawl 1972). ILarge grains appear to be one

possibility for explaining the observed spectrum, but questions such

"as other observable. conseguences 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,

whick appear '1;0 be the most likely circurstellar condens ates, which

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

has to explain how they occur 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 mechenism can't be too prevalent beceuse there is little if any
of this material present in the presumably interstellar dust grains
of the Trapezium. A larger grﬁin albedo 1-5 p 18 & possible alternative.

The final possibility which will be considered is deviation
of the stellar cont%inuum from the assumed ~ 2500 °K blackbody. Since ‘
thé peculiar R Lec type spectrum only occurs in stars with smell
excess (i.e. Bion < 1), this seems entirely possible. In stars )
with s large excess, i.e. elq;. > 2.5 as for R Cas, RW Cyg, W Cep, the
derived excess is seen t0 be quite similar to the Trapezium. There
are, however, some M stars with small excess, i.e. oCet, BlOp ~ 1.25,
whose derived excess isn't noticeably peculiar -- one now has to
explain why only some stars have peculiar continua. On the other
hand, 1t is significant that the "excess" as derived by subtraction
is. always positive, F:x; > 0; whereas en apparently negative "excess"
would be possible for a su.fficiently deprgssed stellar continuum:
This question could be resolved by high spatial rescolution measure-
ment§ to séparat;e the stellar and circumsteliar contributions to
the observed flux. -

We conciude that large grains, ‘8 ciifferent chemical compo-

sition of the grains, or a non-blackbody stellar continuum may be

the cause(s) of the ancmalous spectral excess of R Leo.

B. S Stars

The excesses of the "pure” § star R And (Sp:S6,6e), the

S(M) star X Cyg (Sp:ST,le) and the M(S) star T Cas (Sp:Mde, S star

characteristics noted by Spinrad and Newburn 1965) derived as for
the M stars is shown in Fig. 28, along with the total observed
flux from the “pure” S star W Aql (Sp:S3,9%e). For W Agql the
energy distribution could be described by an ~ 1500 %K blackbody
plus an excess described'by_' an ~ 550 °K blackbody at longer wave-
lengths. If the cool blackbedy is ascﬁbed to circumstellar
emi'.ssion from dust, the fractional amount of energy from dust is .
{550 °K) ~ 0.66 and Blow ~‘l3, s0 contribu;uion -from the star is
negligible here. The spectrum of W Agl is seen to be qﬁite smooth.
A "silicéte" emission feature, if present, is < 10% of the continuum.
The other S stars have excesses which are similar to the M
stars considered ear].iei'. For y Cyg and especially T Cas _the peak
at 10 p is less pronounced and there is relatively more excess at

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

- apply here.

In summary, f&r some S stars the éxcess is quite similar to
ths.h- observéd for M stars; an explanation in terms of sil.i;‘:ate grains
is indicated. For W Agl, 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 ilarger than the other M and S
stars conside-red here and is more like that se_ex; in the carbon
Miras and R CrB. An expla.n-ation in tex-'ms of silicate grains in an
optically thick cloud is possible but the optical depth (Fig. 27)
necess-a:ry to suppres;s the 10 p "silicate feature" is on the order
> 3. Alternatively, a different, "blackbody" grain material

TlOp. .
could be present as is seen in R CrB and the carbon Miras.
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C. Cafbon 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 M 10-12.5 w. 1In the case of the Mira variables and
V Hya it is velieved (Fig. 14, 15, Chapter IV) the continuum is in
excess of. that expected frOJ‘Jl the star alone and is ascribed to
radiation from circumstellar grains with opacity at all wavelengths

obsarved. Such "blackbody"” grains also would explain the broad,

Swooth spectra seen in W Agql and R CrB. The additional emission Fig. 29: Spectral energy distribution oi‘. the emission feature of
feature Mk 10-12.5 u bas been observed by Hackwell (1971, 1972) and . . carbon stars and the totel flux from V Cyg. The average
Treffers and Cohen (1974) and attributed by Treffers and Cochen (1974) of the normalized excesses of V Cyg, T Dra, R Lep, and
and Gilra (1972a,b) to radiatior. from small silicon carbide (8iC) . - . ) V Hys is plotted with error bars if afs = % 511.

grains. . ' '

_ﬁe total observed spec.trun-l for V Cyg is shown at the top -
of Fig. 29. It is seen to consist of the é.forementioned- smooth_
continuum, with a.possiblé downturn A < 8 #, plus the emission
feature. The .continhum .1 <10p and A > 12.5 4 for the carbon stars

_ has been fit with a single blackbody functicn, as shown in the
figure for V Cyg. The continuum is then subtracted, the resultant
exées.; emission featu:;es are also shown in Fig. 29. The para.m.eterv.
By = [Fk(observed) - Fl(cont:;inuum)] Flnl(continuum) measures the
ét_rength of the emission fgat_ure rela..tiVe .to the continuuh, sllp. -

reaches .a maximum of ~ 0.75 for V Cyg and T Dra and a minimm of

+ ~ 0.23 for the extreme infrared carbon star IRC 410216, In addition,
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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 ifo /s > * 6%.
The emission features are all contained between ~ 10 g and
~ 12.5 p. The composite average shows a smooth "bump” with a broad
peak at X ~ 11 p, a possible "step” at M ~ 10.3 4 before the steep .
rise to ma.m.nmm, and a relabtively slowar rolloff longward of maxitmum.
The higher resolution (/A ~ 0.2%) employed by Treffers and Cohen
(1974) revealed no further structure in this feature. The identifi-
caetion with silicon carbide cémes from (1) the well-defined extent
of the emission discussed in Section ii){a) below; (2). the prediction
of Gilman (1963) that SiC would, alcng with graphite, be the most
likely -cénde.néate for stars with I\EC > NO’ i.e. carbon stars. In
addition, Gilra {1972b) has suggested that the well-known "violet

depression” in late-type carbon stars could be due to sbsorption by

SiC grains; the absorption edge of SiC occurs at X'~ 0.43 p:

" ii) Expected Emission

a) 8iC

Measurements of the optical constam‘ts of.pure Sic.by Spitzer
et a_l__ (1959a,.b) show that its optical proﬁertieé longward of the
intrinsic a]isorption edéa ab )\.~ 0.43 p are pa.rticuiarly ‘simple.

The main features are described in terms of a single, strong funda-

mental ié.ttice absorption band at 12.6 pe For smell grains., the peak

. emissivity (Appéndix B) will depend on the shape. p'arémeter I‘j and

will range from }"ma.x(Lj_ =0) =12.6p = X where €, the:

transverse
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imaginary part of the dielectric constant, peaks to }‘max(Lj =1) =
10.3 = llongitudinal where ei = 0. Thus one .main feature of the
: Qbserved emission feature, its limited extent, is explained.
Mther, Spitzeir et al. (195%)show there are no other strong
.resonances for A > 12.6 u so the lack of features at 20 # is also
understood.. . -

The mass sbsorption coefficient for a sphere, Lj = 1/3, is

shown in Fig. 30. The emissivity is in the form of a sharp resonance,

of approximately Lorentzian line shape,

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

"= mgE ‘ , :
14 [ " o ] . . grains and graphite spheres, AL’ A‘I‘ refer to the longi-
] .

toudinel and transverse resonance wevelengths of silicon

centered at 10 = 10.7p and with a full width.ha.'l.f maximum given by )
: carbide described in the text and the shape mixtures

A\ ~ 0.06 4. For a general ellipsoidal grain with three shape .
. . ("A11 shapes," "Prolate shapes") are from Treffers and -

parameters, there will be 3 resonances, each with its own set of
" . i : ) . . Cohen (197k).
parameters )‘o’ Apax? A\. For Al > Lj > 0 the lo lie between

Mong S X S Mpanss the Ay Yie between 2 x 1% cm?‘/grp < Kooy S
8.5 x 10° cn’/gm, and the A\ lie between 0.05 <M <0.08 4. For
non-ellipsoidal grains or a.‘ nixture of sh.apes these s_trong resonances
will tend to be washed out. The results for two particular shape
mixtures .taken frox.n Treffers and Cohen (1974) is shown in Fig. 30.
It is séen that a smooth distribution in absorptivity between

10.3p <2 < 12.6 p can.be explained by a smooth distribution of
sh.apes; it seems reasonable that by consideration of shape effects

alone, a fair representation of the observed spectra (Fig. 29) may

be attained.
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‘for silicate grains and we only know a priori that O < Tg
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Other physical effects which may be important in determining

the observed siaectra. are temperature, optical depth, grain size,

and crystal impurities a.nd/or imperfections. ‘The temperature of the

SiC grains is completely unknown -- there is no color temperature as

rain S T apor?
where Tvapor is the vaporization temperature for SiC, 1700 °X
(Gillman 1963). Because the wavelength range is small a temperature
can oniy apply a tilt to the spectrum, such a tilt is seen between
the composite average spectrum aﬁd 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 here
(T ~ 1000 °K). -

Optical‘depth will tend to flatten a peaked spectrum (see
Fj.g. 27). It will be hard to distinguish between thé effects of
optical depth and the effects of different distributions of shapes,
or possibly non-ellipscidal shapes. If the optiéa.l depth is- con-

siderable, T " > 1, then the method adopted here to derive the

1L
excess emission is not correct; the "continuum™ will be modified
in the 10-12.5 j region by the absorption of SiC in the shell.

Since the peak strength of the absorption feature of SiC
grains is very large, x ~ 105, cmafgm, grain size effects will be
important even for moderate grain sizes as the individual grain

becomes optically thick. Treffers (1973) has reported the work cf

© Gilra which shows that for a = 1 p spheres, thére will be, in

addition to the primary resonance at ~ 10.7 u, a second absorption




. peak which is even larger at ~ 13.1 Bb. No such excess A > 13 i is
observed so the SiC grains arou_mi carbon stars must be smaller than
lp. .

We conclugde thé.t small silicon carbide grains are probably
responsible for the A\ 10-12.5 . emission feature observed in late~
type carbon stars. The smooth nature of the peak implies that none
spherical grains must be present; a smooth distribution of shapes
between I";j = 0 and 1 or possibly non-ellipsoidal grains are required

to explain this feature.

{v) Graphite

The smooth "blackbody” excess seen in carbon stars (Fig. 14,
15, 29) requires & grain material with opacity at all wavelengths.
The most likely mgteriél, both from the standpoint of abundance
{£(c} ~1/300] in the carbon star atmosphere and likelihood of cone
densation in the circumstellar enviromment a{roﬁnd carbon stars
(Hoyle and Wickremasinghe 1962; Gilman 1969) is solid carbon. Solid
c.axbon comes in‘ many forms and it is unknown which will occur; we
will assume here that the cax;hoq condenses as grai)hite.

Graphite grows in a hexagonai lattice with the DC conduc-
tivity parallel to the "C" axis (i.e. perpendicular to the hexagonal
planc;s) al l ~ '3 x 103 sma.tl.er than the conductivity perpendicular G.L.
This means the optical properties will be anisotropic, acting like .
a conduct?r for EJ. and & dielectric for Erl I The optical constants

for E-field perpendicular to the "C" axis (E-vector in the "basal” =
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hexagonal i:la.ne) s E*, has been measured by Taft and Philipp {1965).
VAdditional work on the anisotropy and dependence on surface siructure
and temperature of the optical properties .ha.*;' been done by Autio

and Scala (1966). Calculations (Appendix B) of the absorption
coefficient for graphite using the ﬁata of Taft and Philipp have
been ﬁzade; the calculations apply to the (two) directions parallel
to- the hexagonal plunes, the (one) direc%.ion perpendicular to the
plane will probably have a much smaller 'absomtio‘n coefficient, at
least for 2mafi < 1.

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

A2 3u, Lj > 0 {Appendix B)

" 1l 1
~Ts 5 2
kS L2 22

J

i.e. the absorptivity (emiésivity) goes as ~ l/he. The exact result

for E  in small spheres (L = 1/3) for X 7-14 4 is given in Fig. 30.
L . .

Over a short wavelength interval, small grains at a single temperature
may mimic P blackbody sﬁectrum. Over a.larger wavelength interval,
however, .the emission will (1) be nerrower than a blackbody, (2) fall

off more rapidly (Fl .~ l/h6) at loné wé\relengths than & blackbody

(132'L ~ l/lu). The observed ~ blaékhody shape, i.e. even out to 20 193

the longest wavelength observed, the flux doesn’t fall as fast as

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

envelope [i.e. such that <"1\ B).> ~ ].KA(TBB) (eqa. v-W)], (2) optmc‘al
depth; an isothermal, optically thick shell of angular size O oo

would give a flux
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F;h'en =@-em 0she.ll'E)n(‘lT"sl'xel_’l.)

=Ogeny BlTgery)s 7y > 1
(3) Grain size. Larger grains will have an opacity given by ny
const for 2ma/A > 1 and N 12 for 2ma/L < 1. The long wave
opacity is enhanced overv the small sphere value for 2ma/\ < 1.
This will have two effects: {a) grains at a single temperature
will give a blackbody spectrum for X < Sma but eventually will fall
-off rapidly ‘therea.t‘ter. To explain a blackbod,‘y out to x =120
requires a ~ 1.5 yu grains. To e_:-cplain a blackbody out to A = 20
requi;-es a8 ~ 3 grains. These are larger ‘than the grains thought
to exist in inte-r;tella.r and ci.rcumstel_la.r. space (a < 0.1p)
(b) The larger grains will come to a lower temperature due to their
reduced ratio (c‘ris/ ‘IR) a8 described :‘_m Appendix A. This w:Lll
enhance' their contribution relative to small gra:i;ns at longer wave-
lengths but will increase the relative mass of large grains (eq. V-1)
required. (4) A combination of (1)-(3).

‘ In summary, it -appears that graphite grains are good candidates
for the source of the "blackbody” excesses seen in carbon stars (also
R CrB and, possibly, W Adql). The abundance is ‘large, condensation
1s expected, tﬁe emissivity is broad and smocth as desired, a_nd the
observed blackbody shape may result from the reasonzble physieal
effects discu'ssed.above. The identification here is necessarily not
definite because there are no characteristic features “which identify
graphite in this wavelength ra.nge.. If the downturn A < 8 4 seen in

some carbon stars is real (see Fig. 29, V Cyg), then it could give

152

more information about the radisting material. . In addition, the
narrow 3.1 p absorption feature seen in all carbon stars observed to
date (Gaustad et al. 1969; Johnson and Mendez 1970; Gillett and
Forrest 1974; Merrill l97?+b$, including some with energy distri—.
buticns which indicate large excess even at 3 u, may indicate

some thing about the grain material or the ‘conditions in the circum-
stellar envelope where the grains reside. A positive identification
with grephite would probably result if the 2200 R absorption feature
which is charall.cteris%;ic of the interstellar extinction curve and has
been attributed t(.) small graphite grains {Aanestad and Purcell 1973)
were observed. However, these stars are cool and; in addition, have
the aforementioned violet deficiency which would make this obser-
vation very difficult ;i.f not impossible. Samples of comet dust
might shed some light on this; in addition to the silicate emission
features at 10 p and 20 p there is a-lsoran ~ blackbody continuum
[C'omet Bennett 196§i: Maas et al. (1970), Ney (1973); Comet
Kohouiek 1973f: Forrest and Merrill {1974), Néy' (1974), Merrill
(1974)1. In the mcygeﬁ.rich (w, > Ny) solar nebula, solid

carbon is mnot Likely to. condense but some of the solid
material’ in comets could be primordial, In the case of
metecrites, the "ca.rbonaée_ous chondrite"r type are notable for cone

taining free carbon (Urey and Craig 1953).

D. Spectra Vs. Time

. To supplement the light curves {broad band fluxes vs. time)

presented in Chapter IV, spectﬁ-a. vs. time for oCet, R Cas and y Cep
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are presented in Fig. 31. The total observed flux, with- arbitrary
verticAl normalization, is plotted vs. wavelength with time increasing
downhward. The blackbpdy curves are typical ste.}laf continua,
referring to the spectrum just above, which would l;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 no large change in: the strength of - ) ' Fig, "31: Spectral energy distribution as a function of time from
the "silicate feature” centered at X ~ 9.7 p relative to continuum ’ oCet, R Cas and p Cep. The dates of observation and

with time. Likewise the earlier spectrum.of u Cep {early M super- visual phases for the various spectra are as follows::
glent) ‘taken by Gillett et al. (1968) on 17 October 1967 UT agree

well with the spectnﬁn obtained here in June 1973. In addition, oCet . R Cas - c- w# Cep
Date (UT) Phase (N} Date (UT) Fhase {N) Dsate (UT) Fhase

broad band observations at intermediate times indicate only small

-a 1T Oct 67 0,96(- 4) 22 Nov 69 0.86(- 1) 17 Oct 67T  --
variations in actual flux for this star -- p Cep is another semi- )

b 13 Dec TL 0.45(1) 13 Nov 70 0.71(0) 17 June 73 --
regular variable which has maintained a stable dust shell over the .

¢ 10 Jan 72  0.54(%) 17 Dee TL  0.64(1)
~ 6 years of cobservation.

: a K mov 72 0.41(2) % Nov 72 0.39(2)
The spectra of oCet, on the other hand, indicate a decrease

e k Dec T2° 0.50(2) 21 Sep T3 0.14(3)
in the strength of the silicate feature with time between the earlier .

f 18 Dec T3 0.64(3)
(17 October 1967 UT) observations of Gillett et al. (1968) and the
present series (December. 19731 - December 1973). The present series -
are probably consistent with ;1 constant spectral shape, the main
differences being in the 9-10 u region where the stwospheric ozone
abSorption can a.ffect the corrected spectrum as described in Chapter
II. The difference between the earlier speétrum and the present
series is believed to be significant; if the spectra are normalized

at X ~ 8, there will be excess at all we.velengfhs A>8p. In

addition, the early spectrum of oCet was taken on the seme night with
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the same eguipment and atmospheric correction as the early spectrum
of p Cep, which in furn agrees with the current spectrum of p Cep
using the current eguipment and atmospheric correction technigues.

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

- temperature, lu.minosi’cy) between the early observation and the present

series is alone insufficient to explain ‘bher spectral difference,
witness R Cas measured at different phases. Therefore, we conclude
the spectra indicate a secular decrease » on a time scale of < 4 years,
of about a factor of 2 in the amount of dust around oCet. On the
other hand, the time scale for "decrease of dust"” due to the departure

of gas and Gust indicated by mass less (Chapter VIIT) will be, in the

. M 1 -
absence of production of new dust, t ~ ‘ra'bs/ ks abs ~ B Rd/Rd, where

2 - .
Tabs ~ "abs (Md/lh-er )s R, is (average) distance of dust from the star
and Rd 'is the recessional velocity of the dust. Taking Rd/r_.‘.r 2 4 as
indicated i)y the data on mass loss and Vd = Rd = 20 km/s typical for

M stars (Chapter VIII), we have t > 1.5 years, so a decrease over the
(unobserved) four year pericd would seem possible, even with a

moderate rate of production of new dust.
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VI. R CrRB

A. Characteristics of R CrB Stars -~

Observations in the Visual Regiom

The R CrB variable stars comprise an extremely rare {~ 30
known in our Galaxy) group of carbon-rich, hydrogen-poor stars of
high luminosity. 7The characteristic temporal behavior consists of:

(a) A fairly constant brightness at maximum which may

persist for months or years but is eventuslly
interrupted by

(v) A sudden decrease, on time scales < 10 days, in the

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

(c) A rise back to maximum. The rise to maximum tends to

take longer (order of months) and be somewhat irregular
following an extended minimum period but can be nearly
as rapid (t ~ 20 days) as the decrease following a
short, sharp minimum.
The drops.in brightness take place at irregular intervals; Sterne
(1934) has shown statistically that for R CrB itself the times of
minima were completely random over the period 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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can still be termed 'periodic.' R Coronae Borealis is not at all
preriodic, and the causes of such widely different types of
variation must differ. So far as causes are concerned, then,
variable stars of the ideally irreguler type must be of a different
nature from a.li others.”

The visual light at maximum is nearly constant but super-
imposed on this can be small oscillations. For R CrB itself the
oscillations have a range AV ~ 0.2 mag with a period ~ Wi days,
end there may also be radial velocity variations of ~ 5 ]s:m/ s (Fernie
et al. 1972). For RY Sgr the oscillations have been extensively
studied by Alexander et al. (1972). The period is 38.6 dsys,

AV ~ 0,5 mag, and the radisl velocity variation is ~ 30 m/s.

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

are also (smal.l amplitude) pulseting varisbles. Alexander et al.
(1972) also found that the regular oscillations in RY Sgr continued
unabated even when the star was ~ 5 mag below maximum light., Teking
M o=1M, S = 101+ £ Ty = 6000 °K (i.e. r, = 100 r,), then the free
fall time T = (Gp*)"l/2 = 38 days, thus it seems likely that the basic
mechanism of pulsation is similar to that operating in the Mirs vari-
ables, The existence of pulsation i at least qualitatively consistent
with the work of Trimble (1972) on the instabilities of helium stars.

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

just seen &t high dispersion, there is no evidence for the CH
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molecule). The spectral classes range from ~ early B (T, ~ 15,000 °K)
through F (R CrB ~ F8, 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 & hydrogen-
rich envelope (Warner 1967; Wallerstein 1973). The existence of
helium in the stars® atmospheres has not been definitely established
by direct observation but is believed to exist in order to (1) con~
serve the mass of the originally hydrogen-rich material (Wallerstein
1973) end (2) provide some of the continuous cpacity in the stellar
atmosphere (Warner 1967).

The spectra during a minimum exhibit many peculiarities of
which we mention:

(1) As the star fades in light, the normsl photospheric
absorption spectrum sppears unchanged except that as the star
approaches minimum the lines become "veiled" or apparently wesakened.
In the case of RY Sgr the veiling has been attributed to overlying
continuum emission due to the electron attachment spectrum of CN
by Alexender et al. (1972). Another source of continuum emission
ab visual wavelengths might be the free-free radiation from a low
temperature - (T ~ 3000 °K) circumstellar plasma discussed by Milkey
and Dyck (1973). Alternatively, the "line weaskening" could be
caused by scattering off an expanding circumstellar dust envelope
as suggested by Woolf (1970); this possibility is discussed further
in Seection VIIT-G.

(2) In sadition to the extinguished stellar spectrum, &

large number of low-excitation blue-shifted emission Llines appear
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near the beginning of a minimum and then graduslly disappear (time
scale ~ 50 days). Emission from I':[e I mey be present [A 3888:
Herbig (1949), Alexander 8t al, 0972); A 10830: Wing et al. (1972)]
but never has hydrogen been observed in emission. This is .in
distinct 'contrast- to the Me, Se, and Ce variables which show
prominent hydrogen emission during certain phases. Herbig (1949)
also made the importent observetion that the intensity of the
emission lines could not be explained merely by the weakening of
the stellar continuum, i.e. their sppesrance and strength must be
somehow linked to the mechanism which causes the reduction in
visusl light. '

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

(k) After the emission lines disappear, a nearly normsl
stellar spectrum is recovered even when the visual light is several
umagnitudes below meximum. Thus, the spectroscopically determined
luminosity and temperature of the star would be the same as at

maximum but the observed spparent luminosity is considerably less.

B, PBSingle 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 occultation of the star by a cloud of
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solid graine interposed between us and the star. Toretta (19315) |
and O'Keefe (1939) proposed that the occulting clouds originate in i
the star itself, with matter erupting from the surface of the star
and condensing into small grains which are very efficient attenuators
of visual light, O0'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
R2 8 r, on time scales of ~ 40 days (for a grain radius of 1 w).
The discovery by Stein et al. (1.969) of excess emission from
R CrB over the wavelength range AA 3.5.11.5 yu appeared o confimm
the obscuration hypothesis as the amount of flux missing at visual
wavelengths was approximately equal to the excess flux observed at
infrared wavelengths. The infrared flux was fit well by an ~ 900 °K Fig. 32:
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. fThey glso found thet the flux missing at_
visual wavelengths was approximately accounted for by the infrared
excess, which again was fit by an ~ 900 °K blackbody. These
observations were thus suggestive of & star of constant luminosity
which is imbedded in an approximately spherically symmetric shell
of dust grains which are responsible for the attenuation of visual
light and thereafter re-radiate the absorbed portion in the infrared.
Further cobservation of R CrB in the infrared by Forrest et
_:_i_l_._ (19’{1, 1972) showed that this simple model for the circums’cellgr
envelope could not be true. A light curve for R CrB, showing the

visual magnitude from the ASYSO (Mayall 1973), the 2.3-11 u

Polarization and photometric data on R CrB.
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discrete, optically thick individual clouds interspersed with
relatively clear areas. The apparent visual flux is determined
by whether our line of sight happens to intersect a cloud or
clouds or passes through the relatively clear areas between, The
infrared measurements 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 clo\;ui cover, as monitored by the visual flux from 1852-1972,
was approximately equal to the average cloud cover inferred from
the infrared observations 1968-1972, (&) ~ 0.3-0.4 (Forrest et al.
(1972).

Additional evidence for circumsteller material comes from
visval polarization measurements. For RY Sgr, Serkowski and
Kruszewski (1969) found the polarization increased from ~ 0.5%
when the star was near maximum to at least ~ 1.3% during a minimum
(AV » 3 mag). In addition, they found the position angle to change
from ~ 10° to ~ 150° and noted that the polarization increased
toward shorter wavelengths, similar to the red varisbles (Chapter VII).
For R CrB the authors found (see Fig. 32) a quite small polarizabtion,
~ 0.2%, in March 1968 when V ~ 6.6, i.e. ~ 0.6 mag below maximum.
This is approximately 180 days before Stein et al. (1969} measured
R CrB in the infrared and found o ~ 0.4, i.e. on the circumstellar
shell model there was extensive cloud cover at this time. During
the March-June 1972 minimum of R CrB, Coyne and Shawl (1973) found
the polarization to increase to more than 3% when V ~ 12 mag (i.e.

AV ~ 6 mag). 1In eddition, the position angle was © ~ 25°, an
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apprc}.cimately 85° chenge from the earlier measurements of Serkowski
and Kruszewski (1969). The authors interpreted the cbserved wave
length dependence of polarization as due to scattering off of small
(& ~ 0,05 i = 0.10 p) spherical éraphite greins in an asymmetric

optically thin (7 < 0.2) envelope.

C. Double Star Hypothesis

An alternative mechanism to explain the Infrared excess of
R CrB has been proposed by Humphreys and Ney (1974). These authors
noted that a number of high-latitude supergisnt, hot stars had an
apparent dual energy distribution with a fraction of the energy
appearing as an ~ 6000-7000 °K blackbody and & fraction characterized
by a much cooler ~ 600-1200 °K temperature., The relstive amoumts
of energy in each region were of the same order of magnitude., They
pointed out that such a dual energy distribution could be due to
a cool, binary companion to the hot gtar and suggested the companion
might be one of the well-known infrared stars which radiate the
major fraction of their energy at wavelengths longer than ~ 2 y and cm
be relatively quite faint visually, In the case of R CrB the authors
suggested the companion may be like the late-type carbon star CIT6.
The extremely red energy distributions of some late-type carbon
stars are, in turn, probably due to ceool dust surrounding and
obscuring a relatively hot ster (T, > 2000 °K) as discussed in
Chapter IV. The relative spparent luminosity of the dust compared

to the star is in turn determined by the coptical depth of the
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circumstellar shell. Thus, in the double star model, the infrared
excess is also due to thermal radiation from qust grains but, in
this case, the grains are surrounding the proposed second star;
changes 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 decreases in the apparent visusl
Juminogity would presumgbly be due to a component of this circum-
stellar envelope gppearing in our line of sight to the hot primary
star. The authors found support for this model in the fact that
the variations in the 3.5 ¥ flux from R CrB appears to have some

of the characteristics of the variations n Mira variables. From
the minimum in early 1970 (Fig. 32), the 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 periodic, would therefore be ~ 3 years, If
this pericdicity is confirmed by further measurements in the infra-
red over several cycles, it would appear to be strong evidence for
the binary star hypothesis as the variations of visual Light from

R CrB shows no such periodicity.

D. Further Characteristics of R CrB Cloud Cover .-

Optical Depth, Reddening, Time Dependence

Tn either model, the modulations of visual light are
attributed primarily 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 ebout the structure, time dependence, and optical
depth versus wavelength of the cloud cover on the line of sight.

An immediste conclusion which can be reached, as discussed earlier,
is that much of the cloud cover consists of compenents cpticelly
very thick ('rv. >> 1} at visual wavelengths interspersed with
relatively clear areas, TV’ << 1. The clouds appear to be optically
thick at all wavelengths cbserved; Forrest et 2l. (1972 interpreted
the ~ 15% @ip in the 3.5 p light curve during the March-June 1972
minimum (¥Fig. 32) as due to extinction of the underlying star, on
this model T.

3.50
and sometimes rgpld departure of a minimum implies, as discussed

> 1 during this mipnimum, The usually rapld onset

in Sectiocn VI-F, either clouds with shérp edges and large veloci-
ties perpendicular to the line of sight or a rapid forma,tion/
dissipation 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 between the onset of & minimum and the rise back to
meximum, The extinction during onset tende to be nearly neutral,
with spproximetely equal extinction at &1l wavelengths, while during
the recovery from minimum there is reddening, with relatively more
extinction st shorter wavelengths, This behavior is illustrated
by the Merch-June 1972 minimum of R CrB. Ope must be careful in
interpreting the broad band flux measurements because of the well-
known appearance of emission lines during a minimum. ‘However )
Herbig (1949) noted the emission lines only became prominent after

V had dropped by more than 4 magnitudes, though this of course may




169

not be true for every minimum. For the 1972 minimum, the initial
drop from ¥ ~ 6 to V ~ 9.2 was accompanied by essentially no change
in the B-V and U-B cclors (Dlirbeck 1972a) and only a slight change
in the colors longward of V (Wing et al. 1972). Thus, the ratio
v = (AU/AB/AV/A[0.72 w)/A[1.04 p]) was T ~ (0.97/1.0/1.0/1.08/0.92)
for AV ~ 3.2 mag on JD +1396, i.e, nearly neutral. Five days later
on JD #1402 AV ~ 5.7 and  ~ (0.91/1.02/1.0/0.90/0.67), i.e. there
was gpparent blueing at U, probably due to the appearsnce of
emission lines (Pasachoff, 1972), apparently neutral extinction B
to V and some reddening siowing up at 0.72 p and 1.04 . Reddening
gradually increased at U and B as. the minimum progressed (Coyne and
Shawl 1973) and by JD +1455, when AV ~ 3.6 on the return to maximum
the ratio of extinctions was r ~ (1.22/1.13/1.0/0.83/0.71). By
JD +1477, AV ~ 2.6, there was a slight smount of further reddening at
U and B (Difrbeck 1972b), i.e, r ~ (1.3/1.16/1.0/2/2). TFor inter-
stellar extinction (i.e, Van de Hulst curve mo. 15, Johnson 1968)
or small (a = 0.06 y) graphite spheres (Krishna Swamy 1972), these
ratios would be r ~ (1.55/1.32/1.0/0.74/0.32). Tt 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 renge AN ~ 0.36-1.0k4 p.
Herbig (1949) also noted this effect (i.e. neutral colors)
on the initial decline of R CrB to the 1949 minimum 1_33395_‘3 emission
lines had appeared. Fernie et al. (1972) also found nearly neubral
extinction at UBV on the initial decline of the short-sharp 1966

minimum, Interestingly, this sharp minimum was superimposed on the
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slow return from a prolonged {1962-1968) minimum for which they
found there was reddening of about r ~ (1.65/1.28/1,0), i.e,
T~ (1 h)l'a, vhich 1is quite similar to interstellar extinction.
Also, Alexander et al. (1972) found reddening on the return of
BY Sgr from its 1967-1970 minimum, after the emission lines had
faded, of about r ~ (1.53/1.22/1.0), i.e. T~ (1/A)**C ¥hich sgain
is similar to interstellar.

A hypothesis which agrees with the observations +o date on
R CrB gtars is that the onset of minimum can be accompenied by
nearly neutral e.xtinctioﬁ while later, on the rise back to minimum,
there is reddening vwhich is not too dissimilar to interstellar
reddening (R = AV/(aB - AV) = 4,3 for RY Sgr, = 3.6 for R CrB,
= 3.1 for Interstellar). If we conmsider the spparent extinction
of R CrB during the 1972 minjmum s due to & fraction b of neutral
extinction and (L - p) of 7~ (1/A) extinction, i.e. A[A] =
Clp + (1 - u)(0.55 W/A)], then , renged from u ~1 JD < +13%,
B~ 0.7 JD+140L, R ~ 0.k ID41455 and i ~ 0.3 JD+1477. The component
of extinction which is ~ “interstellar", i.e. 7, ~1/A, could be
produced by a uniform cloud of small (a < 0.1 p) graphite grains
in our line of gight to the hot star. The "neaerly neutral" component
A\ 0.36-1 p could be explained by either larger graphite grains
(a >0.25 p) in the line of sight or, alternatively, 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 a fraction f of very

optically thick structure T,

>> 1 with the remaining fraction
0.55p €
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(1 - ) relatively thinher T0.550

the star's light would be completely extinguished, as in a geometric

~ 1-5, then the fraction f of

eclipse, and the remaining fraction would show reddening., The true
picture will be, of course, more complicated; there must probably
be g distribution of grain sizes in the first model and in the
second, a distribution of optical depths across the surface of the
star, In addition, a cloud {or grain) which is very optically
thick at one wavelength msy not be very optically thick at a longer
wavelength. TFurther, we have not included the effects of light
scattered in our direction from other cloud structures surrounding
the star -- this may be important near minimum. Teking the simplest
model described above and ignoring scattered light, the parameter
W represents in the first model, the relastive extinction at V due
to large (8 2 0.25 W) grains as campared to small (a < 0.1 ) graios,
The decrease in p indicates relatively more small grains were pre-
sent toward the end of the minimum, On the cloud structure model,
the decrease of p indicates either (1) the cloud structure became
more homogeneous as the minimum progressed and/or (2) some of the
opticaelly very thick T >> 1) cloud structure became just optically
thick (T ~ 1) as the minimum progressed.

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

proposed,

172

E. Difficulties of Models

Each model has some problems in explaining all the charac-
teristic visual, infrared, polarization, end spectroscopic varistions
of the R CrB varisble stars, The single star model has the initial
advantage of simplicity (i.e, Occam’s razor), invoking only two
camonents, star plus circumstellar cloud, instead of three, 2
stars plus clrcumstellar cloud, We will try to sumerize 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.

i} Single Star

{a) Infrared Perjodicity

As mentioned above, a well-defined periodicity in the infra-
red, 1f it is established, presents grave difficulties for the single
star model, If the 3.5 w light curve is Mira-like, 1t would seem
reasonable to attribute it to a Miras varisble in the system, We
discuss in the following section (VI-E-ii) characteristics of the
light curve cbserved to dete which are distinctly non-Mira-like;
Purther infrared observations should be able to settle this point.

On the single star model, variations in the infrared are attributed
to variations in the cloud cover surrounding R CrB as discussed in
Section VI-G; to date they do not seem to be inconsistent with this

model.




{b) Lack of Visual, Infrared Correlation

The near independence of the visusl and infrared light
curves presents a chellenge to the single star model. Imn particular,
the aforementioned infrared meximum of R CrB indicated o = 0.7
while the star was at visual meximum. On the single star model,
this is interpreted as being due to a dust-cloud complex surrounding
at least 0.7 of the Ln sterradian solid angle surrounding the star,
yet there was spparently no trace of this in our line of sight to
the star. It can be shown, however, that if the clouds are
optically thick in the infrared, an « ~ 1.0 is possible even if
only 2 sterradisns around the star are covered. This is the case
if the star is at the center of an optically thick hemisphere of
dust with the observor in the uncbscured anti-dust dilrection. 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 least a
factor of 250 but there was little change in the infrared, must be
interpreted in terms of the geometry of the occulting cloud.

Either a pre-existing cloud passed across our line of sight or a
new but small cloud was Fformed in our line of sight to the star.
Forrest et al. (1.972) noted that there was a small but noticeable
increase of ~ 10% in the 3.5-11 u fluxes 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 visual minimum the flux
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would have continﬁed the decline following the maximum on JD +1033,
this could indicate an actual increase of Ax ~ 0.1, Thus if a new
cloud was responsible for the minimum, it epparently covered at
most Aa ~ 0.03-0,10' of the br sterradians surrounding the star end
we were fortunate 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 clowi. so that the cloud radius, Tos nust
be larger them the star radius,r,. The solid angle of this cloud,

as seen from the star, will be

wh r?
QC: —r = b Aw >

R
[t

where R‘3 is the star-cloud distance. Then we have

/s rcz 1/2 X
( q ) = l&-(Acy)l_TE = (0.8 - l.h)rc

R =

c (4]

for Aw = Qc/1+'rr ~ 0,03-0.10. Thus, for Rc > Br*, wvhich was found
by O'Keefe (1939) and Galatole (1968) to be the distance at which
grophite grains start to condense (i.e, for R L < 8r,, a small
graphite grain would evaporate), we require T, ™ 6-10 r,, So that
complete occultation deesn't require perfect aligmment of the cloud

in owr line of sight.

(¢) 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 sbsence of large magnetic torques and other non-radial
forces the net force will be ~ radial and the angular nmomentum will

be conserved so at a dlstance Rc from the star we will have:
Ty
v (R) £V, () g ,
and for Rc 27T r, necessary for grain condensation we have
V_L(Rc) <10 xm/s .

So the time scale for changes due to motions perpendicular to our

line of sight to the star would seem to be
t > 80 days 5
L~

which is too long.

Alternatively, the time scale could be due to the conden-
sation process and one has to explain how (1) a suitaeble mass of
gas of sufficient density gets to the distance from the star
(Rc 2 7 r,) necessery for grain condensation and (2) how the grains
can suddenly condense on these short time scales, & <10 days.
Since the whole question of grain formation around stars in general
is not really understood in detail, this may not present too much
of an obstacle in the case of R CrB. O'Keefe (1939) called to
mird 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 our line of sight to the star or (2) the conden-
sation of dust grains out of gaseous material already emplaced in
our 1line of sight to the star, The AAVSO visuel light curve for

R CrB {Meyell 1973) has numerous exsmples where in the initial
decline from maximum, & drop of at least one magnitude takes place
on a time scale t 5 10 days (the 1972 winimum, Fig. 32, is one
example). If this 18 due to cloud motion, this implies a cloud
must have covered at least half the projected surface of the star
during this time and implies & cloud velocity perpendicular to our

line of sight of
V 25 =80km/s s (vi-2)

where t = 10 days and we have taken r, = 100 :f.-GJ corresponding to Sl* =

10)+ Ie and T, = 6000 °K = T, On the other hand, unless the mass
loss mechanism imparts a large tangentiel velocity to the escaping
material, the tangential velocity V at the star's surface,

1

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

V (7%) S Ve (vx) ~ 60 km/s s

where we have in addition taken M, =1 M@’ Now as the material
moves outward the forces acting on it will be (1)} gravitational
attraction, (2) radiation pressure, (3) magnetic, (4) furbulence,
shocks, ete. The gravitational force will be radisl., The radiation

field will probebly be nearly radial, especially far from the star.
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the initiel mass ejectidn. Both O'Keefe (1939) and Gelatola (1968)
found that once Rc =7 r, was achieved, sufficiently rapid grain
condensation would be expected. On this model, there should be
activity indicative of gas outflow and mass loss which precedes the
cnset of & minimum, Tn the case of R CrB there may be some evidence
for such precursive activity, Hspin (1890) observed the spectrum
and color of R CrB visually, From Merch and April 1890 to September
1890 the stars' color changed from "yellowish white" to "pale
orange," absorption bands appeared in the spectrum (which Berman
(1935} attributed to the Swan bands of the 02 molecule), and a
possible emission line or lines appeared, all while the visual
magnitude remained steady at V ~ 6.0, By October 1890 the absorp-
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
visval magnitude remained at V ~ 6.0. Some time in mid-1891, the
visusl 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 beer little discussion of possibly disturbed con-
ditions preceding a minimom, most of the studies concentrating on
the "normal® maximal spectrum or the very abnormal minjmum spectra.
Berman (1935) does note the abnormally low (i.e. blueshifted

~ 5-10 ¥u/s)  radial velocities obtained in 1922 preceding the
1923 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 minimum generally takes longer than the
initial decline and this is especially true following long, pro-
tracted minima. On the single star model this could be explained
by gradual dissipation and/ or small tangentisl motions of the cloud
or clouds causing the minimum. However, there are occasicns
following short-sharp minimas where the recovery from minimum is
quite rapid, the 1972 minimum of R CrB (Fig. 32) being one example.
If the return to maximum results from cloud dissipetion, it could
be due to (1) expansion of the cloud or (2) evaporation of the dust
grains. If the dust grains evaporated, we would expect a decrease
in Infrared flux coincident with return to meximum which is not
seen for the 1972 minimum, so this can probably be rejected. If
a small cloud of gptical. depth T is expanding radially oubward at
a velocity Vr from a radius R,, the time scale tr for change in T

due solely to this radial expansion would be

R

: 1 e
tr~'r/7~§v—r .

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

would require a radial velocity

=l

1l “e
V.~ 3 T > 140 xm/s

for Rc z7 Ty This is considerably larger than the apparent
velocity of ~ 30 km/s derived in Section G of this chapter, but
is on the order of the ~ 200 km/s gas velocities implied by some

of the emission/absorption line observations. If the V ~ 30 lm/s
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is to be accepted as a typical dust cloud radial velocity, a rapid
rise of light on time scales of t ~ 20 days would seem to require
either rapid tangentisl expansion or tangential mass motions , the
latter implying non-radial forces such as magnetic torque act on

the cloud.

(d) Low Albedo of Dust Clouds

During the March-June 1972 minimum of R CrB the visual
flux decreaéed by a factor of ~ 250 while the infrared was nearly
constant at o ~ 0.3. On the single star hypothesis this implies
that at least 30% of the solid angle surrounding the star was
covered by dust clouds, yet this dust was not seen in reflected
1light to at least a factor of 250, This impljes 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

_ F°(scattered)
% (absorbed) + F°(scattered)

Ac 5
where ¥ (abs) is the spparent totel flux sbsorbed and then re-
emitted in the infrared by the clouds and 5c(scatt) is the total
flux scattered by the cloud complex, Then for the Merch-June 1972

minimm, 3°(abs) ~ 0.3 3% and 3°(scatt) < 1/250 F*, so

0.004 -2
<
Ar:r- -—-—-—!‘———-0.00 0.3 51.3x10 N

which is much smeller than the A ~ 0.5 thought to be appropriate
for interstellar grains., 4s pointed out by Solomon (1973), it
should be emphasized that this refers to the apparent geometric
albedo of the cloud complex as a whole and not. necessarily to the
individual dust grains. Tt does seem to imply that very few of

the photons incident on the front surface of the cloud manage to
escape by scattering. This condition could possibly be met by
invoking (1) very small, a £0.02 p graphite grains which scatter
very little because of the (2ma/ h)h scattering dependence (Appendix
B), (2) very large a > 1 p grains with roughened surfaces or

(3) cloud geometries during this minimum which inhibited scattering
to observors at esrth, It might be pointed out thet the fact that
there appears to be an absolute minimum to the visual flux from

R CrB, i.e. V never drops below V ~ 1k, may be evidence that 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 extinction
during a minimum sppears to be time variable, with the initial
decline showing nearly neutral extinetion but later, on the rise
to meximum, reddening not too dissimilar to intersteller extinetion
oceurs. Nearly peutral extinction could be due to large grains
but one would probably not expect large grains to appear first and

small grains afterward beceuse the growth process would lead to Just
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the opposite. One would have to invoke some sort of destructive
or dispersive mechanism to convert initially large grains into
smaller grains. On the other hand, the appearance of localized
condensatbions within the (swall) cloud causing the minimum is not
too unreasconable and we might expect these knots to expand with
time thus giving relatively more reddening (due to the small grains
within the eloud) as the winimum progressed and the cloud becanme
more homogeneous across our line of gight to the star. On this
model, one has to include the comtribution to the observed flux
due to scattering from other components of the cloud cover around
the star; because of the low effective albedo (A g 10-2) 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 starts at different
times in this material, thus certain volume elements may condense
all their condensible material, be optically thick, and give
geometric (i.e. neutral) extinction while other volume elements are
still in the process of condensation, are relatively optically

thinrer, and give reddening.

i) Double Ster

(a) Statistics

The double star model requires an apparent coincidence of
an unusual hydrogen-deficient, carbor-rich (HAC) star in orbit with

3

the alsc somewhat unusual infrared star. If there are, say, 10

such HAC stars and, say, J.O){h infrared stars, out of a total of
~ 1011 stars in the galaxy, and every HAC star is in a binary
system, the & priori probability that this association would heppen

even once by mere chence is

b
310" -4
P ~10° x Zpp ~ 10
10

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

for at least 30 stars in our Galexy, would seem to require a common
evolutiopary history of the pair of stars. We show in the succeeding
sections that the stars must be well separated (R12 >0 AU) in

space so this common evolution must be a rather subtle effect,

(b) Dust Exclusion -- Large 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
dust from the immediate vicinity of the hot star, thus making
occultation events guibe unlikely if the system is viewed from
directions opposite to the cool ster. Such a radiation pressure
mechanism has been invoked by Gehrz, Ney and Strecker (1970) and
Humphreys, Strecker and Ney (1972) to explain the absence of excess
emission due to dust for certain cool stars with hot companions.
Whether or not the hot companion here actually prevents the formation
of a circumstellar shell around the cool star, its radiation
pressure field will most certainly affect the motion of the dust

streaming sway from the cool star. In the case of R CrB, the
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Iumincsity of the cool ct;nlponent relative to the hot star has been
observed to range from o ~ 0,7 to @ ~ 0.2 with a time average of
(0!) ~0.,3-0.4%, In the case of small grains, the average radiation
pressure efficiency of a grain, (Q,m) (see Chapter VIIT), will be
relatively larger for the ~ 6000 °K radiation field of the hot star
than the ~ 2500 °K radiation 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 grain orbital problem
indicates that dust exclusion from more than 2m sterradians surroun-
ding the hot star will result unless Ry > 100 AU, where R12 is the
separation between the two stars. 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 excluded region over this period. I!h;:refore,

the orbital period T must be longer than ~ 240 years 5 i.e.

ng/ 2 (a1) "
T= years > 240 years >
w72 (e) :
or R12 3 T0 AU s

where M = M+ M, is the sum of the stars' masses, taken to be

~6 LN here.

(c) Constant Radial Velocity -- Large Separation

A similar result would follow from the lack of radial
velocity variation for R CrB found by various observors. Berman

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

velocity V. ~25 &5 km/s, which agrees with the velocities found

- in later years: Herbig (1949) v~ 26 km/s; Keenan and Greenstein

(1963) v, ~ 24 km/s; Fernie et al. (1972) V, ~27 &2 km/s. Taus
over TO years the radial velocity hes changed by less than ~ 5 km/s 3
which would imply R, > 50 AU {unless the orbital plane is nearly
perpendicular to our viewing direction), for ctherwise we would

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

a result of mass loss from one or both stars.

(d) Targe Separation -~ Occultation at g Distence

This large separation and the dust exclusion effect mean
that on the double-star model, minima in the visual flux must be
dué to occultation at a distance, i.e. the optically thick cloudlet
traversing ouwr line of sight to the hot star must be far from the
hot star. There are several problems with this interpretation.
Spectra of R CrB stars during minima show evidence for activity .
which cannot eagily be explained by a remote occultation mechanism.
First are the emission lines. Of the 382 emission lines cobserved
by Alexander et al., (1972) during & minimum of RY Sgr, nome could
be identified with hydrogen. Thus, the emission lines must arise
from the hot, hydrogen-deficient star, unless one is to suppose both
stars are hydrogen deficient. The absolute strength of the emission

1ines is observed to decay with time after the Initial drop from
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maximum (Herbig 1949; Payne-Geposchkin 1963; Alexander et al. 1972),
indicating dynamic actlivity In the hot star during the event,
Herbig (1949) has also presented evidence that some of the emission
lines actually grow in absolute strength during the onset of
minimum, which is further evidence for zetivity at the hot star,
The velocities of emission lines also indicate activity &t the hot
ptar., The narrow emission lines are observed (Herbig 1549; Payne-
Gaposchkin 1963) to heve radial velocities which are blueshifted

~ 12-15 ]:m/ s relative to the stellar spectrum, thus indicating
matter is streaming toward the observor. There are also broad
emission lines indicating velocities of ~ 300 km/s in expansion or
turbulence (Herbig 1949; Payne-Gaposchkin 1963). There are also
both broad end narrow sbsorption lines blueshifted ~ 200 km/s and
poBSibly ~ 40 km/s from the stellar velocity (Payne-Gaposchkin
1963; Alexander et al. 1972) again indicating material is streaming
toward the observor.

In summary, the s_pectroscapic evidence points to activity
around the hot star and indicates mess loss is occurring from the
hot star during a minimum, Redshifted circumstellar lines, as due
to material streaming toward the hot star, are not seen, Hydrogen
emission lines are not seen. Tt is difficult to see how this
activity could result from occultation at a distance as required
by the double star model. On the other hand, one naturally would
expect to see such stellar activity in coincidence with minima on
the single star model; if we did n_ot see evidence for activity,
we would be suspicious of the single star model and might be led

to consider a remote occultation mechanism,

{e) Time Scales of Minima

If the minima are to be explained by remote occultation
by an optically thick cloud, the ~ 10 day time scale for onset which
is not uncommon requires (1) a sharp leading edge to the cloud and
(2) & cloud velocity vz 80 km/s (eq. VI-2) perpendicular to our
line 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 obserw

vations of mass loss from late-type stars (Chapter VIII) indicate

‘radisl dust velocities of ~ 15-30 km/s. In particular, the obser-

vations of CQ ebsorption 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 Chepter VIII this
will imply a dust velocity < 30 Im/s. The projection of these
velocities perpendicular to our line of sight will be even smaller
s the large V ~ 80 km/s implied 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 then we have assumed for R CrB
(s, = ].0h &g Ty = 6000 °K).

If the rapid onset of minimum can be explained by remote
occultation on the double star model, then the nearly as rapid
(t ~ 20 days) rise back to meximum must be explained by the charac-
teristics of the trailing edge of the cloud, i.e. in addition to
the fairly sherp leading edge, the cloud must also have a trailing

edge which is nearly as sharp. We are forced to consider the clouds

as being very opticelly thick entities which elso have fairly sharp
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(< r,) edges. On the other hand, the clouds must have been produced
gt the cocl star and travelled a distance on the order of the star-
ster separation, R, before occultation and this will take a time

T 2 Womys e :

It is hard to see how the cloud integrity could be maintained over

the several year period between production and occultation.

(£f) Time-Dependent Reddening

On the double star model, the apparent increase in 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

trailing edge has progressively smsller grains or a more homogeneous

structure. As discussed above, unless we are viewing the system
from a special direction, the travel time of the cloud between
production and oceultation is several years. In the absence of
specialized mechanisms (shock fromt, ?) it is difficult to see how
the necessary inhomogeneity of a cloud could be maintained during
this long journey.
A mechanism which may be capable of differentlating the
cloud with respect to grain size, at least for an optically thin
cloud, is radiation pressure on the grains. In Chapter VIIT we
found that the terminal Veiocity AVt of a grain with respect to

1/2
the gas for a given mess loss rate is proportional to (Qpr> / ;

where ‘(Qpr) is the extinetion efficiency for radiation pressure of
a grain averaged over the radiation field of the star, For pure
graphite grains and a T, ~ 2500 °K, (qur) ~ 1-2 for a grain radius
a >0.25 | and (Qpr) <0.5 for & £ 0.1 p. Thus small grains will
reach a terminal velocity a factor of two less than the large grains,
If the dust velocity Vi = Vg ag AV, T80 ¥m/s for the large grains
and Vias S 20 km/s, as is indicated for late-type stars, then for
the small grains V, ~ (20 + 30) ~ 50 lm/s, and these grains would
only arrive at the occultation region in & time t = B12/Vd ~ 6.5
yeers, i.e, ~ 2,5 years after the large grains, Thus, the time-
dependent reddening during a short (t < 0.5 years) minimum, as for
instance the 1972 minimum of R CrB, is difficult to explain.
Perhaps by including the effects of optical. depth and the strong
repulsive force due to the hot star such a compact, rapidly moving,

differentiated cloud could be produced.,

(g) Infrared Spectra

On the double star model, the infrared excess is attributed
to radiation from the cool companion and its associated dust shell.
We might therefore hope to identify the companion through a
comparison of the detailed spectral energy distribution in the
infrared to that of other, known, objects. The broad bend energy
distribution in the infrared of the excess of R CrB (Fig. 33) is
fit well by a 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 hand energy distribution of R CrB as & function of
time. The data for Jb +1033 (= JD 2,441,033) and JD +1740
is from Table 2a. These epochs represent respectively the
maximum and minimum of the infrared flux and apparent
temperature of the excess observed to date. The data
below represents the average infrared excess for the
following observing periods:

Symbol.: O A o a
JD 2,440,000+ 1033 1063-1115 1360-1500 1728-1850
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emission feature at 10 u (see Chapter V) as the companion star.
High resolution spectra in the 2-2,5 p region of R CrB and 89

Her were obtained by Gillett et al. (1970). The spectra are
essentially smooth, in particuler there is no indication of the
absorption bands due to CO for A 2 2.3 p which have been found in
all late-type M stars cbserved to date, In particular, 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 CMe, WML Tau, and VX Sgr, which show evidence of the

10 p "silicate" feature all show these 2,3 p CO absorptions (Hyland
et g.}_ 1972). Infrared S stars » such as W Agl described in Chapter
V, have not been studied as yet in this wavelength range, so the
appearance of the 2.3 p CO bands is unknown. The carbon stars show
progressive weskening of the 2.3 p CO bands as the energy distribution
becomes redder (Frogel and Hyland 1972)., In Chapters IV amd V this
has been attributed to overlying emission from the circumstellar
shell. An extreme example of this is the extreme infrared carbon
star IRC +10216 in which the bands are entirely sbsent (Becklin

et al, 1969). Thus, the binary companion, if it is to be a known
star, would seem %o be limited to the extreme infrared carbon stars,
as red or redder than V Cyg and T Dra (Chapter IV) of this study.
Typical examples would be IRC +10216, CIT 6 (= IRC +30219) and

IRC +40S40. On closer inspection, however, the late-type carbon
stars do show features. In the 8-13.5 u region there is an
emission feature from ~ 10-12.5 | which has been attributed to

emission from small, non-spherical, silicon carbide (SiC) grains
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as diecussed in Chapter V. In perticular, the above mentioned
examples all show this "SIC" feature on several spectre taken (Fig.
29, Gillett and Forrest 1974; Merrill 1974). The narrow band spec-
trum of R CrB appears in Fig. 34, The AA 8-12.5 u spectrum (AA/A ~
0.015) was taken point-by-point in March end April 1973 (normelized
to March 1973) and calibrated vs, o Teu, assumed to be & 3500 °K
blackbody normslized to its broad bend fluxes (Table 2a). The
total integration time was ~ 8000 sec and@ the error bars represent
the 1 S stetistical deviation. It is seen that, within the
statistical errors, the spectrum appesrs smooth and is fit by the

~ 600 °K blackbody which also fits the broad band energy distri-
putlon (Fig. 33) except for & possidle slignt wpturn t A <9 b Fig. 34z Spectral energy distribution of total observed flux from
The upturn may not be real because (1) a somewhat uncertain air
R CrB as described in the text.
mass correction X < 8.5 p is possible and (2) the broad band 8.4 p
flux (cpen triangles Fig. 34) taken on the seme night as the first
spectrum is also higher than subsequent broad band measures (open
squares) during that period. In particular, there is no "silicate"
feature peaking at A ~ 9.7 p or "SiC" feature A\ 10-12,5 p, either
in emission or absorption, apparent in this spectrum within the

statistical errors.

If, as usual, we define B, = [F, (excess) - F, (continuum)] i
4 ’ A A A !

I‘;\l(cm‘tinmml) , then we estimate the spectrum would be inconsistent

with & "silicon carbide” feature as displayed for several carbon '
stars in Fig. 29 unless Bllu < 0.1. This is smaller than observed
for &ll carbon sters in this program (Fig. 29) including the spectrum

of IRC +10216 in that figure teken in April 1973 vwhen the star was
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near maximum and Bllp. ~ 0.23. Tt is also smaller than the observed
feature in ~ 5 independent spectra of CIT 6 taken from 1971-1973
(Gillett and Forrest 1974; Merrill 1g74) for which By, ~ 0.3-0.k
and that obtained by Hackwell (1971, 1972} of CIT 6 for vhich
Bll].u ~ 0.4, It is also smaller than the feabture observed in

IRC +M05L0 (Merrill 1974). The reddest carbon star considered
here, TRC +10216, has the smallest "SiC” festure and there is an
indication that the strength of the feature has decreased toward
minimm (i.e. ﬂ]_'Lp. < 0.1 in early 1974, Merrill and Forrest 1974},
so it is not inconceivable that an opticelly thicker version of
TRC +10216 could accompany R CrB and still not be distinguisheble
in the 8-13 p region.

The AA 3-4 p filter wheel spectrum (AM/A ~ 2$) which also
appears in Fig. 34 was sctually cbtained a year earlier, in March
1972, and is arbitrerily normslized to the 1973 broad band fluxes.
This portion of the spectrum is slso smooth and festureless. In
particular, 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 Hys and Y CVn by Gillett and Forrest (1974) in
the carbon star R Lep by Forrest end Merrill (197h) and in the
extreme infrared carbon star IRC +405h0 by Merrill (197kp), is not
evident in this spectrum.

In summary, the M 2-2.5 p, 3=k p, and 8-12.5 u spectra
of R CrB are, to the accuracy obtained, completely smooth and
featureless. This is in.distinct contrast to most late-type M, S

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

the chance associgbion with the urusual R CrB star even less likely.

(h) TInfrared Light Curve

Though the observed infrared light curve of R CrB may
superficially resemble that of Mira variables, as pointed out by
Humphreys and Ney (1974), there are at least two characteristics
which differ in detail. Firstly, the detailed shape of the 3.5 p
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 behavior 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. Such behavior is never seen in the M,

S and C Mira variables in this study and that of Strecker; the fall
of 3.5 u fluxes to minimum is always observed to be monotonic with
time. If the minimum were due to a mere chance occultatimm-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, Ax ~ 0.03-0.10,
additional component to the already existing cloud cover surrounding

R CrB, possibly associated with the minimum.

Secandly, the variations in infrared colors (Table 1) and
in the color temperature of the excess of R CrB (Figs. 33, 35) are
greater than those observed for V Cyg and T Dra (Table 1, Fig. 20)
which are late-type carbon stars with lsrge infrared excesses. Tor
V Cyg and T Dra Tmmc/Tmin ~1.1-1.2, vhile for R CrB Tm/'l‘m ~
1.ba1,5.

(i) Final Point

Finally, we wish to point out that the "infrared" stars
(for instance W Aql) proposed as the binary companion to R CrB are
not known also to be R CrB stars when observed in non-binary systems.
That 1s, they don't show the chsracteristic sudden, unpredictable,
large drops in visual light of the R CrB stars. If these stars were
continuously emitting discrete, very optically thick cloudlets of
matter interspersed with nesrly clear areas , one might expect some
R CrB-like behavior in 3153’._{ visual light curves. This gquestion
should 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 a
challenge to either the single or double star model to explain in
iot_o. For the single star model the primary difficulties would seem
to arise from (1) the short time scale of minima, especially the

relatively rapid rise back to meximum sometimes observed, (2) the
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apparent lack of strong visual and infrared correlation in the case What is needed are simulteneous photoelectric measurements in the

of R CrB and possibly (3) the low apparent albedo, e S 10_2; .: visual region and the infrared. R CrB itself 1s not so favorable

inferred for the cloud complex, For the double star model the because the anplitude of visual oscillation is small, AV ~ 0.2 mag,
principle of dust exclusion from the vicinity of the hot star and . but this still should be attempted. RY Sgr is a bebter case, ‘
the lack of periodieity in the visual light curve implies a large 4V ~0.5 mag, and fluctuationg in the infrared of this amount would
star-~star separation and, consequently, that the minims be due to .i be easily detected.

remote occultetion, Then there is difficulty in explaining (1) the

short time scale of minima and the appsrent time-dependent reddening, : F. Comsequences of the Single Star Model b

(2) the visual spectroscopic cbservations which indicate activity for the Dust Surrounding R CrB .'_:..'

at and mass loss from the hot star during minima end (3) the (weak) 1

i} Bvidence for Dust Ejection

correlation in the infrared light curve with the March-Jume 1972

visval minimum of R CxB. Further, the completely smooth infrared The infrared and optical observations of R CrB indicate the ¥
spectrum requires sdditional, assumptions on the double-star model circumstellar dust grains are distributed asymmetrically about the
but is naturally explained on the single star model as due o star. Cloudlets optically thick at visusl wavelengths are inter-

radistion from graphite grains, which are expected to give feature- spersed vith relatively clear areas. The depression at 3.5 j

less emission in this region. Infrared periodicity, if it exists, during the Merch-June 1972 minimum (Fig. 32) when AV > 4 mag may :
would argue for the double Star model, We believe that the obser- indicete that even 3,50 > 1 for some clondlets some of the time.
vations available at present are insufficient to definitely rule Thus, an analysis of the observed infrared fluxes in terms of
out either model; however, we believe that the single star model absorption and emission by independent grains ss has been applied
more naturally and simply explains these observations and will adopt in Chapter VITI and considered in Appendix A is of questionable
this point of view in what follows. validity for R CrB. However, we may consider the optical properties
A truly definitive test of thls guestlon would be given of the cloudlets themselves -- in many respects they seem to approxi-~
by the short pulsation period of the hot star (t ~ 4O days) mentioned mate the "ideal blackbody" as defined by Van de Hulst (1957). The
earlier. On the single star model, the infrared luminosity, which aforementioned low visual albedo, &, < 10-2 implies the cloudlets
derives from absorbed and then re-emitted starlight, should also absorb almost all of the visusl flux incident on them and scatter

show this periodicity while on the double star model it should nob. very little of it (besides the forward scattered diffraction pettern).




The broad band infrared energy distribution at various epochs » Fig. 33,

seems to fit well by a blackbody of a single temperature from 3.5 [
to 20 . The higher resolution (AA/A ~ 24) infrared spectrum (Fig.
34) is remarkably smooth, showing no obvious emission or absorption
features A\ 3-% p or A\ 8-12.5 u. 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 y. Now as a cloudlet moves away from
the star, possibly becavse of the action of radiation pressure on
the grains (Chapter VIIT), the temperature will be a decreasing

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

5
Ty will absorb stellar radiation at a rate

aE) 2 o %
=] =rnr e, (vi-3)
(dt in i Svis lmﬁiz ’

where &, is the total stellar luminosity (ergs/sec) and evi: is

the absorption (and therefore emission) efficiency of the clond
averaged over the stellar radiation field. The aforementioned low
albedo and large optical depth imply evi: 1. The infrared
emission observed from & particular cloud at a given wavelength

will, in general, depend on the viewing direction. - In the Llimit

T > 1, the cloudlet appears somewhat as a planet, with the apparent
brightness temperature depending on the phase angle and the wave-
length of observation. On the average of many cloudlets with many
phase angles, the infrared chservations indicate the flux can be

described by a unigue apparent temperature, T , i.e.

a’
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X

c c
By =0y ey B(T) s (VI-4)

vhere 1, = X r 2/De, D is the distance starw-earth, end ¢ C =
a I i 2 IR

ehc = const is the effective average emissivity vs. wavelength for

the cloud complex and Fixc = Fibs - F\¥, where F\* is here
represented by a ~ 6000 °K blackbody rum through V = 6.0 and is
assumed constant, aside from occultetion events. Defining, as
usual & = j‘; B, ak, the parameter o defined by eq. (VI-1) is a
relative measure of the amount of excess emission. Ta. has been
derived by fitting a bleckbody function by eye to the derived
excesses, as In Fig. 33. The quantities Tgs @, and the epparent
epgular size (0 =0y gI; = Fixc/B)\(Ta) are plotted vs. time in Fig.
35 for the time period JD 2,441,033 to JD 2,441,780 (early 1971 to

early 1973). The three quantities are not all independent, i.e.

PR SR T QN
u_QaT_TT&/:,'* =q,£T, /const .

From the figure it is seen that following JD +1033, when the infra-
red flux was the maximum which has been observed to date, « and T,
decreased monotonically with time, while Q, increased by small
smounte. This Is just what would be expected if & dust cloud or
clouds formed on or asbout JD +1033 subseguently moved awsy from
the star. We know that the dust distribution surrounding R CrB

is highly asymmetric. In the infrared, however, we can potentially
receive radiation from the dust grains in clouds in all directions
eround the star. If we are not in a preferred direction with

respect to the infrared emission, then the total emission by the
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dust cloud or clouds surrounding R CrB will be

This mpst be supplied by the absorbed starlight (eg. VI-3) so we

have

£q=3 (G.E/d“t)in

which reduces to

2 e\1/2
s Ll (E) (%)
4T 2 "*\T e 4
a em

where R(i is the average distance of the clouds from the star and
the star's luminosity has been represented by é"* = hﬂr*QGT*h. This
is identical to the expression given in Appendix A (Eg. 4-10c) 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 clouwd or clouds and Ta. refer to the observed apparent
temperature of the infrared excess. Assuming T, = 6000 °K and

£, = 1% £, the quantity R, = (s}l‘é/evig)l/Q R, = % r*(T*/'l'a)g

has been plotted vs. time in Fig. 36. It is seen that, as adver-
tised, the apparent distance from the star R,, increased with time
following the maximum on JD +1033. In fact, it appears that the
increase is approximately linear, i.e, at apparently constant
velocity. The straight line in the figure has a slope

AR

a
V, = 55 = 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 CrR as described in the text.
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For the apparent average recessional velocity of the dust cloud
or clouds. If this model for the infrared radiation from R CrB
is correct, this would represent the first éirect observatlion of
dust leaving a star, without depending on Doppler velocities which
refer to the gas., Interestingly enough, this veloeity is also in
the range one would derive from the epparent redshift of stellar
absorption lines found by Payne-Gaposchkin {1963} for R CrB
(Vg ~5-35 km/s) during the 1961 minimum if the shift is due to
scattering off of a radially 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 jin Fig. 36 to the left). We have the relationship

between the true end apparent distance fram the star

~ g ey=1/2
Ry = (egg) By

and if &/dt (eI‘é)’l/ 2zg following JD +1033, i.e., the cloud
structure was fairly stable with time, then the true velocity is
~ cy\=1/2
Vd- (eIR) / Va 2

and if this recession was also occurring with epproximately
constant velocity before JD +1033, as it appeared to after, then

the meterial must have left the stellar surface, R; <0, a time

TS

%
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Rd(.]‘D +1033) Ra(J‘D +1033)
= 7 = = 640 days
a Va.

At

earlier, i.e. on or about JD ~ 2,440,390, Interestingly encugh,
there was a brief minimum in the visual light from R CrB (Fig. 32)
at about this time, A causal relationship between the earlier
visual event and subsequent infrared event is not proved but this
sgreement does seem very suggestive.

To Interpret this apparent velocity in terms of sn actual
velocity we must treat the problem of radiation transfer in the
cleouds surrounding R CrB. The geometry and opticé.]. depth of the
clouds not in our line of sight to the star is unknown. If we assume
that we are not in & preferred direction with respect to the infra-

red radiation, then & lower limit to the average visual absorptivity,

Syig? is given by
< (& .2
o= ~\dt /in = c s i <s ©
- vis lde vis

Therefore, on JD +1033, we have

evi; = 0.7 .

This agrees with the observations of clouds which have
appeared in our line of sight, i.e. Teis o7 1, and the low cloud
-2
albedo derived from the March-June 1972 minimum i.e. A\ri: S107°,

These data would imply &y iz ~ 1 for the clouds. If we assume
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evi; ~ 1 for the cloud cover between JD +1033 and JD +1780, then

the remaining unknown quantity is

exc
LI L 1 %y c
 — = r— = e -
A Tay BT a4 %T&K IR

Now the apparent infrared flux from the cloud complex can be

represented by Fixc

=0y B)\[TBU‘)] where ‘I‘B(A) is the average
brightness temperature of the clouds &t the wavelength A. The
fact that ghc is approximately constant (i.e. the spectrum appears
to be & blackbody) implies ekc = B,[7,(\)1/B, (T,) = const. One
solution to this is T (A) = T, and then ¢ = 1. Other solutions
are possible, if TB(A) 2 T, then e.)kc 21, i.e. EI; can be greater
or less than one and the actual aversge cloud velocity could be
greater or less then the apparent velocity, 27 km/s.

An gspect of the minims which may be related to the cloud
cover surrounding R CrB stars is the appearance of “veiling" or
apparent weakening of the stellar asbsorption lines during a minimum,
Payne-Gaposchkin (1963) has interpreted this as due to incipient
emission in the core of the absorption line, but Herbig (1949)
points out the line weakening occurs even in lines which are never
seen strongly in emission. Alexander et &l. (1972) have interpreted
this as at least partially due to the appearsnce of a continuum
of overlying emission dquring minimum which they suggest may be due
to the electron attachment spectrum of CN. 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 surrounding a star will be redshifted. For
.scattering at an angle 9, the linear momentum transferred to a
grain of mass .M will be 6P ~ (1 ~ cos B) hv/c, and the change in
energy of the phobton will be 8E ~ hv(Ll - cos 8) Vd/c, where v is
the originel frequency of the photon and Vd is the radial velocity
of the dust grain. This predicts that a narrow line will be
broadened and redshifted by a relative amount B\J/ Vo~ Vd/ c upon
scattering off the envelope. The line broadening will mean a
reduction in the central depth of am sbsorpbtion line and may con-
tribute to the line weakening which occurs during & minimum.
Interestingly, Payne-Gaposchkin (1963) has reported an apparent
redshift of the stellar absorption lines during the 1960 minimum
of R CrB. The shift amounted to ~ 5-35 km/s and was only apparent
when AV > 4.5 mag. The author attributed this shift to the appea-
rance of blueshifted emission lines distorting the spectrum,
however, a shift was observed in lines which never appear in
emission so an interpretation in terms of scattering off an expan-
ding circumstellar envelope would seem to be a possible slbernative.
This could be further support for the Va ~ 27 k.m/ 5 recessional

velocity found above.

ii) Mass Loss From R OrB

The previous section indicated that dust grains produced
on or before JD +1033 were subsequently ejected at a velocity ~ 27

k:m/ 8. This irplies mass loss is occurring from the star; the

211

aforementioned appearance of blueshifted emission and circumstellar
absorption lines during a minimum also indicate mass loss is
occurring. For the R CrB stars, the mass loss is apparently of an
impulsive nature, rather than the more or less steady state mass
loss which is observed (Chapter VITI) in late-type stars. We will
apply the methods develcoped in Chapter VIII to measure mass loss

to the impulsive event occurring on or before JD +1033.

{a) Weighing the Dust

In the case of R CrB, the visusl spectra indicate the photo-
sphere is carhon-;:'ich, i.e. Nc > N_., 80 we would expect, as for the
carbon stars, graphite to be a primary constituent of the condensed
graing, The detailed spectrum (Fig. 34) supports this suspicion --
the spectrum appesrs smooth, as would be expected for graphite, and
in particular there doesn't appear to be any large emission or
absorption features which could be attributed to the silicates or
SiC vhich are seen in the 8-13 u spectra M stars and carbon stars,
respectively. The actusl relative sbundance of carbon in the
photosphere is somewhat uncertain because of the near absence of
hydrogen and the unobservebility of helimm in the photosphere.
Helium is believed to be the most sbundant constituent in the
atmosphere in order to (l) provide the necessary continuous opacity
in the photosphere (Bermsn 1935; Warner 1967) and (2) conserve
the mass of the presumsbly initially normslly sbundent material
which has presumsbly undergone nuclear processing to give the

cbserved ancmalous sbundences (low H, high C). Wallerstein (1973)




under the second assmﬁion gives a mass fraction of carbon in the
photosphere of £(C) ~ 1/13.3 but elso suggests that it may be a
factor ~ 4-10 less, i.e. £(C) ~ 1/50 - 1/133.

In Chepter VIIT, we derive an expression for the mass of
dust radiating at a temperature Tﬁ around & star of radius T, and
temperature T, in the cptically thin case (eq. VIII-4):

2
B}L(T*) ™,

Thsmy mo

- -1 .
where Bh = [F}L(observed) - FA(Star)] Fy (star) and #, 1s the mass
absorption coefficient of the radiating dust grains. If the cloud
ig optically thick at a given wavelength, the actual mass of dust
will be greater than this. If we associate the apparent blackbody

temperature ‘I‘a with the dust temperature, this becomes

] Fexe B, (T,)

A 1 ANT® 2

Ma(l,t) = (B}\(Ta)) (;{ F)L* ) ™ Ty,
=q,(5) u(¥) ,

i.e. the inferred mass is directly proportional (aside from the .
small deviations from a blackbody) to the apparent solid angle, a,
which is plotted vs. time in Fig. 35. The proportionality constant

M(A) is given in Table 4, assuming T, = 6000 OK, S* = 10l+

£ and

®

y sppropriate 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/ﬂa Por R CrB

Ap) 3.5 k.9 8.4 1 18 Ave 3.5-11

M(\) 1.37 2.37 6.0 10.0 25 b9

x 10" gm/ster

which 15 consistent with the model of dust made on or about JD +1033
being subsequently ejected from the vicinity of the star. The
apparent increase of mass with wavelength could be due to (1) opti-
cal constants less wavelength dependent than those of small pure
graphite grains, for which #, ~ l/)ta. This could be due to

(a) larger grains, though the aforementioned reddening seems to
imply at least some small, a < 0.1 p, grains. Gra'_ohit".e grains
larger than a ~ L p would be required, (b) impure graphite or some
other grain material; though the detailed spectrum (Fig. 34)
indicates any proposed redisting material must have quite 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 wavelenzths we see deeper into the clounds and, correctly
infer & greater mass of dust. Assuming (3) to be the case, the
longer wavelengths would give the best estimate of the total amount
of dust. To investigate the possible opticel depth we consider what

the optical depths of a given inferred mass would be if the mass
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were distributed in & thin uniform shell at R ~ Ra from the star,
Teking M(A) ~ 5 x 101’O gm/ster, Q, ~0.8x 10”1“ ster and R~
1.5 x 107 cm, i.e. as at the beginning of expansion @ JD +1033
we get, for T, = i, (Md/ lerRa'z) = the absorption optical depth

through cne thickness of the shell, the result showm in Table 5.

TABLE 5

Inferred Optical Depth of Shell Surrounding R CrB

M) 0.55 3.5 8.4 1L 18
™ 6l 3.1 0.7L 0.hk2 0.17

On this shell model, our line of sight passes through more than
one thickness of the thin shell, so this shell would be optically
thick at all wavelengths except possibly 11 y and 18 p. Since the
shell must be inhomogeneous, as on JD +1033 there was , Tor instance,
no dust (V ~ 6.0} on our Line of sight to the star, the actual
distribution of dust will probably have an even larger optical
depth. Therefore, we take as our estimate of the mass of dust
associated with the JD +1033 event the mass inferred abt 11 u, i.e.
6 8

My~ 10 x 107%° gm ~ 50 x 10” My . (VI-6)

Now if events of this type occur, on the average, every three years,

the dust loss rate will be

.M 8
My v ~ A7 x 10 MG/yr . (VI-T)

And, if a mass fraction £' of the gaseous material is in the form

of dust grains, the total mass loss rate will be

M~ M, s

3=

where £' < £(C), the mass fraction of carbon in the photosphere,
From the previous discussion, £{C) is thought to be f ~ Vl3 3 but

1 1
could be as low as f~'5_5"i'3'§ so

: -6
M = 2.3-23 x 10 Mﬁ/yr . (vI-8)

(b) Conservation of Momentum

The mags of dust produced on or about JD +1033 was there-
after continuously absorbing linear momentum from the stellar

radistion field (see Chapter VIII) at a rate

£
ap %
—_z g — .
& YT

Therefore, from JD +1033-1800 it received an impulse

£, 1800

AP = - o dt N
033

which,is, integrating Fig. 35

£
AP 2 -{—; 2.k x 107 gec .

Tor a given total mass Mtot’ this would result in & change

of veloeity
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AV = AP
Mtot .

But the observed apparent velocity, Va.’ was approximately constant

(Fig. 36), i.e. NI xm/s, so

taking £, = 101* 1'.@ we get
L - 07 M . (VI-9)

This is to be compared with the total mass derived by weighing

the dust, i.e.

1 1 -6
Miop = F7 Yy = 5 My 2 6.7-67T x 107"

and the two methods agree fairly well, the second method being
independent of the uncertain guantity f£(C). Again, if such events

typically occur every ~ 3 years, the inferred mass loss rate is

y -6
Mg 231 % 107 M fyr .

This result is quite comparable to the ~ 3-20 x ZLO'-6 MG/ year wass
loss rates derived in Chapter VIII for the quasi-steady-state mass
loss rates from M snd C type Mira variables. The dust loss rate
is, however, consldersbly higher (factor ~ 3-10) thus supporting
the belief that the fraction of condensible material, f(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 minimum was explained (Coyne and Shawl 1973) in terms
of scattering off an asymetric envelope surrounding the star.

The suthors, however, assumed optically thin ( <0.2)

"0.55u <
clouds and it is not clear what will be the effect of the optically
very thick clouds indicated by the visusl light curve and the dust
mass considerations above. On 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 low
apparent albedo of .the clouds would seem to favor this mechanism
over one requiring scattering. The ~ 3% polarization at V on

JD +1425-+1435, when AV ~ 6 mag requires an alignment of grains

a = (Tma.x - Tmin)/(rrmax + Tmin) as discussed in Chapter VII, &o

P
vV 0.03
~ o =22 A, 0,00
=4 7 =5 55 ;

i.e. less than 1% net alignment. The ~ 0.2% polarization found by

Serkowski and Kruszewski (1969) when AV ~ 0.6 would require

2 x 10'3
0.55

a ~

~ 0.0036 s

j.e. a similsr small net aligmment. The ~ 80-90° change in position
angle of polarization between these two measurements (see Fig. 32)
could be due to a change in the alignment of the grains, similar

to what could explain the position angle variastion in the long

period variable stars. Similar values of Ph/ 7, @nd large position
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angle changes have been observed in RY Sgr by Serkowski and
Kruszewski (1969).

Alternatively, a model of an optically thick, asymmetric
envelope with absorption, such as that discussed by Gnedin et al.
(1973) may be able to account for these rather modest polarizations.

Then the . ~ 90° position angle change would represent a re-alignment

of the envelope. Also net polarization could possibly result from

scattering off of discrete, optically thick cloudlets distributed

asymmetrically about the star. :




VII., INTRINSIC POLARIZATION
A, Introduction

Observations of intrinsic polarizetion from a celestial
source potentiamlly conveys information on the geometry of the
radiation mechanisms which are cperating in thet source, - Here
we take the term radiation in its broadest sense, inclu‘di_ng.emission,
scattering, and absorption vof photons. The linear polarization of
the stars in this program has several characteristics which any
proposed mechanism must be able to explain, The polarizat:l-on is
time varisble, in both degree and position angle. Polarization at
a particular wavelength can increase {or decrease) by a factor of
2-3 or more in a short time, f; 30 days. The position engle can
glsg'chsnge by & large smount (A8 ~ 90Y) on these short time scales.
There is a.tendency for the polarization to increase toward shorter
wavelengths and when the polarization is high the wayelength
dependence tends to be steeper (i.e. there is less relat".ive change
in polarization at the longer wavelengths). There may be some
regularity in the variation of polariiation with time, i.e. peaking
at visual minimum or on the rise to maximum, but superimposed on
this are more or less random varia‘bious in -degree and position
angle of polarization. The aversge amount of polarization of a
star 1s well correlated with 1ts infrared excess, as measured by
the flux ratio F.

112/%3.50
Harrington {1969) has proposed that scattering on molecules

(Dyck et al. 1971, Fig. 1).

in the stellar atmosphere may produce the required amount of
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polarization. High spectral resolution polerimetry by the Russians
(Dombrovsk_ii 1970; Derbiz and Dombrovskii 1973) indicates the same
emount of polarization in the depthe of a étrong Ti0 a.bsorptiop
btend as in the continuum. The fluxes in and out of vthe band must
originate in quite different layers in the stellar atmosphere so
this result would seem to rﬁe out an atmospheric origin for the
polarization. Tt would also seem to rule out polarization due to
an additional overlying polarized emission mechanism, as for exsmple,
synchrotron radiation. For then, when the stellar continuum is
depressed by a factor of two, as is the .cs.se in the TiO bands, one
would expect the relative amount of polarization to incréase by a
factor of two, which is not obse.rved. In addition, both these
mechanisms fail to e.xp.lain the correlation of polarization with the
infrared excess, wl;xich is presumably due to emission from a shell of
circumstellar greins. One mechanism which is consistent with the
gbove observations and the correlation of ' polarization with infrared
excess is the conversion of initially unpolarized starlight to the
partially polarized light observed throigh absorption and/or
scétteri.ng by dust grains in the circuﬁstellar envelope surrounding
the star..- We will ex_ploré tﬁe implicationé of this model in the
following discussion.

Discussions of the prod-:l;'bion of polerization in a eircum-
stellar shell of dust grains have centered on two possible mechanisms:
(1) scattering of light off an asymmetric, aiigned envelope of 7
freely oriented (un-aligned) grains and (2) scattering and absorp-

tion of light by aligned grains in a symmetric (or un-sligned)
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envelope. In either case, if the mechanism is shown to be capable
of producing the characteristics of the observed polarization, a
Pphysically reasonable mechanism for producing the necessary ,align-.
ment wust also be considered. In the first case, one must explain
how the envelope as a whole came to be asymmetric, and how tﬁis
asymuetry may vary in order to give the observed variation of a
polarization with time, In the Bécond case, one must explain

(a) how the grains came to be é.symetric , (b) how asymmetric grains
come to be aligned, and {c) how the chenges in polarization may be
rélated to this alignment. In orde;' to guide this discussion we
present. & highly simplified, phenoin,enologic&]. model which displays

the parameters which-es.ch of these models must hope to explain,

B. Polarization Model

. The ldnear polasrization at a particular vaw}elength A 1s,
by definition,
I (&) -1, ()
NP M. M s (VII-1)
Imax in :
" where I¢(k) is the intensity of light linearly polarized at an
angle ¢ and I .. 15 the intensity maximun obtained at ¢m = e,,_
the position angle of polarization. We have

1 NN ) 1
Tin =z L ¢ o tass) L

and

TR oo S ST
Imz.e_;[*e'l’"tmm( +-§1U+IP s

where I, = total unpolar.ized intensity of the star in the absence

of a circumstellar .she]_'l., TT(l 9 = t&-)ta]. optical depth of the

shell slong our line of sight to the star to radiation with E-
vector in the.¢ direction, I[J = Intensity of umpolarized scattered
light and 1 = intensity of polarized scattered light. If TT(d;min) =
TT(Qmax) + &7y and AT, <1, eq. (VII-1) reduces to

1 T
_I_P+.§ATTI*e T

P , (v11-2)

- T
IS+I*e T

where Is = IU + IP = total intensity of scattered light and
= ~ A < T .
Tp = [TT(¢m) + TT(¢mm)]/2 ~ TT(¢m) for Aty << T, If we

further define an alignment parameter a, by:

.TT“min) - ) A%

a = ~ , (VIL-3)
T uin? ¥ T max? Ty
this becomes, for &2 << 1,
- T,
+aT,I e T
P= E—"L___._T__*_r_,... . (VII-¥)
Ig+ I e T

The tota.l. intensity of light scattered to a given cbservor
will depend on the shell geometry snd the optical depths for
scattering and absorption. If a fraction g of the 1light is

polerized, the polarized intensity will be
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and eq. (VII-k) becomes

T e~
P=gIS+aTTJ.*e

=]
IS+I*e T

. (VII-5)

‘ On the aligned envelope model, & ;s taken to be zero and
the pola.riza.tibn properties are ascribed to g, which is a function
of shell geometry and optical depth. For single 90° scattering off
of small grains g ~ 1 is possible. For aligned envelopes of the
type considered by Kruszewski et al. (1968) and Shawl (1971, 1972)-
there is & maximm of g ~ 0.3. The polarization of seatter;ed 1ight,
g, is "diluted" by the unpolarized transmitted starlight I, e T
So that P < g, VOn the aligned grain model, a # O and g may be
positive or negative, i.e, the scattered light may increase or
decrease the i)ola:ization due to extinction by sligned grains

on our lirne of sight to the s*éa.r.

C., Allgned Asymmetric Envelope

Models of the éligned envelope type have been presented
by Kruszewski et el. (1968) and, in more detail and generality by
Shawl (1971, 1972). Kruszewski et S'i_ considered the mé.ximum
polarization attajna;lile from & "double sector" shell geometry,
which. can be visualized by imsagining one were viewing a ‘éeeled
orange pole on with all but two opposite sections remﬁved. They

found the maximum polerization was given when the @enmg angle of

each sector was < 90°, With this most favorable envelope they

found & limit to the amount of polarization for non-absorptive
perticles (albedo A =1, 7 = 0) when x = 2ma/\ <1 and Toax = 088,
for which Pma.x :-5.5%. For optical depths greater or less than 7
this, the polarizationrwas. decreased. For abs-orpt:i.ve particles

with optical constants approximately those of graphite at A = Q.55
they found a somewhat lower maximum polarization (Pmax_~ 3%) at a
somewhat higher opticel depth (Tmax ~ 1,2) forx =1 [there is.a.n
error in Kruszewski et al, 7(1968) on this point. Eq. {A17) should

read 7, = e~ Mmax = [a/(2 - A)] (V2/A - 1) for the optical depth

giving maximum polarization. . In the paper the third "A" 1s missing,”

so the results only differ for A ;4 1]. The authors suggested that
higher polarizations may be produced if there is a.n. aﬁditional
component of the cloud which }_mppens Vto be on our line of sight rto
the star, thus blocking the direct, unpol.a.rizéd starlight.

Shawl (1972} considered other shell geometrievs in sddition
to the double sector and rfound,‘ in the optically thin .1:Lmit s the

wavelength depéndence was relatively Invariant with respect to

shell gecmetry but the degree of polarizetion was greatest for the
double sector. He thereafter copsidefed the wa.velength:depende.nce,-
of polarization which would be p:_('oduced by grains of a specified
size with specifieni optical con:.stants. In particular he considered
the opticel constants that would be appropriate for silicates,

graphite, and iron. He then compared the cbserved wevelength

dependence of polarization for 8 number of stars with the wavelength

dependence derived fram this {optically thin) model to derive

b=ty
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particle specles, size, and column density. In general most of the
stars could be fit, at one time or another, by one or more of the
models, but often no fit could be obtained. In additior, no attempt
was made to fit the degree of polarization or the position angle of
polarization. The optical depth of the envelopes was limited to<

T < 0.4 in order that se;:onda.ry scattering be negligible.

One objection to these well-ordered esynmetric envelope
nodels is the 1imited amount of polarization they cen produce. The
meximum polarizetion given by the (thin) énvelupes considered by
Shawl (1972) wes Pox < 2.5%. Kruszewskl et Q_ {1968) considered
the dependence on optical depth and found there wvas a limiting
polarization (the "Kruszewski limit")} of Prax 55 .5% for dielectric
(non-absox.pti\re) grains a.nd xS 3% for absorptive grains (~ like
graphite or iron). On the other hand, many late-type stars show
intrinsic polarization as large or larger than this. For example
vova: B~ (Kruszewski et al. 1968), V CrB: B ~10%
-(Sha.wl 1972), R Gem: Brax ™ 5% (Dyck 1968). .And stars with large
Infrared excesses can have even larger polarization: VY CMa

V‘Pm ~20% (Shewl 1972), IRC 410216 B, = 2% (Dyck et al. 1971),
WML Tau B~ 10% (Kruszewski 197la), CIT 6 Prox ~ 15% (mszewski

) 1973). Neither can large polarization always be due_ to & fortui-
tously placed cloud blocking the direct, unpolarized starlight for
in several cases (e.g. R Leo, oCet, R Gem, X Cyg, S CrB, R Hya in
Chapter IV} large c_hanges‘in the degree of polarization are not

accompanied by corresponding changes in the visual light.

In sumpary, a well ordered, asymet;ric envelope model see)ﬁs
eble, at least semi-quentitatively, to fit the observed polartzetion
of at least some of the stars at least some of the time, Wé: will
consider physical mecha.nisms- which might produce such an asymmetric
envelope, Consideration of the mass loss from thése sta.r.s (Cha.pter

VIII) indicates that & dust grain, once it has condensed, will be

driven out from the star by the very strong stellar radiation

fleld. If the radiation field is radial, then the subsequent
motion of the particles will also be radisl and the asymmetry of-
the envelope must be introduced at the time of particle condex;sation.
Possible sources oi; this initial asymmetry are the angular momentum,
the magnetic field and possible non-redial oscillations of the star.
The apgular momentum of the star provides a symmetry axis with'
respect to which the physical characteristics of the star way
depend. Rotation will result in & nen-spherical shape for the

star. The equatorial radius will be larger then the polar radius
which will result in the surface gravity Vg, being relatively
smaller on the equator. By Von Zeiples theorem, the surfa.ce.tem.«

1/4

perature on the equator will also be smaller (T ~g }.

surface
The net effect will be to increase the scale height '(h ~ kT/mg ~
5'3‘/ ll') and reduce the. surface temperature in the equatorial
regions, which should enhance the grain pro.duct ion rate near the
equatorisl regions. Another physicel process which may be impor-
tent in the productibn of grains e._nd which will be affected by the
stellar rotation and magnetic field is gonvection. Tt is believed

that for late-type giant and 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 surface and thence radiated
to the observor, This plcture is supported by the obséwed surface
abundance anomalies in these stars, which would naturally result
from nuclear-processed ma.teriél ‘from the core being transported to
the surface. The existence of stellar rotation and n;agnetic field
will affect this convection and it will not necessarm be spheri.
cally symmetric. The appearance of convective cells at the steli&'r
surface may, in turn, affect the prx)_duci';ion rate of dust grains,
which wi'l then be esymmetric. As a specific example, 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 Vfield which inhibits the convection at that point. Further,
swspots are cbserved to be confined between ~ 45° of solar lati-
tude, i.e. they appear in en asymmetric manmer. If any qust grains
were produced in e sunspot and repelled radially by sola.r.ra.diat:ion
pressure, an asymetric envelopé would result. For such a mechanism
to be effective in producing an observable envelope, the stellar
analogs of sunspots would heve to be much more extensive and acti;re
then those on the sun. In summary, it is not difficult to think

. of mechanlsms which, at least q_ualitatively, might lead to the Iujo;-
duction of an asymmetric envelope which may be properly aligned with
respect to an externmal observor. A gquantitative treatment of the
bossible effects would be much more difficult, combining little
known aépects of stellar structure in which geouwetry is important'
with the- little. known process of grain formation in & stellar

atmosphere,
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A major difficulty facing explanations of the cbserved

polarization in terms of an asymmetric envelope is the optical

‘depth of the envelope (see Chapter VIII). As usual, we define

a a8 the ratio of the total excess flux in the infrared to the
total observed flux o = sexc/:;tots « is a measure of the amownt of
dust and is given approximately by (Appendix A) o ~ L - e'<fab5),
where (Tabs) is the average asbsorption optical depth of thé shell.
For-the Mira carbon stars, « ranges from ~ 0.3 to 0.8, This means
that the absorption optical depth averaged over the star's

-~ 2300 °K radietion field and the-_wf&le_ ’-}11 sterradians surrounding
the star ranges from ~ 0,35 to ~ 1.6. If the grains are concen-
trated in asymmetric directions around the star, the optical depth
must be even greater in those directions. Now, if the grains are
assumed to be graphite and of small size, a 501 by, 80 absomtioﬁ
optical depth of 1 at l =1.54 wj_].'L mean an absorption optical
depth of ~ 3.5.5 at A = 0,55 u. These shells should be quite
optically thick to ab;orption at visual wavelengths, Ifrsome of”
the particles a;:e large enough so that 2ms,/ A~ at _these
wavelengths, they will also be optically thick to scattering. For
the M and S stars the evi_dence for large visusl optical depths is
less direct. The observed o’s are small but the computed mass Joss .
Qates dre large, ~ 3-T X 10'6 MG/yr. If this mass loss is to be
radiatién pressure driven, this ilmplies apr ~ Ottt >0.25 fm:
these stars. Thus, the seatfer;‘mg optical depth at ~ 1-2 p must

be guite large, T_ ... > 0.29. Small grains (a ~ 0.1-0.2 ) wild
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have an approximately 10 times larger scattering cross section at

A = 0.55 p. Thus, we expect T {0.55 n} > 3 for these shells.

scatt
A5 an example, consider the double sector model introduced by

Kruszewski i al. (1968). 'The circumstellar envelope only covers
2o steﬁadims surrounding the star so, to explain the mass lLoss,
" ;>;O.5 over this portion of the envelope. Then T (1-2 u) 2

(0.55 ) 2 7. For T =7, the model gives only ~ 0.03%

c'{P scatt

0.7 &nd Toinet
polarization. Even for T = 3.5 the model gives only ~ 1% polari.
2ation. Thus, even the most idgalized, maximally efficlent envelope
configuration will fail to give large polarizations as the optiéal
depth is increased. It is not at all clear what the wavelength. .
dependence of polarization will be in this case., One might sﬁppose
that as the optical depth decreases to lonéer wavélengths, the
polerization chould increase (since we are on the other side of
the "Kruszewskl Limit" at v = 0.88) which is opposite to what ..
is observed. ’ 7
Further problems. with regard to optical depth are encounteredv
if the more extreme "infrared stars” mentioned earlier are .con51dered.
For these stars (for example, the M stars VY CMa, MML Cyg, NML ’i‘au
and the carbon stars IRC +10216 and CIT 6) more of the _observed
energy appears in the infrared which is presumably due to thicker
shells around ;chese stars. Eventuslly -one would expect scme sort
of a "Krus;ewgki limit" to be reached end thereafter the polarizatian
would decrease due to multiple scattering and the resultant loss
of memory of asymmetry. Observations of these more extreme stal;s '

{for example Kruszewskl 197la; ﬁy’ck fj_;_ al, 1971) 46 not show this.
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The thicker shelled stars also show more intrinsic polarizaticn,
even at the shortest wavelengths observed. Thus, if Fig. 1 is
extended to include these infrared cbjects the trend indica‘t.ed
there is merely c('mtinueﬂ, stars with a large Fllu./ F3.5u

flux ratio invariably show ;La.rge intrinsic polarizetion. This
effeci;. has been independently noted by Kriszewski {1971b) who
further emphasized that there is no case of a late-type star with
lﬁrge excess which also has small average polarization. ﬁe con-
cluded that this was hard to undex.'stand on the asymmetric envelope
model and was led to cm;lsider aligned grains as a source of
polarization.

Griedin et al. (1973) treated the problem of polarization
produced in an cpticajly thick, disk shaped envelope and foﬁnd that
1f there was some absorption, i.e A <1, then a net polerization
can result even if 7 >> 1. In this case, as in Harrington's (1969)
model for the production of polarization in the ste].'l.ér atmosphere,
the preferred direction, with respect to which polarization is
produced, is provided by the gradient of the rz_adiation density which

for A <1 is maintajned in an asymmetric envelope even as T >> 1.

‘Their model gave a maximum polarization of P 54 at A ~ 0.6

for viewing the thin disk edge on. This reSl.ﬂ.t was independent of
T for T >> 1 For dielectric silica.te grai‘.;ls , for which A ~ 1 is
pogsible, a gradient might be esta-.blished by t.he tendency of grains
with Qnﬁfl > 1 to forward scatter, as discussed by Jomes' (1973).
Thoﬁgh this model appears to give polarization for lgrge optical

depths, it still falls to (1) explain the Py ™ 5% which are
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obéerved- and (2) explain the apparent increase of Py ¥ith optical
depth, )

A :ﬁ’inai rdifﬁculty thé.t ;emy of the mo&els must face 15 the
observed rapid variability of the degree and position angle of
polarization, especially at shorter wavelengths., It is hard to
imagine how an extensive asyﬁmetric envelope .could suddenly appear
{or disappear) on 2 time scale as short as 30 days, which is a
typical time scale over whic.h the pola.riza-tion cen increa.s.e (or
decrease) ty factors of 2 or 3, It is even harder to imagine how
such an envelope, once developed, can shift in angle by ~ 90° as
mﬂd seeﬁ to be required by the observed variatioﬁs of the angle
of polarization. The charscteristic time scale for mechanical
rearrangement of & circumstellar shell will be, in the absence of
mognetic forces, T ~ R/V > r*/vma.x’ vhere r, is the stellar radius
and me is the maximum me;:hanical velocity in the problem. For
late~type stars, r, ~ b4 x 1013 cm ana Viax S 20 Wm/s, so T 3.0.6
years which is .longer than the observed ~ 0.1 year time scales.

As discussed earlier, sudden ﬁlcreases in polarization
cannot bé due solely to a decrease in the direct‘, unpolarized
starlight {i.e, an increase in Tp 1B eq. (VII-5)] as due to a
cloud struecture which suddenly appears in our line of sight to the
star because there are many cases where an méma;e in polarization
of moré thén a factor of two is not .accbmpsnied by .a decrease in
visual light by a factor of two (~1 mé.g). ‘Rather, the increases
in polarization would seem, on the .&Symmetric envelope model, to

" be due to actual increases in g and/or I is eq. (VII-5), i.e,

an actual increase in the amownt of scattered 1light (IS) or in the
efficiency of conversion of sca.ftered light to polarized light
(i.e. g). . Further, if I, vere to be increased by a substantial -
smovnt, it would imply a corresponding increase in the scattering ~
optical depth at \risual.ua_velengths vhich would imply an increase

in optical depth at infrared (~ 1-2 p) wavelengths which would

. lmply an increase in absorption of the stellar luminosity by the

circumstellar envelope which should result in & relative increase
in the observed infrared flux at the wavelengths where the shgll is
radiating (i.e. AN B-13 p). This also is not cbserved (C'ha.pt.er'IV) 5
i.e, there dcesn't appear to be any large increase in shell lumi. .
nosity (i.e. «) coincident with the observed large increases in
polarization, (The time scale for a smell grain to hée;t up to its
equilibrium temperature is 5 17 sec for any reasoneble grain
paremeters. )

Thus, :ft would seem that if tﬁe same grains which are
responsible for the infra.red eicess are also responsible for the
intrinsic ﬁolarization as indicated by Fig. 1, the large and rspid
changes in polarizetion must be due, in large part, to cﬁéngi?s in
g, the efficiency of the envelope in producing pola.riza_t:-’.on.-
Furfher, the time scale argument above seéﬁs to rule out changeé
of the w enveloi)e, for which RZ b r,, on the observed short
tine scales. Rather, on the asymmetric shell model., the rapid
changes must be due to much smaller regionsA, MR < r.*, ‘perhaps closer
to the star which represent only & small fraction of the total

"amount of dust.”
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Tt appears that "well ordered" asymmetric envelcpes of the
double section type are hard pressed to explain the observed
characteristics of. intrinsic polarization, both with respect to.
optical depth and with respect to.rapid time ve.riab:‘iity. A model
which may sti]l be able to account for the observations witﬁout
resorting to aligned grains or some other mechanism 1-.5 the "discrete
cloud" model. Here the star is imagined to be surrounded by en
extremely patehy 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 monitored by g and the observed
polarization, could change with time. Such extremely patchy distri-
bution of circumstellar dust grai.ns- is in fact indicated in the
case of R CrB (Chapter VI), whether it be a single or a double star,
However, the late-type long period variable stars do not, in .general,
show the cﬁaracteriﬁtic suddén_diminution -of visual light whiéh is
one of the defining .characferistics of the R CrB variables, .In
addition, the observetions of the absorption lines due to ciréum-
stellar gas (Weymann 1963) indicate both constent velocity and
constant strength with time; thus at some point the outflow of
circumstellar material must become fairly wiform. In ad&ition,
the tiﬁe scale problem is still important and would seem to lim.ﬁ;
the sizes of the polarizing regions, possibly suggesting small
clouds guite close to the star as being responsible, The polari.
zation which resuits from such an array of discrete clouds surrouﬁdiug
the star should be worked out -In deteil and compared with cbservation

to see if this mechanism will work.

D. Aligned Asymmetric Greins

, 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 denmsities,
higher tenmperatures, probable turbu.lence,. and supersonic streaming
of grains relative to gas., It is not clear that a mechanism which
may work perfectly well in interstellar spece will work in a .
circumstellar shell, Even if ali;gnment can be achieved, it must

be. shown that the desired polarization properties are produced.

The exlstence of interstellar polarization implies the existence .
of asymmetric, alignable gra-ins. It is probable thet interstellar
grains eitht-zr' are entirely produced or subsequently grow from

nuclei vhich are produced in circumstellar space. In either case,

we would expect at least. some circumstellar grains to be asymmetric..'

In the case of carbon stars, the well known hexagonal, flaky
structure of graphite leads one to expect smsll greins of graphite
to exhibit same asymmetry. . In the case of M and § stars with

silicate minerals as the probable grain material, the observation

of infrared polarization in the Orion Nebula (Dyck et al. 1973)

vhich is correlated with a silicate sbsorption feature (Gillett
and Forrest 1973} prbbg.bly ':indi.cates that scme silicate émins'may
also be asymmetric and alignable. We will therefore consider some
possible alignment mechan:sms and the polarization, both visué.l _
and infrared, which might be expected .ﬂ.ue to aligned greins.
 Some of the grain alignment mechanisms which have been

proposed. and msy be importent in the circumstellar environment are
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(1) gas streaming (Gold 1952, Zirin 1952), (2) photan streaming
Harwit 1970), (3) megnetic: (a) paramegnetic relaxation (Davis
and Creenstein 1951), (b) "compass needle" (Spitzer and Tukey ,
1951), (c) eddy currents (Davis and Greenstein 1951). We will

consider the likelihood of these in turn,

1} Alignment by Streaming

Since f_he grains are being driven by radiation pressure
thro@ the gas in a circumstellar envelope (see Chapter VIII), 1t
would seem natural to consider alignment mechanisms which might
derive from this situation. Unfo:g'huns.tely for eny such aligmnel_n{
scheme, there can be no net alignment of grains when viewed along
the streaming direction Beéause then there i8 no further symmetry
which provides & preferred direction ©, Assuming the photons are
stresming approximstely radially away from the star, the gr&ins
will also be streeming radially with reBped‘, to the gas, Then
there can berno net aligoment of grains along our line of sight
to the sta.f, _whi(‘:h is necessarily radial, This implies that a - [}
in equation (VII-5) end the primary advantege of aligned graius,
that polarization be. cﬁrectly proportional to t, is lost. Further,
though grains along any particular radial direction may aeppear
aligned to en external observor in another radial direction, there
will be no _1_133:_ aljgnment unless the streaming motion, projected on
the plane of -the sky, hés some net asymmetry. Thus, for net
aliénment there must slsc be an asymmetric envelope.r Further, the

streaming will slways be present as long as the star 1s luminous
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end the rapid varisbility of polarization 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

It is importan;c to note at the outset that if the magnetic
fiéid is radial along our line of sight to the star, there agein
can be no net alignment (1.e.- a = AT-= 0) perpendicular to our line
of sight to the star, as for the purely stresming mechanisms, since
there would be norfurther preferred direction for grains to be
aligned with respect to. It ‘is only if there is a component of
magnetic fieid' perpendicular to our lines of sight to the star that
grains along those directions can have a net alignm.entrand a ;é Qo
in eq. (VII-5). _

We will c_onsic‘ler the general rotational motion of an
asymmetric ;iust grt:;uln subjected to &ll the forces (torques) which
can gct on it in circumstellar space, First, we list the possible
forces which can act on a grain: '

{1} Magnetic

) (2) Photon pressure

(3) Collisions with gas atoms-

(4) Collisions ui’chr other dust Vgrains

(3) 6ra.vita:hicn ‘

(6) Other (shocks, turbulence, ete.) -

(7) Dipole radiation reaction.
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Since we will be interested in aligmment and therefore in rotation,
only forces which can couple to produce torques on & grain need be
considered, Three rotational.parameters will be important in this
problem
(a) torgues Ty
(B) rotational and aligrment energies s By
(C) time scales 7, for rotational equilibrium to be
achileved. .
The radiation reaction force (7) will limit the angular veloecity w
that & grain can spin at. The disalignment forces, (2)-(6), will
act in a statistical manner to try and &éstroy eny alignment t})at
the coherent magnetic forces, (1) may result in. This means that
we must treat the effects of (2)-(6) differently than those of
(1), the torques T 4 in the firet case must be handled statistically -
while ther ma.gnetic torque 1"1 is coherent and ¢an result in ordering.
The most convenient way of doing this is by considéring- (B) and (c)
above, VA l;la.gnetic mechanism will be considered to be potentially )
effective for alignment if the (negative) Metic elignment energy

El satisfies-

Ig]l> = =E ' (vII-6)
E_‘_|~ 1#1 1 2

or if the time necessary for magnetic alignmént T satisfles

i/t > 3. LfT . - {VII-T)
15 A i

How if a etatistical process is is occurring st an event rate ITI
i
and transferring em average angular inomentmn to the grain AI':L per
event, the time T for this to result in & transfer of net angular
momentum L to the grain is
2 ;
L 1
£ (AT) = (v11-8)
1 N
i
To determine the appropriate L2 which will control all of
these time scales we note that, as shown in Chapter VIII, ‘the grains
are streaming through the gas with a terminal velocit:,f Avt which is

grester than the thermsl velocity of the gas, V,

th" From the point

" of view of the grain, gas atoms are Seen to be racing arownd it with

random velccities of order .-Vth plus & net tra.nslatiqnal velocitj AVt
in the anti-radial direction. Thus » the average rms velocity of gas
atoms as seen by a dust grain is

- N
> . o
v = ((vi + AVt)a) = Vtﬁ + AV .

Now if the grain were at rest in the gas, it would acquire, in thermal

equilibriun (3 degrees of freedom), a rms angular momentum given by

[T

L1 2 _
E = = mvth_ kT

rot ’

V)

I

Ml

vwhere m = average mass of gas stoms. In a one-dimensional stream

of velocity V, a grain would acquire a rotational energy

2 ; '
- L _3-_ H}_ u " .
Brot = §f—2mv2_2k Tetream

This is the angular momentum at which the drag due to differential

rotation in the stream just balances the random walking rate of L.

- Then in the comhined case it should reach
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2 }
2 1 2. 1, 2\ 3
Erot BT - m(-,.‘__; (Vth) + 3 AV )""E KT pp 4

_— . L { ‘
£ Tg + Tstream

7.5 km/s typical of circumstellar streaming, we have

" p_— " — 3 (=] - p—
vwhere Tef . Teking m = m'Hg’ Ts = 107 °K, AVt. =

- © T
T pp = 5600 °k and

E

~ ~12
ot 1.16 x 10 ergs .

Now assume the grain is of cheracteristic size & ~ 0.1  with

a3 with o ~3 gm/cm3, and

L
cheracteristic mass M ~= 7 p grain

3 grain
characteristic moment of inertia I ~ M 9,2 » Then

I~1.26x 1024 gn on?

18

L~1T72x20" gm en® sec™t

and

6

w=T/I~1.36 x 10 1

" sec” (v~2x 10° Hz) .

The time needed to establish this angular momentum is

Zn B.av pgm-l,

given by (VIT-8) with L given above, 8Ly = (a V) N3

V= (m.rt2 + Vtﬁ)l/z ~ 8.3 Im/s, where pg i6 the gas density, so
o oM _ M
S —— = s
3 ta Vop M

g

which is the time necessary for the grain to sweep out its mass of
‘gas atoms (Purcell and Spitzer 1971). Numerically, for a ='0.1 g,
Parain = 3 g/cm3, Mg =5x lO'a'MG/yea.r for the stellar gas loss
rate and V = 10 k:m/s , we get for the disalignment {equilibrium) time

for & grain a distance R from a star of radius Tyl

Ty = 2.9 % 10 see (8/0.1 1) (B/r,)°

vhich is much less than the ~ 1 year time scale for a dust grain
to move ~ Tye -

Now photon pressure, which is providing the terminsl

‘ velocity, will have

N, ALy ~ Ny ALy ,

but much smaller AL's
hv
ALEsl ~ s a<<nvVa ~AL3

ALy =h <<mVa~3.2x 10723

b AL3 S

i.e. AL, < 10”7
. 4 A i
80 T, 2 10 '1“3 and is therefore negligible.

Likevise collisions with dust grains are negligible because

the mass density of dust p, is approximately

1
AT P e g << .
: Pg = Pg

Pa g~ 300

So the time necessary to"sweep out & grain's mass in other

grains will be
Ty ™~ 300 'r3 .
Gravitation can apply no torques so T, ~w», A grain

5
rotating with angular velocity w with some dipole moment p will
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radiate at a rate

%=§ch-3mu .

1
. .. B _ 3l
7T dF/at " EF 23 2 *
3 P CToa
Spitzer (1968) shows that in equilibrium a grain in sn ionized gas

acquires a negative charge such that the grain potential U is

glven by
e U=-2,5 kT .

This is the potential necessary to repel electrons so that the
-collision rate of the grain with the faster movipg electrons equals

that with the positive ioms. For T = 103 °K, & = 0.1 u this means

a charge
Zg=l5e 5
B0 p~a.JNZe~a.1¥e
and T~ b ox 1.022 sec >> T3 .

Other forces [i.e. (6)}] may be present in the circumstellar’
environment. The appearance of strong eﬁissj.uz’x lines is suggestive
of shocks, turbulence, convection, etc. However, norrwodels of these
process-es ‘are availsble so s must remein an unimown quentity.

If the magnetic field is.not zero, there are several mag-

netic field-grein interactions which can result In torgues on a

2hy

grain. We consider:

(a) Paramsgnetic Relaxation

This is the magnetic interation considered by Davis and
Greenstein (1951) as & possible source of alignment of intersteliar
grains and currently believed (Purcell and Spitzer 1971) to be the
mc;st favorable alignment mechanism in interstellar space. " From

Purcell and Spitzer, the relaxation time for this mechanism is

I. I
Tg =5~ === , independent of L
2 T, xvs .

. where Ky = X", the imaginary part of the volume magnetic suscepti-

bility, V = volume of grain, and B = the magnetic field. Taking
K~3x ].0_]'2/1“i appropriete for a dielectric (i.e. silicate, silicon
carblde) at a temperature 'I‘d("K) (Spitzer 1968) we get, for a = 0.1 p,

oK.
Td ~ 500 °K:

' ~ L1
'rla—‘jxlo-l-a-g sec .

Therefore, for this to be effective in alignment we require (eq.
VII-T)

or

1/2

B> 4.1 gauss (r,/R) (0.1 p/a) .- (VII-9)

ak2
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Now if the star's field is dipole, B(R) ~ B,(r,/R)3, so

1/2

By > k1 (R/r*)2 (0.1 u/s) (vII-10)

is implied for the surface field. Taking R~ 2r,, ve need B =2
" gauss apd B, = 16 gauss. These seem like entirely model-—a.te mag-
"netic fields, Even if R~ lr,, B~ 1 gauss and B, ~ 100 gauss,
-In ad&it:l.on-, Jones and Spitzer (1967) speculate that if‘iron atoms
- in a grain (as, for example, (l@,Fe)ESiO# silticate) are present in
clu:zpé , the necessary magnetic field may be reduced by an order of

magnitude or more ("super paramagnetism").

(b) Diamagnetic Relaxation

Graphite is a fairly good conductor so it exhibits dia.mgg-
neti;m (induced magnetic moment opposite to B field). Wickramasinghe
{1967) claims that measurements at room temperature in oséilla.ting
fiél‘ds imply a X", if spin-lattice interactions are negligible,

éiﬁen. by

=X ~p2,9x10710 (l—) .
[ Td

"This 1s ~ 10° higher than the X used sbove, o the magnetic field
strengtﬁs required to slign graphite flakes around carbon stars
would be ~ 10 times lower, i.e. B ~ 0.2-0.1 gauss and B, ~.1.6-10
gauss. However, Greenberg (1968) reports and modifies the work of

Cayrel end Schatzman (1954) which indicates

2k
N2
X g x 10713 (L)
w T3

for graphite. A% T; = 500 °K this is ~ 2000 less than the K used
for paramagnetic relaxation so it would indicate pure graphite .

flakes would require magnetic fields ~ U5 times larger.

(c) "Compass Needle"

If a material has an anisotropic magnetic susceptibility
or & permenent magnetic moment, there will be a tendency for it to
line up in a megnetic field. In the first case, if the volume
magnetic suscepti’biliﬁy is X in oﬁe directrion and Xnin in ancther,
there will be a tendency for the Xpes direction to align with the

magnetic field and the negative energy of alignment will be
= (X - %) VB
Blc Xoax = Xuin 4

where V is the volume of the particle, In the second case, if the

permenent magnetic moment is p, there will be a tendency for p to

line up with the magnetic field with an energy of alignment

Boa=-b B .
This second is the reason & compass needle points north, Pure
iron grains have not been positively identified in interstellar
or circumsteller space. In addition, the sbundance of iron (the
mass fraction of iron for cosmic zbundances is T(Fe) ~ 1/900)

lower than for silicetes and graphite (f ~ 1/300). We thus don't
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expect 1lron grains in great quantities in circumstellar space,
though they aren't ruled out by cbservation. A small grain of
iron might teke the form of a "whisker" (i.e. as in iron filings).
Then the magnetic moment would be i = IV, where V 1s the volume of
the grain ~ b x 107 cud for a ~ 0.1 ¢ and I = 2000 cgs (Greenberg

1968} and the condition for alignment is

|Elc'[ k3B zErot

or
B > 0.145 gauss 5

providing the grain temperasture is below the Curie temperature

for fron (1043 °K, Kittel 1966). This condition is independent of
the distance from the star. If the star's magnetic field is dipole,
grains at ~ 2 r, require By~ 1.2 geuss and grains at ~ sr* 1.~equ1re
B, ~18 gauss for élignmen,t. These are quite small fields, If pure
iron were present as a 10% im_pur:l’cyr:r.n a dielectric or graphite
grain, the megnetic field requirements would be ~ 10 times higher,
though the direction of alignment might not conform to ome of the
natural sxes of the whole grain. ‘

Graphite can form in f].a.t hexagonal plates with grossly
different physical properties along the short ("C") axis as compared
to the long axes, In particular, as graphite is a fairly good
conductor 1t is dlamagnetic and hes a volume susceptibility parallel

and perpendicular to the C axis of:

x” ~_W8 x 10-6Cgs 7
Wickramasinghe (1967)

X T.l1x 10_6 cgs .
3 .

Thus, there will be & tendency for the "C" axis to lie perpendicular
to the magnetic field (x - x”). The condition for slignment
1s .

Bl = G =X P ve® 25,

which for a ~ 0.1 p particle implies
B » 2500 gauss.

This mech&misﬁ is therefore much less effective than the ones
previously discussed and can probably be ignored, This conclusion
is quite different then that arrived at by Doun et al. (1966} but

I believe they made two errors. Firstly, they concluded the Cgaxix-s
would align parellel to the magnetic field, which is not so serious
but, I believe, wrong. Sec.ondl,y, tﬁey stated the condition for

aligonment to be

W, m
Hp H2
|E_ | >g== K? _ _~o——E s
mag! & Mgrain ges Mgrain rot_

which is thermodynemically untenable,
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(4) Fddy Currents

This mechanism was cansidered By Davis and Greenstein -(1951)
and found to be negligible in the interstellar case. The basis is
the fact that in a conductor placed in a time varying magnetic .
field eddy currents will be geners;tted which will exert torgues on
the grain. The condition for alignment to be possible is. {Davis

and Greenstein 1951):

L 2

B 19 a B o .

= = 0.65 x 10 >1

iy ' ny w2 ~7 7
2

where ¢ 18 the conductivity. For the circumstellar case, T = Te =
4

5600 °K, a = 0.1 4, Mg =5x 10'6,MG/yr, £, =10 £, this becomes

-2 1
B>7.2x 10 (r /R) gawss .
~ 0_1?2

For pure iron at 573 °K, p =25 x 10'6 ohm em =>1/c = 25 x 103 cgs,

50

B(iron) > 360 (r,/R) gauss
For graphite, the conductivity is a factor of ~ 30 less, so

B{graphite) > 2000 (r /R) gauss .

The result is thus similar to lc above, i.e. not very effective

for alignment.

. circunstellar case, T_ . ~ T oo ~ 5600 °K >> T
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(e} Summary

. In summary, it sppears that the "paramsgnetic relaxation"

mechenism is potentially able to align dielectric grains {i.e,

silicate, silicon carbide) in the circumstellar environment with

the required field at the grain's radius ~ 2-1 éauss and an implied

"field st the star's surface , if the field is dipole, of ~ 16-100

gauss. If "super paramagnetism" is importent, the field requirements
may be reduced by a factor of ~ 10. Jones and Spitzer (1967) re-

examined the Davis-Greenstein mechanism from s statistical mechanics

point of view. Their spproximate but anaelytic treatment of the

problem essentially confirmed the results of Davis-Gréenstein, :L.e..
that under the stated conditions there would be net alignment of a
non-spherical grain. In addition, they found the condition Tga.s # '.'["1

a
the axes having the largest moment of inertia tend to aligned with

to be necessary for alignment. If T, < Tga.’s alignment is such thet

the reverse is true, In the

- s 3 Il
the magnetic field. If Tz > Tga.s’

40 5O the first case
will alweys hold -- polarization reversals cannot be due to alignment

gas e

reversals in a fixed magnetic field. Purcell and Spitzer (19T7L)
presented a more general, Monte-Carlo analysis of the same situation
and, again found alignment to o'c.cu.r, in agreement with the earlier

snalyses. In addition, they concluded that alignment was more

favoreble for neerly spherical than for highly elongated grains

because of the larger surface/volume ratio.of the latter --
disalignment being proportional roughly to surface ares and align-

ment proportionel to volume. Thus all studies indicate that this
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‘mechenism will give net alignment in & sufficlently strong ma.gnetic'
field, if Toas # Tye
| To see if rapid chenges. in polarization are allowed under
* this mechenism, we note that if alignment is to occur, the magnetic

alignment time in a given magnetic field will be (eq. VII-T):
T < Ty ~3 %100 (2/0.1 p) (8/r,)°
7 S Ty~ dp Ty sec .

So for R = 2r,, T $1.2 x 107 sec ~ 3 hrs and for R = 51, T, <
20 hrs and alignment changes on time sceles of ~ 1 dsy are possible,
The time scale for a change of the magnetic field in the circum-
stellar envelope will be given.by 3 = r*/‘Ia, where v, is the.

Alven speed. For h.dg =5x 1076 Me/y'r, R=2r,, v, =10 km/s, e
have p ~ 5.1 x 10717 ‘gm/cm3 or N~ 2.6 x 107 en™3. nd

v 2 ' ) . .

=2 ’TI"”'_""B ~ 13

¢ T'pplasma. ‘[-—- mj_on :
e

In the low temperature (T, ~ 2500 °K) radistion field of the star,
the lonization will be supplied by the abundant metals with low
lonization potential. Assuming all the metals (Mg, Fe, ete,) are

-k
singly ionized, N, ~ 107 N and mion/nﬁ ~ 1o, ?-O for B = 2 gauss,

~ -3
v, kb x 10 c~13oo_km/s .

So the characteristic time scale will be

. »-«3}\:105

-2
B sec ~ 10 yr .

1

And changes on time scales of ~ 10~ yr would seem to be allowed,

even for extensive regions of the whole circumstellar envelope

(R 2 br,}, if the magnetic field of the star changes on these times.

For. graphite flakes, the same mechanism will work but the

magnetic field required is uncertain because of the uncertainty in

the X“/w appropriate for graphite, The magnetic field required

may be ~ 10 times lower or ~ 45 times higher than the fields quoted
above. In addition, Purcell and Spitzer (1971) point out that very
thin grephite flakes will take > 10 times la.réer field for a.l.ignment
than for dielectric cylinders because of their large surface/volume.
On the pos_itive side, because of the very anisotropic optical
properties_of' a small graphite flake, a smaller net alignment would
be sufficient to produce a given amount of polarization.

* Small iron needles may also be aligned by i‘ieldé which are
~ 5-10 tﬁes smaller than those' :required fpr dielectric grains.
If the iron is fresent as an ~ 10% ferromsgnetic ';impurity" in a
0.1 p grain, the fields requﬁed would be‘ about the same as for
paramagnetic relaxation. The ori-entaticm given by this "compasis
needle” mechanism is such thm.: the magnetic axis of a needle lines
up with the ma.;:meti-c f£ield, which is orbhogm;al to Davis-Gfeenst_ein
orientation. In addition, the field requirement is independent of
distance from the star so a dielectric grain with ferromagnetic

impurity might be aligned by the "compass needle” mechenism while

‘near 'the star and the orthogonal Davis-Greenstein mechapism when

further away.
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iii) Magnetic Field Measurements

- The status of direct mea;aurements of magnetic fleld strengths
in and arcund late-type stars is unsatisfactory. In the method of
Babcock (1960) the longitudinal magnetic field aversged over the
surface of a star i1s measured by obg;ei-ving the splitting of the
opposite circularly pola.rized.components due to the transverse
Zeemsn effect. The photographic techniqué employed 1imits one to
stars which are bright visually, have narrow lines ; large (~ 200
gauss) average flelds and even then requires a large telesc@e,

In the comprehensive catalog by Babcock (1958) there are several
giant and supergiant M and S st;a.rs trith.large (~ 500 gauss) and
sometimes varisble magnetic fields. O0f the stars included in the
prese;nt study, R Gem was found to have an ~ 400 gauss field and

R Leo and R CrB vere thought to _héve probable but not certain
megretic fields. Unfortunately, since the importent end fundamen-
tal work by Babecock, ﬂ'-iere have been no further published studies
of the magnetic fields of these types of star.. Babeock (1960), in
his review of the Bignificénce end prevalence of stellar magnetic
fields, says "there is support for the view that a majority 61’- a]J..
stars 'possess magnetiec fieldsr of significant j.ﬁtensity" and Bpecu~
lates that significant convection zones may be necessary for the
generation of magnetic fieldes, He also states that "all stellar
magnetic fi-elds ad.eq_ua‘bély observed are found to vbe varigble. ._7."
Thus, there 1s at least a prima facie case for time varisable su.rfa.ée

magnetic fields con the order of several hundred gauss ih the late«
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type stars of fhis study end R CrB. Whal 1s needed are étudies,
possibly using rsensitive photoelectric jteéhniq_ues, of the magnetic
fields of these stars.

.Woolf (1973) has suggested that the observed OH and Hao.maser o
emission lines may conta.inrinferma.tim on the clrceumstellar magnetic .
fields of these stars. - The same langitudinal Zeeman effect would
cause the positive ‘and negative circularly polarized components to
have slightly different energies end result in & splitting. The

magnitude of splitting due to a magnetic field B will be

AEZ =2uB
ang’

4B, = hav ,
B0

~1 ' ' S
£ =ous : (viz-1n)

where § is the magnetic moment of the upper {or lower) energ:;(

state. In an atom or molecule with non-zero angular momentum, i
will be of the. order of g the Bohr magneton. I\ioté that fm? a
given magnetic field, the Zeeman splitting will be reiative]y
greater for a transition with lower energy (h\_)). Thus, the splitting
of the radlo transitions of a. m;)lecula are relatively much larger
than the splittings of the optical transitl‘_.ons which are used to
determine the surface fields of é. star.  For the OH 18 em ~ 1700 MHz

maser transition the splitting will be
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% ~1.66 x 1073 gauss_l
or

-3
B | 10 - gauss
X" '~ 0.45x O T A

or in terms of Doppler shift, AV = e(av/v),
B 1073 g
B o gauss
AV kn/s .

For the HQO ~ 1.35 cn transition the corresponding sensitivities

will be
B .o 15 x 1073 gauss
) ° KHz
or
1073 gauss

B Lorx
av Eﬁ?s *

The observed OH maser emission from late-type long-period variable
stars . consists generally of two lines,. one at approximately the '
stellar photospheric velocity and one bluesnifted from that
velocity ~ 10-50 hn/s. There is & éood correlation (Dickinson

and Chaisson 1973) between the velocity separation and the pulsation
period of the variable, the longer periocd stars showing greater
separation, but _the interpretation of this in terms of shell
geometry, etc. 1s not certain, The individusl lines are narrow,
<5 km/s wide, and may be more or less unpolarized, théugh in sone
cases there is some linear and circular polarization. IFf we int.ér.
pret the léck of splitting of the.lines as due to a leck of magnetic

field then

2
BOH <10 " gauss

is indicated, which is a Quite small field. A model for the OH

emission presented by Wilson and Barrett (1970} indicates the

‘emitting region is characterized by a kinetic temperature ~ 500-1000

-16 15

°K, demsity <10 gm/cm3 and an OH-cloud length > 2 x 1077 cm,

For a wass loss of ~ 5 x 1{)’6 M(i/yr’ the density requirement' in@lies

ROH > 5 x _1011‘“ cm ~ 10 R*. Thus, the OH emission regions must be

well separated from the star. If R, is taken to be &2 x 107 cm ~

50 R,, and the star's field is dipole, BOH < 10_2 gauss implles

B, <1250 geuss. Thus, the low magnetic fields indicated by the
OH observations may not be ‘inconsistent with the possible high
surface fields indicated h& the work of Babcock. In addition,

Scoville (197h) has pointed out that the interpretation of maser

- emission features in terms of Zeeman splitting due to magnetic

fields, ror the lack there.of, is not straightforward due to the
complicated radiation—tra.ns fer problem presented by maser emission.
The }{20 1.35 cn .ma.ser ‘emission from long-period varisble .
s.'tars eppears as & single line, < 2 km/s wide, at a velocity
between the velocity of the star and that of the blueshifted OH
component {Schwartz and Barrett 19"(0&,1:). The "emission is variable
in strength, but constant in velocity to <& 0."5‘1:1:1/5 (Schwartz et

gl. 1974). If eq. (VII-11) is now applied blindly, we would infer

B, o 5 0.05 gauss .
0 ~ _

25k
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Models of the 1{20 emitting region are in an even less satisfactory
state than for OH. The lack of velocity variation implies that

RHRO >r, (schwartz et al. 197%) and Schwartz and Barrett (19708)

indicate that Nﬂaodﬂ > 10:L6 cm’2 is necessary in order to support

meser action. The model atmosphere of Tsujdi (1966) indicates that

" in the extreme outer lsyers of a late-type M ster, ~ 1800.

Ngas/ NE{QO
If this is taken to hold in the .circumstellar envelope and a mass

~ 10 kn/s is assumed,

17 cm ~ ].Ok R* for ma.siﬁg

action to be possible. Thus, we have r < RHQO < 0.8 x 102" Ty
Teking Ry o ~ 10t

above 1limit on B implies

Hy0

B, <800 gauss R

-6
loss rate of ~5 x 10 14G/yr at vgas

16 -2
N, .dR > 10" cm = implies <3x10
0™ 2 B0 2

em ~ 25 R, and assuming a dipole field, the

which is nojh a sirong constraint. Agein _this interpretation in
terms of a lack of Zeemaﬁ splitting is uncertain be.cause of the
complicated nature of the radiation transfer problem in é masing
souree.. .

Scoville {1974) also pointed out that the thermsl transitions
of the CO molecule in the radic region are potentially more infor-_
mative reéardiﬁg magnetic fields because the radiation transfer.
problem ie better understood. Thermsl emission from the J =1 - 0
rotational transitiohs of CO (2.6 mwm) and HCN (3.4 mm) has been
;ietected from the late-type carbon Mira variables IRC +10216 and

IRC +30219 (CIT 6) (Wilson et al. 1973). The lines are broad

(> 20 kn/s) and flat-topped, suggesting saturation and/or exparsion

in the sources. Applying eq. (VII-II) we have

) ‘1o EBAUSS.
< . . .
]3(.’.()’]101\I < 0.12 T < 2.4 gauss

Thus, the magnetic field in the region of line formation could be
quite high. In the case .of IRC +10216 the CO emission source was
resolved on the sky and found to have sn angular diameter of
~'138"? which is much lerger than the inferred diameter of thé star
(8, ~0.05") end the diameters of the cpbically thick (@ ~ 0.4")
-and optically thin (9 ~ 2"_'\) components of the dust shell surrounding
the star measured by lupar occultation (Toombs et al. 1972},  Thus,
the magnetic field at the emitting dust shell could be as higix as
~ ]_06 gauss and not result in & détéctable- Zeeman splitting in the
extended CO emitting cloud. The HON source ﬁs unresolved and
therefore 57 Lo" in diaj-neter. This limits the magnetic. £field to -
<l.5x ].0.5 gauss at the emitting dust shell which again isn'.t a
very stringent Yimit.

Geballe et _a_l_." (i.973) have cbserved a.bsozj;;tion due to the
fundamental Av = 1 vibration-rotation bends of €O at 4.7 p in
IRC +10216. The lines were all narrower than the instrumental
resolution (~ 20 km/s) and were blueshifted by ~ 20 WS from the
radial velocity of the star measured by Héfbig 2nd Zappalla (L971).
From the existence of absorption from high rotationsl levels, J = 23,
of the CO molecule the authors conclude;d that the CO givz'_né rise
to the observed absorptions wa$ prabably essociated with the ~ 27,

400 °K component of the shell, The magnetic moment of & J = 23
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level of CO will be

Mp3 ~ 23 1y ’
and eq. (VII-11) becomes
B gauss - -
i < 3.3 W_S .
And since AV < 10 km/s (i.e. half the instrumental resolution)

—~

_ B(2"$héu) < 33 gauss .

This is probably the most stringent limit on the magnetic field in
a circumstellar ghell, free of the complicetions of masing, which
'ié available at the preser;t t;;ime. if the field is dii)ole‘, this
implies B, 52 X 106 gauss, which again is not much of & Ylimit.

. In summary, the aiirect méasu.rement of stellar magnetic
fields (Babecock 1958, 196d) indicate surface fields on the order
of severgl hundred gauss are pcssible. Measurements of the maéaetic
fields in circumste]iar-space are in a more primitive state but so
far do not seem to cmtréd'ict this. Tt would seem that the magnetic
fields necessary for grain alignment (. 2-1 gauss in circumstem
space, ~ 16-100 gauss at the stellar sur:t'a.ce)‘ méy well exist. ) .
Further, it app‘ea.lrs that the time scaies for magnetic propaga.tion
aﬁd magnetic alig@ent in circumstellar;' space are sufficigntly
s_lhall to allow the observed rapid chenges in polarization to be

due to changes in alignment.

iv) Polarization Resulting from Grain Alignment

If asymmetric grains in a circumstellar eﬁve}.ope are aligned
by the action of a magnetic field, the resultant linear pola.rization'
as seen by an observor in a part.icular direction but i‘e.f from the
sta.x-: will be a complicated function of cloud geometry (grain distri-
bution, with respect to R, 0, and ¢), grain opacities, magnetic '
fiaid geometry, g}‘&in alignment (with respect to R, @, ¢), optical
depth,v etc, - A realistic model which tekes into account all the
rélevant parameters would be quite difficult, even if the relevant
parameter; were known, and is beyond the scope of this thesis.

This 1s especially so because the inferred optical depths of these
shells (Chapter VIII) are in the range T,

is
difficult radiation transfer problem to treat. If the particle

> 1, which is the most

albedos are high, vhich is the case for silicate snd SiC grains
and, to a lesser degree, large graphite éra.ins , the contribution
to the observed polarization due to (multiply) scattered light
{i.e. g in eq.'vfI-s) must be included. The condensation of grains
near a stellar surface may depehd on the magnetic field strength
vhich may be modified by or msy modify the convection patterns of
the star.

In order to make progreés at this poiz;t , we-will consider
a simplified model for ;t.he star + magnetic field + circumstellar
grains. Consider the star t;: be inert, the magnetic field to be
dipolar, and the circumstellar shell to be, aside from the mag-

netic field, spherica.lly symmetric with respect to the star.
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Consider first an observor who views this system along the mé.gnetic
pole. He will see rad:[_g__l symmetry of the magnetic field-lines and
therefore of the aligned grains and no net linear polari'zationl'will
result. In this way, the aligned grain model is like the aligned
envelope models in that the polarization goes to zero when viewed
a.long-certain symmetry directions. However, in the aligned gr_aﬁ
case, a change in the axis of the magnetic field can introduce
changes in polarization on time scales 573 days without requiring
the envelope as a whole to be re-aligned. The maxjmum radial
asymmetry will obtain for an observor in & direction perpendicular
to the magnetic axis of the system, so we cons:l.dér ohservatioﬁ from
this direction. In.the Davis-Greenstein alignment scheme,
asymetric grains end up spinning preferentially sbout the grain
axes which have the largest momentum of inertia and these axes are
also aligned along the wagnetic field. A neeﬁlé-like-. grain ends
up'spiunmg about its short axis and its time-averaged extinction
efficiency will be approximately the same as & flat disk with Its
short axis sligned along the magnetic field linf;‘.

Consider a magnetic field _é due to a magnetic dipole o at
tﬁe origin aligned in the +Z direction with the observor in the +Y
direction. 'fhe magnetic field a.t_ a point ﬁ from the origin vill_

.

be given by 7 . : '

(Jackson 1962). At a given distance R from the star there will be

regions on the sphere.vwhere 33’ points in each of the £ Z, + X, and

+ Y directions. Howevef » tﬁere is more surface area (;f the sphere
corresponding to aligmment in the + Z directioms, i.e. ((.ﬁ . 2)2)]'/2 =
0.65 while ((3 - )t)e)l/2 = (B - 1?)2)1/2 = 0.54. On our line of
sight to the (K = R ¥) the magnetic field is in the - Z direction
and grain aligrment will be in the + 7 directions (i.e. long axes
in the + X directions) which will result in a net alignment, a # 0
in eq. (VII-5), on our line of sight. The polarization will be
Euc-h that the electric field lies in the & Z dir-ection. These
'grains can also emit polarized 1;ght in the infrared (E-vector in
+ X direction). In addition, grains inroth.er directions can
scatter polarized light [i.e. g # 0 in eq. (VII-5)] and will alse
emitrpolarized light. We will consider these pc;ssible effects.
The grains aligned in tﬁa + ¥ directions will give no net
polarization in emission or by scattering. Tpe‘ grains aligned in

+ X and * Z directions will tend to emit and scatter light prefe-

.reptially in a direction perpendicular to the alignment direction

50, in the optically thiﬁ, spherically symmetric case, we might
expect a net pélarization from these processes ." If the (emission
or scattering) opacities of the grain perpendicu]__a.f and parallel to
g are A and B respectively, with A > B, the net polarizetion will

be {for the emitted or scattered light)

-5, 0.1(a - B)

L AL, LIS+ E +LOBA + X direction.

P

»

where we assume
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T =1 JAl¢(B - 2)2)1/2 v (- TRV

3 1+ BI((E - DY)

and
L1, {Al W - DHY2 4 (@ - 022y 4 G - z°)2>1/21l

for B = 0.5, i.e. a = (Tx - TZ)/'(TX + -rz) = (a-8)/(A+B)~0.33
in eq. (VII-3), which corresponds to either ~ 33% alignment of

perfect polarizers .or ~ 100% alignment of ~ 33% polarizefs, ve have

P ~0.019 ~ 1.9%, * X direction,

The ﬁet polarization of the scattered starlight and the
thermal emission from the grains may not be too large even 1f there
1s extensive alignment. Thus, thé aligned grain model may be con-
sistent with the small (P s 1%) 10 W polarizations found by Capps

and Dyck {(1972) for stars with intrinsic polarization and infrared

excesses. In addition, we shall £ind later that smaller net. align- N

ments, a < 0.1, are probebly sufficient to explain the observed
visual polarizations, so this polarization would be decreased even
mére. Finally, as the optical depth increases, the net polarization
in the scattered (or emitted) 11#111; wlll decrease. Therefore, we
shall consider the case that the scattered light from the star is,
-on average, unpolarized, This means g = 0 in eq. (VII-5) and the

polarization will be
-Tp
" a T I* e

px—L X &7 dfrection _ (VII-12)
Ig+ I, e T . .

where, as usual, T, = (7, + 'rz)/2 ~ Ty is the mean total optical

depth on our line of sight to the star, the alignment parameter
&= (1 - TY)/(TX * 1) and we reguire a << 1. and aty << 1 for this
expfession for P to hc_)ld. .

The effect of the scattered light, IS’ is. to dilute the
polarizetion imposed on the airect starlight by the grains aligned
preferentially in the + Z direction. If the grdin elbedc, A, is
zero st a particular wavelength, I = 0. If A £ 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 average overall optical depth of the shell,

Te’ by -
-,
Iobs(l) =L(A) e e |
where I, is the intrinsic monochromatic apparent flux end iobs (a)

is the observed'apparent monochromatic flux et & wavelengfh A
short enough that grein emission can be ignored. Now we also have

I

obs=I

-
T
scatt t1e

i.e, the observed flux is the sum of the extinguished direct star-
light pllis the light. which is seattered and Ytransmitted through the
shell. Then

-,
. = - T
scatt Iohs Iy e

~T, -
=I, (e €-¢eT)
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and eq. (V]EI-12) becomes

- Tr -
o~ e T _ - (Tp-Te)
P_aTTe""e —aTTe

Jones (1973) has considered the problem of optical transmission
through a spherically symmetric cloud as a Iuncfion of grain albedo,
A, and phase function, g = {cos 0). This solution is only strictly
velid in the limit 7 >> 1, but the results may apply, st least
qualitatively, in the T ~ 1 region which is appropriate for most
of the sters considered here. We i.dentify our. T, with his Tg" 1l.e.
the geometric line-of-sight, optical depth of the shell. TFor most
reasonsble grain parameters, he found

_Te 2,0.5 'TT o

Thus » we immediately have

_ -Tp /2
= T
.P 2P a T[e” T1Y®, (for a, & Ty << 1) . .

For a given a,. Pm:‘m will be ~ linear with T for 'rrf‘ 1 will reach

a peek at T~ 2.0, and thereafter decline. To get ~ 5% polarization
with 7 ~ 1, we require a < 0.08, i.e. ~ 5%; net alignment of the
grains on our line of sight to the star. For small (a < 0.05 u) ,'
graphite grains, A f‘ 6.2 ami g 50.02'1’01' k = 0.55 p and for these

parameters, _ B

50

Poa T, (a.,afrTc-(l) .

And 5% polarization for TT = 1 requires g > 0.05, and a smaller
net alignment would suffice. '

In conclusion it appears that, within the limits of the
discussion above, a moderate proportion (a ~ 0.1) of aligned grains
on our line of sight to the star would be sufficient to give the
degree of polarization which is observed in the late-type stars.
The rapid changes in amount and position angle of the polsrization
could then be due to rspid.changes in a, the alignment of the
grains, without requiring an overall change in the amount of dust
(i.e. T). The increase of polarization toward shorter wavelengths
and ti:e continuing iﬁcrease of pola.riza’cioq for more extreme infra-

T
that the modest amount of alignment required may be consistent with

red stars could be due to increases in T,. In addition, it appears

the observed small iufrared polarizations, < 1%, if the dust

Fion
cloud is roughly spherically symmetric snd the grains are aligned

by a dipole-like 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 end some of the
features which might be expe.cte;i. under the _e.dmitte_dly highly
simplified model considered here. More detailed calculations,
using realistic grain opacities, etc. should be attempted.to see

if other details, such as the time.varjsble wavelength dependence

of polarization, 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 asymmétric envelope models. Firstly,
measurements of the stellar magnetic field simultaneous with the
1:Lpear polarization could be made. If magnetic fields can be detected
and changes in the magnetic field are correlated with changes in
intrinsic polarization, _:l.t vwould support the magnetic alignment
model. Conversely, if low limits can be set on the surface
(B, <10 gauss) or circumsteller (BCS <1 ga.uss)rmagmetic fields,
the magnetic alignment mechanism will be in trouble. Secondly, high
spatial resolution, pola.rimetfic studles of some of these stars
should be able to distinguish between Athe models. The aligned
grain moﬁel predicts that the core of the observed image, corres-
ronding to B*, should be polarized while the aligned envelope
models predict that polarization will only arise from regions of
the shell which are awéy fr_om the star, so that 90° scattering can

oceur.

E, Conclusion

In conclusion, it appears that scatiering and absorption
by circumstellar dusi grains is sble to account for at leastvsom.e
of the properties of th;-: observed intrinsic linear polarization.’
Models of the aligued; asymmetric renvelnpe type (Kruszewski et al.
1968; Gnedin et al. 1973) give a maximum polarization_ of B~ 5%.
In addition, Shawl (1971, 1972) has shown, using the optical

constants of realistic grain materials, that the wavelength

dependencé of polarization can also be explained on these models )

at least In the optically thin limit. The primary difficuliies of
these models are the spparent continuming increase of polarization
with optical depth of the shell and the rapid changes in polari-
zation which are not correlated with the infrared or visual light.
If the radiation from the star is spherically symmetrie, the repid
chanées in polarization seem to limit the region responsible for
polarizetion to R ~ r, so perhaps a model in terms of discrete
clouds of ges and dust close to the star is more appropfiate.

The sligned asymmetric grain model has been investigated
and it is found that (1) alignment can be expecte& for moderate
magnetic fields (B

shell
expected infrared polarization from the aligned grains may be

~ 1-2 gauss, B, ~ 16-100 gauss), (2) the

small, (3) polarizetion proportional to optical depth is expected

" in the simplest model, with P > 5% possible for moderate degrees

of alignment, end (%) rapid changes in polarization sre possible

through rapid changes in elignment without requiring an overall

change in the optical depth ﬁnd infrared excess of the shell.

Further, this model predicts that (1) chenges in polarization
should be correlated with changes in the magnetic field and {(2) most
of the observedl polarizetion shogld come from .the central re’gioﬁs
of the circumstellsr shell, .

If either of the above models are shown to be insufficient

to explain the observed pclarization, perhaps e combination of the

* two, or an ssymmetric stellar light source, or en entirely different’

mechanism will have to be considered.
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VIII. MASS LOSS FROM M, S, AND C STARS
A, Imtroduction

Mass loss from sta.rs is potentially 11:@0rte;nt for at least
three reasons. For the star itself, if a mass loss at a steady
rate ]:! is oceurring, the lifetime T of this phase of a star's life'
is limited to 7 S M*/{d. In addition, if some of the mass Tost is.
converted to solid grains, the appearance of & star to an outside
observor may be guite different due to the scatterj_ng. and absorp-
tive properties of the grains. For the galaxy, the existence of
very luminous stars with theoretical lifetimes much less than the
age of the galaxy (~ 1010 years) 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 wmedium, aﬁd
stars could be an s.nxportant source., Finally, observations in .our
Galaxy end others indicate the. presence of dust grains in the
interstellar medium, Thé average visual extinction in our.Galaxy,
~1 mag/@c, implles a fraction of mass In grains to mass in gas
of ~ 1/200. In addition, these grains ere not uniformly distributed’
but are ccncentrated along the spirai arms and in associlaf_.ionﬁith
regions where stars are being formed. Thus the dust grains may be

_ important to the process of star birth. Production of dustgrainé
from gas in interstellar space is difficult because of the low

3

densities, _NH ~1 cm ”, Grain growth may occur in t’he- denser cloud
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regions, NH ~ 102 - 105 cm—3 , but this process requires seed
nuclei to be initially present. If some fraction of the mess
lost from stars is in the form of dust grains, this may help

explain the existence of interstellar dust.

B, _ Observations

The spectroscopic evidence at visual wavelengths for mass
loss from stars has been sumarized and discussed by Deutsch. (1960)
and Heym:-mn (1963). The observational evidence is the existenice
of very narrow, very deep abscrption lines from the ground state
of atoms which are blueshifteé by ~ 10-20 km/s from the _stellaf
velocity indicated by the normal stellar abgorption lines. The
supposition that these lines arise in cool, circumstellsr gas
leaving the stars is strongly supported by the discovery by
Deutsch that the same lines are seen in the G-type visual coum-

panion to o Her which 1s at least TOO AU away from the M5 primary

{Deutsch 1960).. A notable feature of these circumstellar lines

is that they remain quite constent in both velocity and strength,
to the accuracy of measurement, with time. .

The difficulty in explaining this maés loss by hydrodynamic
meens (a.na.]_.ogous to the explanstions of the solar wind) is evident
in resding the account of Weymarnm {1963) .. Most traublesome are the
low tempere.ture;s; end turbulence of the circumstellar gas {ns.rrmf
lines, low excita.tion)_ and the moderate and evideqtly constant )

velocity of outflow. On the other hand, Gilman (1972) has shown




that soli‘d grains in a circumstellar envelope which are being
accelerated outward by the strong @* ~ 101‘ £ O) 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 ﬂ;e stellar radiation field to the geas. Thus, radiation
pressure on the dust'grains could be the agent driving mass loss,
Gehry [!and Woolf (1971) have used infrared observatinms to estimate -
the density and radii of circumstellar envelopes and the spectro-
scopically determined velocities to give the rate of outflow to
derive mass loss rates for M stars. This technique will be re-
exsmined here and two other ways of deriving mass loss rates from
observations .of infrared emission by circumsteller dust will be

considered.

C. Two Methods for Measuring Mass Loss

- B 1) Welghing the Dust

If & particular species of dust can be identified through
Cits cbserved spectrum {e.g. silicates, SiC) or inferred ou.theo-
retical grounds (e.g. grephite, iron), then the observed fluxes
_can.be iﬁter_oreted in teﬁus of the amounts of material, 1ts tem-
perature, and its distribution re]_ativn;_ to the exciting source
(ster), using opacities derived from 1aborat9ry measurements of
“the optical constants of that material. '.[’he probeble identification
of silicates around M and S stars and silicon carbide arcund C

stars ha.s been discussed in Chapter V. Graphite is expected to™
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condense  in the atmosphere of cool C stars characterized by Nc > “0

'(O'Keefe 1939; Hoyle and Wickremasinghe 1962; Gilman 1969) and 1is

the most plausible explanation for the blackbody-like excesses seen

in the carbon Miras (Chapters IV, V). The optical constants for

pure graphite (Taft and Phillip 1965) end 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 bubt

we wﬂ_‘l. assume that at least the opacity in the 10 p region is

. fairly vell established.

(2) - Observed Emission

The monochromatic flux observed from an optically thin

shell of dust grains at en average temperature Td will be

, W
a_ " a
X z B, (T3) ’

(VIII-1}
where , is the absorptive ,opéacity per unit mass (cm2/gm) for the
grains (see Appendix B), Md- = i‘,mi is the total mass of dust
radiating, D is the distance, ster-earth and B)\(’I‘) is the Planck
function W o2 u_"'l ster™l). This result ivsl discussed, from &
siightly more general point of view, in Appendix A [see eas. (4-3,
-20 and -21)]. If €ither the shell as & whole or the individual
particles go optically thick;' the flux will be reduced from this
value. If the particles resonate (2wa/A ~ 1), the flux may be

increesed. The star, of radius T, characterized by & temperature
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‘ Ty, @5 observed at distance D will radiate approximately:

: m‘f : _
¥ z-TD 3,(1,) s _ (V1I1I-2)

and in the case of & shell optically thin at a wavelength A the
observed flux will be the sum of (VIII-1) and (VIII-2). Now from
Appendix A, eq. (A-1h) the definition of-"ﬂx gives, with the con-

tinuum being identified with the star:

da

F. M. B {T.}

B, = ._._F’** = ._m_é._...__...ul d A md . (VIII-3)
A T, BX(**) ,

or

.2
BA(T*) 1T,

Md = Bl B)\I'I‘di =N 2 ’ (VIII-%)

and tﬁev initial result, namely "weighing the ﬂusﬁ," has been
achieved. Here we are using the star 1tself as a “stand&rd.
candle" to estimate the éuantity D2 in eq. (VIII-1). We will
essume the total luminosity of these stars is known (roughly) and
can be used to estimate D from F°°° = .l'.*/lmDa. This observed
luminesity is représanted here by the best blackbody fit to the
energy distribution, though it is not crucial to this discussion
thet the temperatures assigned by this method, T, represent an. ’

actual stellar surface temperature, The blackbody fit cen be

thought of as a fiducial mark for secaling Fha.

For M and S Mira verisbles, £ ~ 10* £ T~ 2500 °K =>

T, ~ 600‘r9 ~h2x 1()]'3 cm., The broad band [11 p] 6pacity of

small silicate grains is My~ 2 x 103 (:m2/gm and it is provable

that K50u < "].lp. so0 that the true temperature, T, will be somewhat

_ less than the observed color temperature of the excess Tc(ll ., 20 u).

From Table 2b Tc ~ 350-900 °K so we will take Tc ~ 500 °K as typical.

Also SD-N- ~.1-2 for these stars. Bq. (VIII-4} now gives

2* 25 -

M, ~ B - 5x 10 g
e 0t g

~2,5-5 % 10'8_ My .

It T(1 < Tc(ll 1, 20 u), the masses would be correspondingly.hj..gl-ler..,
For Moon rock no.. 1h321 (Perry et al. 1972, Table 6), xliu ~2 '20';&
so T, = 500 °K indicates T, = 300 oK, and these masses should be
multiplied by ~ 6. ]

. For the M supergiants W Per and RW Cyg, which have “silicate"
features (Table 2a, Chapter V), & ~ 107 S, and By, ~6 so the
a.bo.ve mass is multiplied by ~ 30. Tt should be emphasized thﬁt
this mass refers to thé observed i'adiatmg material fairly close
torthe star. For e constent mess Loss rate (eq. VIII-S) pg ~ 1/112

R

50 & true totel mess of Aust Pa lHTRe_ dR will diverge as

R2 - o, The mass calculated here refers to the dust at a charace

teristic temperature T, which by eq. (A-10c) of Appendix A meens

dust at a characteristic radius Ry-

a2




For the Mi.ra cafbm stars 1-;he cir.cxmsteuar shells may be
golng optically thick at short.errwavelengths. In addiiion, the
observed BA'S must be corrected due to the extincf.ion of the star
by the shell. To first order -(n‘eutral extinction) this will be

B = (L - a) BAObs ’

3du5t/3t°f’ is the relative bolometric excess as defined

where o =
.In Appendix A. The color temperatures for the "blackbody" excesses
of carbon stars is (Teble 2b, Chapter IV) Tc(3.'5 My 8.k p) ~

$00-1000 °K. As discussed later T, ~ 0.65 Ton

grains, so taking T, = 620 °K for a = 0.1 y grains but T. ~ 950 °K
E) d k -Td

for small graphite

for a = 1 u grains which are more nearly grey-bodies, the opacity

appropriate for graphite grains (Appendix B), and R Lep as &n

4

example, assuming £ =10 1‘.@, we use eq. (VIII-3) to calculate the

graphite dust mass M;. The result is shown in Table 6.

TABLE 6

Md for R Lep (Graphite Component)

3.5 p b9 8.4 20 p

3:1]5: 1.1 1.8 . 3.5 5.0
. n,
&=0.1yu 12.6 10.5 16.5 53 620 °K
a=1.0p 2.4 2,1 2.8 7.8 950 °x
M 10"8 M
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The masses determined at 3.5 u and h.g B around the pesk of the
energy distribution of the excess are comparable to those derived
for M st;a.ré. At longer wavelengths, especially 20 p, the derived
messes are much larger for small grains (a <0.1 u} because of the
steep wavelength eren'dence of the ocpacity of graphite (nPL ~ 1/12,
Appendix B). Oae has to invoke guite large gfains a>1uy, to 7
increase.‘the relative opacity at ionger wavelengths (this is due
to resonance effec‘ts) end bring the estim;ates more nearly into
agreement . Perhap:s at longer wavelengths we are seeing thereffects
of a much more extended, cool shell which does not contribute at
3-5 { because -of its lower te@eratﬁre. Perheps there really are
some gx_-a.ins which are large {a >1 k) In at least one dimension and

thus able to radiate effectively at 20 p. Perhaps the radieting

" material is not graphite. The masses of dust observed for V CrB

and V Hya would be about the same as for R Lep while those for
V Cyg and T Dra would be ~ 2-3 times higher,:
The totél mass loss rate from material of ‘space density

p, 8t a distance R from the star leaving at a velocity V is

M=ba® g v . (VIII-5)
Observations of the gas indicate vgas = constent so, in the steady
state, Pgas ™ l/Rz. A dust grain of radius a will have at least
three forces acting on it. (1) The outward force due to radiation

pressure 1s given by:
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2
. - £ (Qpr) ne
Ty g gf ¢

, (VIII-6)

where (Q‘gr) is the efficiency factor for radiation pressure
averaged over the star's radiation field. Qpr may be expressed
(Ven de Hulst 1957, p. 128) in terms of the sbsorption efficiency,

scattering efficlency and the phase function g = {cos ©)

Up = Ogpg + (1= 8) Qg (VIII-T)

(see Appendix B).

(2) The inward force due to gravity:
| b3
. _(‘fM*mgmin_GM*gﬂa pgraiu w 8
grav R2 - Re * 111-8)

And (3) the force due to gas drsg. For £~ 10" SG, a ~ 0._1 [

~ Y > I
and M, ~ 1-5 MG’ FPr > Fgra\r and the grain will be rapidly
accelerated outward to supersonic velocities, V > Vo = J3k’1‘/mH2 ~

3.5 km/s, 8o the gas drag will be given by the supersonle drag

AP 2 2
. deg =g =-ne (av) Pgas R (VI11-9)
where AV = V‘1 ust " Vg as* The dust grain will be accelerated u.nt:!l

1t reaches & terminal velocity Avt, where F = F , 1l.e.

P drag
S @ |
AV = h—T—— = (VIII-10a) .
TR p )
- gas .

or, using Bq. (VIII-5)

1/2
5@ Ve

¢ Mga.s

AV,

. = . (VIII-10b)

The terminal velocity is independent of R and depends on the

Mie-theoretical <Qpr> , the observed Vga and £, and ME&B which

S

is one of the quantities we wish to calculate.

- An important point to note here is that if a small mass
loss rate iiga.s is claimed, this will imply a large AVt whic'h, for
a given observved infrared excess will, by eq. (VITI-S), imply a.

large dust loss rate, M,

fust Putting in numbers eg. (VIII-10b)

becomes

- 1/2 { Vgas
8V = R 16 kwys

1/2 106 ¥ fye 1/2 5, 1/2
- T /s .
ME&S , ?EO £
{VIII-10c)
Mgas has been estimated by Deutsch (1960) and Weymann (1963} for
M stars. If Deutsch's results on esrlier spectral types (ML-M5 IIT)

are extrapolated to ~ M7 appropriate for the Mira veariables studied

here, M ~ 10‘6

- 10-T Me/yr Weymannr arrives at mass loss rates
approximately sn order of magnitude higher than Deutsch. Thus, we

expect

&V, ~0 (hs(apr)l/z wis) . .

It Mgas 1s much less than this, so that gas drag 1s negli-

gible, & grain of radivs’ 8, density 3 gm/ cm3 initislly formed at
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a Ro from the star will be accelerated by radiation pressure (eg.

VIII-6) to a velocity

5, \Y2/m, | 12
Vpr (RorR) =(Qr;) (Es*o'o—fﬁ) (9%—“) @

©

1/2
s 1/2
=] - RO/R) 6700 km/s R (vIIz-10d)
o -
whick for any reasonable values of (Qpr) and ﬁo will be much

greater than the observed Vgas and much greater than the escape

veloclty for that radius which by eq. (VITI-8) is

W\ Y2 ot s\ V2 [ m, e, N2
ve(R) = % ——/  \mox (R— 25 km/s . (VIII-1Qe)
: 0

*

Gilman (1972) showed that for M stars this terminal velocity
1s reached in a time short compared to the time for mass motions
of the shell T ~ R/V, and that tﬁereai‘ber the momentum given to the
dust via radistion pressure was dumped into the gas. The outward
velocity of the dust grains Vd will be given by .

= > ! .
Va = Vgas * av, Vees . (vIrr-11)
Now consider the twe observed species in a c¢ircumstellar

envelope, gas and dust.  The steady state mass loss rates (eq.

VIII-5) for the gas and dust, respeétively, will be

. s .
Mgas =huR Pgas vgas (ViII-12a)
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°

b o
Miust = bn R py Vet . (VIII-12b)

Using eq. (VIII-11) we have immediately

-

M

2 2
dust_kﬂn pg Vg EmEB oy ¥ . (VIII-13)

gas

vgas 1s given by ‘the optical observations and R2 Pa can be estimated

from the infrared observations., Purther, only a mass fraction f

of the gas in the stellar photosphere is available for condensation

into & particular species of dust grain. For (Fe,Mg)ESiOh silicates

in an M star £ ~ 1/300. For graphite in & C star £ ~ 1./300. For
SiC in a C star £ ~ 1/1000 (abundances from Allen 1963; Wallerstein
1973). 1If the outer layers of & star are not to be depleted of the

condensed elements, we must have
(VIII-14)

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, Mdust’ with the re-supply of condensing elements
due to mixing. - In the steady state the f's should not differ too
much from the values quoted above for otherwise the observed

relative surface ebundances of st‘ars losing mass wouiﬂ depend on

the mass loss rate.

If the rum of density of dust in the envelope is o3 and’




the yun of temperature is T(R), the total emission observed will
be:
° 2
. J‘O b By py B, (T) 4R . ,
- - (VIII-158)
D
or, using eq. (VIII-12b}
® . -
M./v.} », B (7) dR
Fld = fo a2 e . (VIII~15b)

D

This 1s an integral equetion involving the unkmown quantity ;4 >
thich may be & function of R if condensation continues as the dust
and gas move outward. Our knowledge sbout vthe amount of dust and
its distribution with respect to the star gssentiauy amounts to
two facts: (1) The relestive flux 1e;re1 -B,L (or a) and (2) & color
temperature Tc. Assuming the optical constants n are known, these
may be Interpreted as an average dust temperature Td which, in tummn,
implies an avex;a.ge distance from the star Ry by egs. (84-10)
Appendix A, and a "mass of Gust" radiating M, &s discussed ‘earlier.
Thus, solution of the integral equation will not b‘e attempted at
this time and Instead we adopt -a simplified order of magnitude
model, which hopefully will display the importent physical parameters,
to derive & mass loss rate., . v

The "observed mass" of dust M, will be assumed to be

[+

uniformly distributed in & region at s characteristic distance Rd

from the star of a cheracteristic volume_-g i Rd3 (i.e. as if
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spread between 0.85 R; <R <1.2 Rd). Then

My
P T 3
—§an

and, using eq. (VIIT-12b)

w
=
<

(VIII-16)

From eq. (A-10c), Appendix A, we have

2 L 1/2
T, €,
_1 * vis
Ry =5 T (_...Td) (m‘m ) . (VIII-1T)

Combining eqs. (VIIT.17), (VIII-16), snd (VIII-4) we get

' /2 . \2 )
. nr e BA(T ) Td
My =68, __nft (EIR ) A (Ts‘{(%]) (T—*) . (VITI-18)

vis

(1) M and S Stars -- Silicate Excess

For M and S Miras B)L is Vobserved at 11 p and Td 4s estimated
from the 11-20 L color of the echesé. Defining S;\(Td,']?*) =
[BK(T*)/BA(Td)](Td/T*)a,' we get the results shown in Table 7.
$11,, 15 only weakly dependent on temperatures and Sy, ~1 for
typical observed temperatures. Taking Sllp, 21, eq. (VIII-18)

reduces to:




TABLE 7
Suu(Td,‘I'*)
T,/ Ty 300 500 800
2000 1.78 0.84 0.70
2500 1.52 0.72 0.61
3000 1.33 0.63 0.53
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: 1/2
R 68 T Ty (GIP. ) v (VIII-19e)
M. = -
a oy Mllp Svis a
1/2
1/2
M ~8 2 x 105 cm/gm) Lo ) ‘IR ) ( Va x
d 1l n]lu 0” 3@ €yis 10 km/s
-9 Yo
, 6.1 x 10 s . (VIII-19b)

The chief uncertainties in these equations are now in Vd and

(GIR/ €, is) » both of which depend on the grain opscities in the

crucial AA 1-3 u region where the stellar energy dist_ribution is

peaking. Unfortunately, no optical constant meésurements of any

silicete material in the range AA 1.5 u have been published.
Fortmgtely, a stringent lower 1limit on iqgas can be set

for any star in which silicate emission is observed, .even in the

absence of knowledge of €uis

. We have
Vg = Vg + AV 2 AV ..
where AV, is given by eq. (VIII-10e). Now (eg. VIII-T)

(Qpr) = (Qr;'bs + (-6 Qscatt) -

= (Qa.bs) = Syis

by definition of L. (Appendix A). So eq. (VIII-19b) becomes
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2 3 2
M.z 8 E_“_.l‘lé (s )1/2/ % )(vsas )l/ 107" M fyr Y
a® P \5gy ® - \GE 5 10 mm/s o

gas:

8

x28x10 M G/yr . (vIII-20)

The dependence on eris has been cancelled and a small Mgas now
implies a large M;. Invoking eq. (VIII-14) with 1/f ~ 300 for
silicates and solving for Mgas we have

2/3 1/3
0 osp 23 [22103\33 a3f & Vs Y/ —1—)
s~ 11y M1p t1R o7 % 10 xm/s 300

6

x b1 x 107 Me/yr . S (VIII-21)

This represents the minimum amount of gas which is needed to keep

the observed dust grains from rapidly escaping. By definition:

[ e Bx(Td) axr
Lem = Tamy e (e)p,

and, assuming 2ms/A << 1

_ b
&= Qa.bsp‘) =3 Pgrain ol W
50

- 1
R (;"A)Té 3 Pgrain & ’

vhere n is the mass opacity for small grains, a is the grain radius
and Pgrain = 3 gm/cm3 for silicates. Taking as en example the oY
for "Mix 2" of Moon rock no. 14321 (Perry ‘_ti al. 1972) discussed in
Chapter V, we calculate the broad band opacities ("'A))\ (averaged
o
over the filter bandpasses) and the u._ = (). (averaged over the
: il Ty

blackbody function); the results are shown in Teble 8.

TABLE 8

Average Opacities, "Mix 2" of Moon Rock No. 14321

AD: : B8.h p 1 p.‘ 18 20 p
V("‘l)ko (103 cma/gm): 0.76 1.85 o 1.15 0.92
T, (fK): 200 300 - 500 800
(ﬁl) (103 cmz/gm): 0.76 1.0 0.97-1,10 ©  0.62-1.05

The opacities AL 1-5 p are not known, the smaller numbers
for (nl)Td in Table 8 hold if the opacities are zero there.

Thus, for the likely tempersture range Ty ~ 300-500 °K,

. 2
(®)p ~1.0-L.1x 103 on /e and eq. (VIII-21) becomes
: a

M =p..2/3 (1.851:103)2/3( "R )1/3( a )1/3 5 /3
g "1 1.05 x 05 C-1 e A4t £,

v 1/3
gas 1 -6
(10 = s) (30—07:)" 1.5 % 1077 Myfyr




This represents the minimum amount of mass loss in gas con-
sistent with the observed infrared emission. For e:l_lp. ~ 1, the IR
: b :
opacities given abo.ve, &8 ~0.1p, & ~10 f.@, Vgas ~ 10-20 /s,
£~ 1/300, we get

. -6
Mgzl.S x 10 -MG/yr 3

This result is independent of the uncertain quantity €yis
and doesn't even require that the radistion pressure on dust
grains is responsivle for the mass loss. For example, if }:ig were
claimed to be much less then this, Vd would be given by vpr (eq.
VITI-10d) and for Rd > Ro > 1y, but of the same order of magnitude,

we have

1/2

(qm)l/ 2 1000 xu/s]

Vg Vo (Ry) 20 [{0.1 w/a)

so eq. (VIII-19b) becomes

vis

o 2 3 3 en? Ve 1/2 .' 1/2 .
e ) () (40

x 6.1 x 1077 MG/yr .

And again (Qpr> = g 4. B0, using the broad band opacities of

Table 8

1.2 x 1077 ¥ fyr

285

independent of grain radius a. This now implies, by eq. (VIII-14)
that '

°

M=z bx 107 M
g 5lllv' * e/ &
which is much larger than the Jower limit above. Basically, the

gas is needed to keep the dust grains from being rapidly elected °
by the very strong stellar radiation field. For the M supergilants

RW Cyg and W Per, £, ~10° £ ~ 6, and the minimum gas loss

@ "11p
rate is increased to ~ 23 x 10_6 Mo/y'r.

For a lower limit on the dust loss rate we need an upper

- 1imit on Mg as in eq., {VIII-20). If the mass loss is driven by

radistion pressure as discussed in Section C-ii) of this chapter,

there is an upper limit to the mass loss vis:

£
¥ * 10 5 -6
M, < —f 20 x 10 " M /yr .
total (10 519) ( Vgas ) ' J

Inserting this into eq. (VIII-20) with the opacities discussed

above gives

' 1/2 3/2 .
M. =8 ( & ) (Vgas ) ( & )3“/2
4" P\ ¥ 5 10 ku/s G.ipn

% 1.2 x 1077 M@/yr .

These réther roundabout metheds of determining the M's

have been forced upon us by lack of mowledge of €is for silicates,

(VIII-23)
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However, the foregoing discussion has given & minimum for Mg and
if we assume the mass loss is radiation pressure drive the dis-

cussion in Section .C-:L:I.) allows us to set limits on ¢ As

is”
discussed there ’

"

>M
pr ~ 8

<|
ENE

- and using the lower limit on Mg of eq. (VIII—QE) with a ~ 0.1 u,

£~ 1/300, ve get

5 5 2/3 Ve /3 10" % /3 0.0
%r 2 P11y " \To /s T 075 .

¥*

But apr is relsted to the observed quantity « by eq. (VIII-36).

Taking By, ~ L.k, ¥ ~10 ku/s, £, ~ 10" £ and @ ~0.0Lh (L.e.

as for oCet), we get

@)
@ = e%r e = 0.095
b vis

so
iq}ir_) = 6.7
Svis

using eq. (VIII-T)

(- g) Qscatt)
Sis £ T .

Now, for sny size grein, g >0 and Q’scatt <2, so

b 5035 -

For smell grains (a 0.1 p) we have (from Section ¢c-11)

(T - g) Q > £0.3 50, using the silicate opacities sbove,

scatt

-5
> 0.75 (a/0.1 y)

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)v >1 1in eq. (VITI-19b)

vhich, with s, ~2 x 103 cmz/gm gives ﬂd ~ 5 times higher than

‘the lower limit given by eg. (VITI-23). Now Izig >/t l‘{d so

. L v avy £ )
Mg 73 au” (E’rx— Tars) 11t ? 1.8x 107 M G(yr s (VIII-2k)
° i

1/2

1/2 0 (=1/2 . -
vhere AV, ~ <Qpr> / (Mg) / Vg is given by eq. {VIII-1Oc).

This is therefore a cubic equation in Mgl/ 2 vwhich has one real
solution, Teking (Qpr) ~ 0.1, as indicated in Section C-ii), the
real. solution is given in Table .9 for various stellar parameters.

For the Mira vaeriables allu ~ 1-2 (Table 2b, Chapter Vj and

I
£ ~10 So, so

fag ~3-T x 1076

Me/yr

. -8
M; ~1-2 x 10 MJyr

AV, ~ 5-8 Jm/s .




TABLE 9

289

Mass Loss Rates é.nd Terminal Velocitles for Stars with

Silicate Emisslon Features

£, Ve Pap A L
3 2
10 1 7.8 3.2
10 3 k9 - 8.1
101* .s:@ 10 5 4.0 12.5
20 L 8.8 5.2
10 1 12.5 2.7
10 3 8 i1
10° &y 10 5 6.5 .
20 1 14,2 © 19,5
/s xmfs  x 1076 My/yr

A

1.1
2.7 ,
L2
1.7

For the M supergiants W Per end RW Cyg, B .~ 5-6 (zadle

_ 11
2b, Chapter V) snd £, ~ 10° £ o0

“ -6
Mg...jo x 10 5 Me/yx'
Md~16x 107 MG/yT

AVt~61cm/s ,

il.e. ~ iO times tﬁe rates for the Mira variasbles. The mass losses
for the other M and § stars with silicate emission features m this
program wil_‘l.v be somewhere between these values, These mass losses
are larger but comparable to the l:Ig ~2x 10_6 Me/yr estimated by
Gehrz and Woolf (1971) for Mira variables. The moré general
arelysis presented here, which applies to any star w.ithv a2 silicate
feature and T, ~ 300-800 °K, actuslly increases the (already large)
mase loss rates given by those authors. We find that if there 15
any cbservable silicste features (BL‘Lp. > 0.2), then there is a
minimun mass loss rate (eq. VIII-22) of f&g > 0.5 x 107° I-Ie/yr.

One important esdditional result which follows from the
analysis presentred here is that the terminal veloeity of the )
dust grains relative to the gasr is limited to AVt 5 5-10 km/s for
these stgrs because of the requirement i\'{g ..>. 1/.f'!:1d cn the gas loss
rate for a given dust loss rate. If a largg terminal velocity is
-suppos.ed, this implies a large ";Id which impliés a large 1;18 which,
in turn, limits the terminal velocity through eq. (VIII-10c).

The mass loss rates ere also comparable but smaller than

the 1limiting value for radiestion pressure driven mass loss derived

290




291

in Section C-ii), i.e. @ 51 = i:g <20 x 10°° HG/yr for the
Mira verisbles. We can now turn this argument a.round and derive
a 1imit on (sm/*‘vis 1/ which will imply & 1imit on R /r

Using the above limit on Mg, egqs. (VIII-19b) end (VIII-1h), and.

B

11 ~.1~2.5 we have

uhich from eq, (VIII-lT) and essuming Ty < T, (1 n, 20 p) ~ 400-500

°K (Table 2b) implies
Ry/Ty 2 3.5 .

for the Mira variables oCet, R Leo, R Cas, and S CrB. Thus the
shells would sppear to be well separated from the stellar surface,

Another result of this a.na]ysis is, since -

o{przo.%' .

In order to drive the mass loss, the scattering optical depth of

these shells at visual wavelengths must be q_ﬁite large. We have

scatt(o 55 ®)

OSSu _ r (Qpr's_"“ o o ‘

And for small grains {a <0.1u) (Qpr) < 0.1 but Q

scﬂ.tt(o'ss w) 2

B0

2%

. scatt

0.55, 2025 x10~2.5 .

These shells appear to be optically thick {t > 1) to s.ca.tte.ringr
at visual and shorter wavelengths. Any anslysis of the observed
polarization st these wavelengths must take this into account.

This also predicts that engular size measurements at visual wave-

lengths will be larger than the actual stellar size ,» l.e.
ad 2 eo'bs ~ By -

The large scattering' envelope may be hard to detect in
comparison to a central condensation from the forward-scattered
image of the star because of its low surface brightness, i.e.
Rd/r*'z % => the shell will have only ~ 1/16 the stellar surface
bfigt_xtness. Attempts should be made to detect this low surface .

brightness halo around these stars.

{2) Carbon Sters

The emisslon feature A\ 10-12.5 u sSeen in the spectra of
carbon stars is probably due to SiC grains (Chapter V). and in this
way could p;lﬂy_a. role a.na.logods to silicates in M St&ré regarding

"weighing the dust.:"'a.nd estimating mass loss, Unfortuné.tely, there’

is no way of estimating the cheracteristic temperature, Ta, of the |

S5iC grains so the techniques deveioped in the preceding section for

observed silicate features no longer apply. There will still be
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a limit of the type given by eq. (VIII-22) on mass loss, i.e‘.
}:IE Z order of (10-6 M(J'yr) in order that we observe any SiC
feature, for otherwise the grains would be too rapidly ejected by
radiation pressure. 7

If-the "blackbody" excess discussed in Chapters IV and V
15 aseribed to thermal emission from circumstellar grains, the most
likely candidate is graphite (foyle and Wickramasinghe 1962;
Gilmsn 1969). Since ey ~ _1/).2 for small (s <0.25 p) graphite
grains (Appendix 8), the cbserved blackbody spec'c:.z'tm AN 3.5-20 4
implies either: (1) There is a range of temperatures in the shell,
the cooler graing contributing relatively more at 20 b, (2) th'e
grains are la.rge- (a 22 i) in at least one dimension end so can
radlate effectively at A ~20 u, (3) & combination of {1} snd (2),
or (4) the emission is due to some other type of grain with a more
nearly "grey body" emissivity. We will tentatively assume (1) is
the case in the following discussions. . .

The expression r-or dust loss given by eq. (VIII-18) could
be applied to the observed B)\'a for 'ca.x;bun_ stars (assumiﬁg the Ko
e app;'opriate for graphite) as for the M and S stars. However,
as the discussion on the mass of dust indicated, this procedure is
not well defined for graphife, as we would infer larger masses at
longer wa..velengths. Therefore, we adopt &n integrated form of this
eq_u.e.-tion for.the carbon stars. The total observe;l flux from a
cloud of s‘mall dust grains optically thin at infrared wavelengths

is éiven approximately by

20k

where M, is the total mass of dust rediating st a characteristic
temperature T a and o is the wass absorption coefficient averaged
over BA(Td)'. The total flux from the star in the sbsence of &

dust shell can be written

gtot = S.*
Y D

From the definition of o we have

B
&= gtot
so .
£
Md = -—-————M .
nrR g Td . .
3 (VIII-25)
_ L '\{103 -cmg/gm 103 o\ a8
= o T = x 8.8 x 10 M@'
0 s /\ "m /\ Ta :

For the range of temperatures appropriate for these stars ~ 500-1200
°K, *ip for small (a < 0.1 u) sphérical graphite graine can be

represented by (Appendix B)
wp(Ty) = 2:ks5 x 103 (Td/lo?’ °K)E cm2/g|n R

s0 we have




2%

10 1',@ d

6 .
Moo=« (—f?—)(lo; OK) x 3.6 x 10-8 M, .
It is seen that the calculated Md's will critically depend un_the.
characteristic ‘I‘d which is a.ssiéned to the observed excess. For
the "characteristic temperature" Td'werwill choose the temperature
such that eAB)\(Td) peaks at the same wavelengths as the energy
distribufion of the excess. The energy di-st.ribut-ion of the excess

(see Chapter IV) is fit quite well by BX(TBB) and since (Appendix B)

~lf 12 the relationship between T, and T__. is

€ a BB

7.~ 0.65 Ten R

d

EO

.1:' 3 .. \B '
w \ {103 ox -8
¥ =c W07 %KY xsox100m .
4 (10;3)( Tpp ) ®

o}

Typ 18 in the range ~ 900-1000 °K so T, ~ 600 °K. « ranges from

~ 0,3-0.4 for R Lep, V CrB, and V Hys to ~ 0.8 for V Cyg and T Dra
(Teble 2b) so My ~ 18-5k x 1078 M for the lira carbon sters here.
This is higher than the ~ 2.5-5 x 10'8 Mo estimated esrlier for M
and S Miras using Ty~ Tc(ll L, 20 p} but is comparable to the
masses inferred if "’ilp. ~2 o0y whicﬁ glves approximately & times
higher masses.

Proceeding to mass loss using eq. (VIII-16) we have (using

eq. A-10b} for Rd(a = 0}
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, 1/2
M=o £ Ya ) 103 °1c)
a oF ¢ 10 kin/s Ty
®
-8
x 2.9 x 10 Mc/yr .

The factor g(o) is necessary to correct eg. (A-10b), Appendix A,

3 appropriate for an cptically thin shell, 1.e.

Ffor the RO
O
R; = gla) Ry .

To calculate g{a) requires, even if -the scattering is small,

solution of the radiation transfer equ.ationé through the envelope. .

There are (at least) two competing effects here, The

first is , 88 'Ri increases, = aust grain sees more and more.of the:

. 1000 °K radiation field. Thus, the effective & ig for the. outer

grains is more 1like (&

1)1000°K vhich, for smell graphite grains,
is less than the ( ‘h)2300°K'appr°Pﬂate for the stellar radiaticm

fiéld. This would meke R, < R., i.e. g < 1. The second is, if a

d 4’
cansiderable fraction of starlight is converted into dust E;mission
in the shell, the radiation field no longer goes down as fast as
1/ R“a '(i.e.' there is back—heating .of the immer shell re.gions. by thé
outer shell regions). This implies the tex;meratqre of a grain no
longér goes down as fést as 1/{R vhich means Ry > Rg, i.e. g > 1.

g(@) thus could be greater or less than 1. This unkpown factor

will becbme increasingly important as o - 1.




Agein using the opacities appropriate for small (a < 0.1 u}

~ 3
= (5o ~ 8 x 10

cm2/ gm, and converting from 'I"1 to TBB ~ 103 °K, the apperent black-

graphite spheres (Appendix B) for which Hoie

body temperature, we have

' 1/2 3 : ‘
. £ v 3
* a 10° 9K ~1 -8
My =a _'h_) (10 S) =) .. &8 (&) x 5.7 x 10 Mayr R
10 S@ BB P
(VIII-26)
So for ‘v'd > 10 imfs and g ~ 1 we get for the carbon Miras end
V lya,
M 1'{-l+6x10'8M'G/
3 R 1.7-4.6 [yt .
This compares guite favorably with the dust production rate
Md ~2.5x 10'8 M Jy-r in small graph'ite. grains predicted by Hoyle
and Wickramasinghe (1962) for late-type carbon stars. Now, using

£(c) = 1/300 and vy

1/2 : "\ 3
I:i > o (—-——E———»x* ) (].vann ) (lgs OK) (a) 1 o+ f.‘.r_i
8™\ 1'.@ i s BB g

MJyr . Y

= V_ + AV, ss before we have for M_ > V.
g t g 23/t My

x 17.1 x 10 (VIII-2T)

where AV, 15 given by eq. (VIII-10c). - Gilra (1974) reports
measurements of eircumstellar absorption lines for some semi-
regular variable carbon stars indicating Vg'.- 15 km/s, which is

similer to the M stars discussed earlier. As in Section (1)
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previous, eq. (VIII-27) is solved for the mass loss rates and the
terminel velocity, the results are shown in Table 10.

It 1s seen that, as for the M and S stars, the terminal
velocity is limited by the necessary minimum gas loss rate,
y 1
M2 F M,

rates for the Mira carbon stars are approximately a factor of 2

to the range AV, ~ 5-10 km/s. The gas and dust loss

hiéher than those derived for the M and § Mira stars (they, of
course, depend on the 5'.* and VS assumed). The unknown factor
g(a) vhich accounts for optical depth effects will become

increasingly important as « - 1.

(b) -Absorption of Starlight

The sbsorption optical depth of a circumstellar shell of
dust grains is given by eq. (A;lT) Appendix A which, for (l/Riz) =

m becomes solving for M. =Xm,

. 2 .
J‘/Rd R *ris™ a i

b RrE (7
(1) = d abs vis

<

(VITI-28)
vis -

This equation will hold if the shell is optically thin to séa.ttering
near the peak of the sfellar energy ;iistrih.ution, ~_1-3 p for. late~
type stars. As discussed in the previous section R. g(a)R where
Rg is given by eq. (A-iOb) Appendix A, and using eq. (VIII-25) for
Md(a), the mass inferred from tﬁe cbserved emission, we have

M(T)—s(a)M()—a'fb—iﬁ
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TABLE 10

Mass Loss Rates and Terminal Velocities

for Stars with Graphite Dnisrsion

£, ,Vg o av, g (o) Mg g(a) M,
' s zZ s
0 0.1 11.6 3.7 - 1.2
N 10 0.3 7.3 8.9 3.0
10 .".G 10 0.5 6.0 13.7 4.6
0 0.8 k.9 20 6.8
20 0.3 8.3 14k W
20 0.8 5.h 34,7 1n.é6
10 0.1 17.9 15.2 5.1
10 0.3  11.8 35.5 1.8
W ) 10 o 9.6 53 - 17.8
10 0.8 8 ! 8 26
20 0.3 13 sk 18
20 0.8 8.8 125 ke
' .6 -8
km/s m/s 077 K fyr 1070 Myyr
NOTE: These results epply to small grains (a < 0.1 p}, 1f

&= 0.1k, ”]:R is increased by ~ 1.37 snd %15 is

increased by ~ 1.9 due to resonance effects. This
mesns Md would be reduced by ~ 1.37 and Rd would be
increased by ~ 1.18 which would reduce these mass loss

rates by & factor of ~ 1.6,

So in the optically thin limit (T o<1, g(a) =1 and

absvis
the two expressions for Md agree as expéected since they were
derived from the same phenomenological model, The choice of
which expression, eq. (VILI-25) or (VILI-28), to use in this case

reduces to which pair, (T ’KIB) or (R ) is better known,

a2 Mris
For the stars in this study there is little or no high spatial
resolution infermation so Rd is not a directly observed quantity

and eq. (VIII-25) must be used.

The bolometrically derived mass of dust givem by eq. (VIIL-25)

may be compared with the masses derived monochromatically (i.e.
Sl) in the earlier discussion of M and S stars with a "silicate"

excess. Teking £ = 10" Lo ~103 cmgfgm, T = 500 9K, and

*IR
o ~ 0.01-0.02 appropriate for the. Mira varisbles gives
M, ~1.4-2,8%x 100 4 _
d Q

For T, = 300 °K these msses would be approximstely T.7 times -
larger. The agreement .with the earlier estimates is guite good,
which means we have ‘at leas.t been self-consistent in the calcu-
lations. .

As ‘the optical depth 111_‘c'reases , the two expressions for Md
may diverge, depending on the (unknown) correction factor g(a).
For the purposes of estimating mass loss egq. (VIII-25) is to be
preferred in this case because it more directly refers to the dust
gra‘ins whose distance .frém the star, Ry, we can estima.té from .the

observed color temperstures of the excess.
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In conclusion, the identity of thé dust mess estimates
given by egs., (VIII-25) and (VIIT-28) in the optically tiu.n limit
means that the ﬁass loss rates will &lso be the same. Thus, we
have shown that "&bsorption of starlight™ is on the other side of

the coin from "thermal emission by dust" as could be expected.

11} Conservation of Momentum -~ the Inverse Rocket Problem

If the mechanism driving the mass loss in & star is radiation
pressure on some component of the circumstellar en\relope, we can

measure the rate by appiyiug Newton's second law:

dp
T F = B - Py (v1r1-29)

to the radial wmotion of the envelope as a whole. Fpr is the total'
.(outward) force of radiation pressure on the envelope and Fgrav is

the total (inward) force of gravity. We define @ as the fraction
of the star's rediation fleld which goes into drdving mass loss,

i.e.
. . (VIII~30)

Now consider the circumstellar shell to be -composed of

i
velocity V radially outward from the star. Then the total radisl

many discrete radial elements with masses m moving at an avex;a.ge

momentun is given by

"P=3Im V=MV (VIII.31)

i b

where M represents the total mass of the envelope which is being
accelerated by radiation pressure. Therefore,

Lo Mvaeny (VIII-32)

dt ’
where V is the change of radial velocity with time and M is the
rate of chenge of mass moving im the radisl direction with velocity

V. Solving for M:

< fap Lt £, ' \

=== - = — - MV )/ . -
M ( 5 MV)/ % T Fgmv M ] v (VIIT-33)
This is essentially an "inverse rocket problem” with M representing
the accretion rate of the circumstellar envelope end, therefore,

the mass loss rate of the star. In the case V ~ const appropriste

for the gas loss in late-{ype stars, V ~ O and we have

u ff}‘ <apr£* .
prec ~ grav) e~ "V C -

In order for radiation pressure to be effective in driving mass

c 1
M=g

loss, we must have F If we assume photons cannot

2
scatter back and forth across the envelope'é.nd impart more than

r > Fgrav'
hu/c of momentum to the enveiope, then an upper limit to radiation
pressure driven mass loss is given by X < 1, which, for & = 10’4 £
and V = 10 km/s, implies

M <20 x 10'6
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Further consider a circu.l;Lstellar shell where the radiation
pressure is exerted on tht-a dust grains and then transferred to the
gas via collisions as discussed by Gilman (1972). In the optically

thir; case the net force Fpr 15 the sum of the forces on the iﬁdi—

vidual grains, eq. (VIII-6), so

2
@ =x (Qpr)vis v a'1

V. -
PPy baw ’ (HIE’S),

1
vhich can be related to the relative bolometric excess « defined

in Appendix A (i.e. eq. A-17) by

_ <Q‘pr)vis

¥ .= o= o
pr (@

, S (vIm-3) -
vis

where the subscript "vis" means averaged over the stellar radiation
field. This shows that the same grains which are responsible for 7

the excess emission (i.e. o, BJ\) cbserved in the Infrared must

also be responsible for the mass loss 1f this wmechanism .:Ls to be .
effective.

The condition for positive mass loss to occur can be

written
F [+ .
Fi = F.g.éi‘ﬂ_ >1 S (VIII-37)
grav g ~grav
where

37 % Pgrain

. o .
£, @, ma
Eor ='(c Py }’(2) ( T Qp 3 ) (viIr-38)
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is the outward radiative mcceleration per unit mass of dust and

G M,

Eyrav = =z ' (VIII-39)

is the inward gravitationel accelerstion per unit mass. The gas
and dust densities are given by eas. (VIIT-12a,b) and VE/V‘i > 0.7

from the previous section so, spplying eg. (VIII-14), we have

¥ . £ M ' 3 .
PTr £ * Y ey{o.1 p\ 3 gm/em )
Fgrav : ¢ 300)(th .EQXM*)( 2 / ( pgrain <Q‘pr)

x 46 >1 , (VIIT-40)

as a necessary condition. Here f! < T is the mass fraction which

- 1
getually condenses to form dust, i.e. Mg .= F Md‘

(a)} Carbon Stars

For 'small graphite grains, a < 0.1 p, (Qpr) ~ (Qabs) o
0.25(2/0.1 u) for T, = 2250 °K and this becomes (pgmphite: 2.2

gn/cn’

F £ M
P o o *
7 - (f 300) m Mj 15.7 - (VIII—L].&)
[c]

grav *

Gordon (1968) found thet the luminosities of the late-type carbon

5

stars is in the range £, ~ 10"-10 ;:o. Eggen (1972) argues that

the masses of late-type carbon staers lie in the range 1.5 M@ <




M, 55 Mgy. Teking .ﬁ* =5x 101‘ SOand M o= SMO'ue have

F .
F—Pr— = (£' 300) 15.7 . .
grav

so if more than ~ 1/5 of the available carbon condenses to graphite

>> is satisfied a.nd it appeers that radiation pressure

F F
pr grav

driven wass loss must be considered. Further, since small graphite

grains have a small albedo, (A)vis £0.1, 4, < Qa and by egs.

(vIrzi-7), (VIIi-36) U ~ a, so eq. {VIII-3h4) becomes

£ .
o * 10 kn/s -6
.Mtot - (;I{'_s_)( v ) 20 x 10 MJYI‘
©

independent of £, The resultém: mess loss rates are given in

Table 11 for varicus parsmeters,

TABLE 11

Carbon Star Mass Loss Rates Using Conservation of Momentum

&y v o My
10 0.3 7.2

10" 5 10 08 16
20 0.3 . 3.5

10 0.3 n

0% £ 10 0.8 160

2 . 0.3 35

-6

¥m/s ' x 10 Me/y-r
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These results are to be compared 1\.rith the lower limits (because

of uncertainty in f') on b-dg derived by the method of "weighing the
dust" and given in Tab]..e 10. For S* = 101]' £@., Vg_ = 10 km/s 'the
results are comparable but slightly less {~ 20% less) than the
resulté given there, The rather good agreement between these two
widely different methods for estimati.ﬁg mess loss lends support

to the radiation presswre driven mass logs model and to the simpli. -
fied shell gecmetry addﬁted in the previous section. If both
models are teken to be correct, it implies f' ~ f, 'i.é. most of

the availasble carbon atoms are actually condensing into graphite,
and the late-type carbon stars would -appear to be truly efficient
dust factories. Further, if Vg‘: 20 km/s the gas loss rates given 7
here are reduced by a fector of two while the minimum gas loss
rates :Ln Ta.ble 10 are increased by ~ 1.5. If Vg is increased any
mpre then this, there will be dissgreement even if £ = iDs £G) and
the particles are large (a > 0.1. p): 'Thus, we would predict that
me:;,s'u.rement,s of -Vg for C&I'bi.)!] Miras similar to the ones étudied

here should give Ve < 20 /s,

(b) M snd S Stars

For silicate grains the opacities in the 1-3 ¢ region are

unknown but there is & lower limit of

. (Qpr) = <stbs> * <(1 - &) Qscatt) 20 -8 Qséatt)
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For small grains, g = 0. Taking n = 1,65, k = 0 (i.e. "clean
silicete”, no absorption) the results shown in Table 12 are
obtained.
TAHELE 12
(Qscatt>'l‘*'
T, (°K) 2000 © 2500 3000
o
0.1 p 0,016 0.039 0.07h
0.2 0.18 0.30 . = o.ke
For small grains (Qpr) will be very small beczuse of the
~ (2n8./l)h dependence of Q.. for 2ma/A <1 (Appendix B) so
that any large grains (a > 0.1 p) will dominate the radiation
pressure. Taking a = 0.15 4, <Qpr) ~ 0,1 and Perain = 3 gm/cm3‘
in eq. (VIII-UO) gives '
Fpr £ M@ .
> (2 300) 1) 31 . © (VIII-31b)
Fgra.v . 100" £ Y ’ :

The situation for the M and S stars appesrs to be less favorsble
than for the carbon stars -rega.rding rediation pressure on the grains
driving the mass loss. It’would seem to require that either (1) a1l
of the available atoms must condense to silicates {f.e. f' ~f =

1/300) or (2) there be some ebsorption AA 1-3 by the grains, if
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this mechanism is to work. Smak (1966) reviews the available data
on M-type Miras and concludes f, ~ 10h A',o and, with less certainty,
M, ~1 MG) for stars comparable to those in this study. Taking

F, I_/Fgmv ~ 3.1 eq. (VIII-3%) becomes

= ar.i'.*
¥ < 0,68
~ Ve

So apr Z 0.25 is required to explain the mass loss rates derived

earlier (Table 9). 1In terms of o [egs. (VIIL-36), (VIIL-T)] we

heve

£
y o * 10 km/s : .6
M2 T < &Y (102;52)( v )13'6)“”0 MG/” ?
©

vhere g = O for small grains snd (A) = <Qs/ (QS + Q’a)) is the grain .

~albedo averaged over the stellar radiation field., For the M and

S stars, o 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' = £ = 1/300 (i.e. complete condensation),

1
T 2

or

(A)‘ > 0.9 .

vis ~

This result has been used in the previous section to derive a
limit on Cyis for silicate particles. We conclude that the silicates

around the M and § stars must have very 1little sbsorpbion in the




wavelength range AA 1-3 i 1f they are to be effective in driving
mass loss (large u;pr) and still show so little-bolometric excess

(small o). .The case for this mechanism driving the mass loss in

M and § stars would be strengthened if Erig could be determined by

independent means, such as high spatiasl resolution studies giving
Rd directly or measurements of the optical constants of.realistic
silicate materisls (for instance lunar, meteoritic, and cometary

silicates) in the remge AM 1.3 .
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IX. CONCLUSIONS

This study has been concerned with the dust around stars
and some of its consequences. The time behavior and detailed
spectral distribution of the infrared excess due to dust have
been observed and are interpreted, using other observations;
lsboratory measurements snd the laws of physics, in terms of the
type of dust, the amcunt of dust, the possible polarization
due to dust, and the distribution snd dynamics of dust in the
circumstellar envelope leading to information about mass loss.

"1. As a result of the study of the variability of cool
stars at Infrared wavelengths, 1t must be cénclude;d that:

{&) There is no evidence that changes in the intrinsic
polerization of stariight can be attributed to a significant change
in the total amount of circumstellar dust. Infrared emission is
Interpreted in terms of the large scale emission of grains around
the star -- condensing and being blown out thfough the gas by
radiation pressure {Gilman 1972; Gehrz and Woolf 1971); Tﬁe
changes in intrinsie polarization shoul;i be inferpreteﬁ in terms
of scattering and sbsorption by much mc;;'e localized and transient
regions of gas and dust or perhaps by -aligned -grains.

(b) There is some evidence from the dependence of the

observed [11 p] - [8.4 p) color of M-type Mira variables with phase

compared with that expected due to a constant amount of dust heated

by a variasble stellar luminosity and temperature that perhaps om

average there 1s more circumstellar dust at minimum phase than at
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maximum phase. This evidence is indirect in that no [11 p] - [8.4 ] .
color change has beren 6bsérved vhereas a decrease in this color is
expected at minimum-phase due to a decrease in the stellar lumi-
nosity and temperature.

(c) There is evidence for a secular decrease, of about
& factor of two, in the amount of dust-surronnding oCet over the
period 1967 to 1971, There is weaker evidence for possible secular
ché.nges in the dust surrounding R Gem and V CrB. The 21 other cool
stars showed no evidence for secular variation, over the t}.u‘ee year
monitoring perjod and in comparison with the earlier measurements
by Gillett et al. (1971), in the total amount of dust, I

(&) There is no evidence for any large sudden change, on
time sceles mach less than the visual period, of the overall amount
of dust surrounding a.ny of the cool stars,

2, The- data that has been obtained on the spectral energy
distribution of excess radiation from the stars indicate that: .
7 {a) The characteristic “silicate" type emission profile
similar to that observed from the Orion Trepezium region is found
in many M and S sters, Some variations in deta.iled shape, e.g.
R Ieo, are found. Effects of optical depth_ and grain temperature
do not sufficiently explain these variastions. ILsarge grain size ,'_ '
a different chemical composition of dust, or & non-hlackquy stellar
continuum are possibly :Lndicaied._

(b) The excess emission from cool carbon stars can i:robably.

be attributed to radistion characteristic of the emissivity with

wavelength of silicon carbide superimposed on a blackbody continuum.
The amount of blackbody excess is much stronger i;.mm carbon Mira
variables than from sSemi-regular varilables,

(c) The spectral excess of the § star W AgL is unique
among the M, S and C stars of this study in that it appears smooth,
with no large emission or absorption featu.res.. It may be compared
with R CrB, wﬁose spectrum is also smooth.

{d) No spectra have been observed in this investiga‘bi;m
that require interpretation in term#_ of grains of exceedingly
diffeient chemical composition than those discussed -- blackbody
grains, silicate grains, snd silicon carbide grains, .

3. The data presently available is insufficient to
definitely decide between & double or single star model for R CrB.
Tt is argued that the double star model requires additicnal
assumpt_ions to explain some of the important characteristics of
this unusual object which are a more natural consequence of the
S-:Lnglé star model and is tl;xeréfore less likely. On the single
star model 1t is found that the behavior of the infrared excess
fiux with time ca.u be interpreted as the depax;'c.ure from the star
of dust formed on or sbout JD 2,1&1,033 with an apparent recessional
velocity of 27 km/s. There 1s no visual efent near this date but
if the recession is extrapclated linesrly back in time the ma.terial.
would have had to leave the star on JD ~ 2,@0,1000 about which time
there was a visual event. The totai mass loss rate for R CrB is
analyzed in terms of inmuisive events and is fouﬁd to be similar

to that derived for the Mira varisbles, A larger fraction of the
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mass loss appears &s dust grains for R {rB. The variable intrinsic
polarization of R CrB may be due to scz;.ttefing off of discrete;
optically thick clouds or alternatively, aligned dust grains in
the line of sight.

v 4, It has been argued that the rapld varisbility of
Intrinsic po;arization , its lack of correiatiqn w:lth either infre-
red or visual flux, and the large shell optical depths inferred
' from the infrared observations éme ;iifficult to reconclle with a .
well ordered asynnnetric. envelope model. On the other hand, since
the optical depths are large, any polarization mechanism which 1s
proposed must consider the effects of scattering and sbsorption
in this shell. A model involving sm]i clouds, perhaps close to
the star, may be able td polarize the Stuliéhf and also change
rapidly but this light must then transit the extended env.elope
which is well away frém the star. A possible alternative may be
asymetric grains in the extended envelope aligned by the Davis-
Greenstein i)&rémgnetic relaxation mechauiém. The aligm_nent time
scales are small, 1-3 days, and the field required ik;a modest
~ 1-2 gauss. If the fileld 1B.dipolar, a stemr surface field of
~ 16-100 gauss is implied aﬁd, while the grains on our line of .
sight to the star may be in a "picket fence" array, the net align-
ment over the whole envelope and the resulting infrared polariiaticm
ﬁeed not be large. . 7

5. Mass loss from 1a£e—type stars has been re-investigated.
Dust grains in the circumstellar envelope will be expelled by }

radiation pressure, as suggested by Gilman (1972) and Gehrz and
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Woolf (1971), so that the secular stability of infrared excess
observed for most stars here implies a contiﬁuous condensation of
new grains for both the large and small amplitude varié.bles. In
order that the surface layers of the star not be depleted of con-
densed elements, the observed persistence of dust grains in the

clrcumstellar envelope in the presence of the strong radiation

pressure repulsion implies a minimum gas density necessary to slow

the outflow of grains leading to & minimum mass loss rate > 10'6

Me/yr. The large mess loss rates found by Gehrz and Wéolf (1971)
are supported without necessitating large 10 p optical depths. In
ad&ition, it j;s found thet & self-consistent solution of the .coupled
equations governing mass 1055 leads to a limit of 5-10 m/s for
the terminal velocity of grains relative to gas. Finally, it is
found that for the carbon Miras, the calculated mass loss rate 3
aséming gfaphite dﬁst, .agrees with the mass loss arrived at by re-
qu:f-l;ir!g conservation of energy a.nd momentum in the circumsténa.r
envelope, thus supporting the idee of Gilman {1972) and Gehrz and
Woolf (1971} thaf radiation pressure om the; grains may be the agent
driving wmass loss in 'tl'fe cool, luminous stars.

The gas and graphite loss rates fdr the carbon Miras are
found to be approximately twice the gas and silicate loss rates
of the M Miras. Thus, since ~'20% of Miras are carbon-rich, the
Mirss will contribute & ratio silicate/graphite ~ S'to the inter-
steller medium. If, as proposed by Gehrz snd Woolf (1971) and

supported by the findingé here, the Mira variables contribute a




35

major fraction of the interstellar dust, we would expect the ratio - APPENDIX A
sllicate/‘graphite ~ 5 in interstellar space.. The ratic sillicon

. : INTERPRETATION OF OBSERVED FLUXES
ca.rhide/graphite in the carbon Miras is uncertain because of the

uncertain temperature and optical depth of the silicon carbide : The monochromatic flux (W - u"l) at wavelengi;h A observed

emlssion feature. from & star, F;bs 3 can,' in the absence of intersteller reddening,
be characterized by spproximately

F

¥ -
0bs 5" e (M), Fihe]_'l. , . (A-1)

X

where Fh* is the flux from the star which would be ;)bserved in the
absence of a shell, Te (A) is the effective extinction optica}
depth of the shell for our line of sight to the star and Fihell
is the flux which would be observed from the shell in tﬁe_absence
;ﬁf the star., In the late-~type stars and R CrB the component of the
shell wh;i.ch is importent for extinction of visible light ['re(h)}
and radistion (F}'°'') at infrared wavelengths is most probably
dust. Jones. (1973} has considered the problem of radiation trans-
fer in a sphericéu.y-symmetri;: cireumstellar cloud of dust grains -
and finds expressions for the effective optical de'ptia Te in terms
of the geometrical o;.p'tical éEpth ( 'rg) and the grain albedo and
phase function (see Appendix B). -

i) The Star

The flux observed from the star can be characterized by
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R* =0, B [T,()] - . ' ' (a-2)

vhere O, = 111'*2/D2 iz the apparent solid a.nglf; of the star, r, =
radius of the star, D = distance, star-earth, B)\(T) = Planck
blackbody function (W en™? u.'.l Bter'l)-, and TB(A) = brightness
temperature of the star at wa:velength A= temperat;.u:-e of the radi-
ating level where L = 1 in the stellar atmosphere. In actual
fact this brightness temperature is a very complicated function of
vh depending on the temperature structure, moleculer _abundances B
pressure, "turbulent" velocities, etc., and all these parameters
are inter-related -- in short this is a difficult and still cui'reut’
provlen of model a*;:mosphére calculation. As the primery concern
. of this thesis is the properties of thé circumstellar dust grains,
this problem will not be discussed further here, However, we are
aware that the d_efia.ti-ans of F).* from a blackbody can affect our
interpretation of observed excess fluxes as due to circumstellar
emission and to a certain extent make this uncertain. It is
pointed out in the text when it is believed this unceri;a.inty_ may

be significant. -

11) The Shell

In the shell. the continuous opacity at infrared wavelengths

is dominated by the solid particles (dust g_ri;ins) of the circum-
stellar envelope., The dust grains scatter ind gbsorb stellar

rhotons, heat up, and radiate in the infrared according to their

a7

temperature and emissivity. For 2 single grain i, the observed

flux Fki will be

i i : -
F," = g q; B (1)) s (8-3e)
where g)‘i = ab;’(k) is the emissivity of the grain, which is &

- function of grain composition {i.e. optical constents), size, and

- shape as discussed in Appendix B.

ﬂi = ma.iz/l)2 is the apparent solid angle of the grain of

i
For a shell going optically thick, the observed flux will

radius a, and T ‘= the temperature of -the grain.

be a complicated function of the run of density, temperature; snd

_the individual particle opacities through the shell. In addition,

the observed flux may depend on the viewing direction ("patehy
clouds"). ‘ For an optically thin cloud, each individual dust grain
is observed independently and the observed flux is given by

F) By o= f NN , (A-3b)

The temperature of each particle is, in turn, determined by an
energy balance
in out

B =E ) ‘ ' (a-5)

In the presenée'of the very -intense stellar radiation field

(£, ~ 10" £;) the £, term is dominated by ebsorbed stellar
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_ rediation which, for the optically thin case, is given by

. .2
E, J‘ —E Fy* zghﬂa% a , (A-5)

r=0 T
where R& is the distance of the dust grain from the star. If we
further define an average grain emissivity 'lgv is“’ averaged over
the stellar radiation fiel& as

[--3 -
Fy* ax
o ™ Sa

Syis © <Q&bs)T* - = . . (a-6)

where 5* J’ F,* di 15 the total flux (W cm™ ) received at

earth from the star, eq. (A-5) reduces to, variously,

"~ a2
= Fx ¢ (a-Ta)
nshell vis
. ’ g
) 2 *
B, = =M —— e (a-70)
b oq R(1 .
2 II» T, 2 fe] T U : BN
=ta ""”_“‘“"g— 5 ; (a-7c)
L Ry fvis : -
where (.4 = t'did2/D_2 4s the solid angle subtended at earth by

a spherical shell at 'Rd and

=4 gp? Fh = hﬂrecT*h

is the total luminosity of the star (W = 107 efg s_l) vhere T, is,

by definition, the “effective temperature” of the star.
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At the temperatures characteristic of the circumstellar
shells in this study (T 5 ~ 300-900 °K)} the primary energy loss
mechanism i1s thermal re-radiation. A small grain will come to

thermal equilibrium at a temperature T. and radiate over its

d
whole surface so we have:
: 2 ]
Bt = bge J’o & [ B (7)1 ar . (A-8)
2 4
ceglrai oty , (-9)
. where
I7 s () a
- - 0
eg = Cupely =

a j‘o B, (Td) dh

is the effective average grain emissivity for the infrared

rediation (radiation at T =T Equation (A-4) now implies, using

d)°
egs. (A-7) and (A-9) that

4 Yy -
= ( n % )1/ ( )1/ : (A-10a)
shel].
: /4 1/h
Ty = , 2(16 R ) ( ) (a-10b)
/4

) 1/2 . -
= T* (1:) l/ (-EZ) (_:%_;E) . . (A.—lOc)
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A small grey body, defined by €, = ¢ const or a blackbody,

e = 1, will cdne to a temperature

' \/E frNy/2
Ty = T ﬁ> (R_a) s (a-11)

and & general grain reaches

1/h

e - .
Ty = T ( vis . : (a-12)
€1R )

The observed flux from the (optically thin) shell [i.e. eg. (A-3b)]
will now be determined by (a) the run of tempersture (Td) and
density of grains through the shell and (b) the detailed grain

enissivities 6. The grain opacilties are discussed in Appendix B.

iii) The o and B of the Fxcess

As a measure of the relative importance of the grain com-

ponent we define o, the relative bolometric excess, as

dust 7
F
=5 Y 3 > (a-13)
3 x4 38 . .
where, as usual & = J‘ ° F, da. Under the assumption that the
o]

fluxes are spherically symmetric, « represents the fractional emount
of the total luminosity which is radiated by the dust grains.
Further we define a monochromastic measure of the relative

excess

exe obs cont
P S S (A-1%)
A~ _cont © ont ? ‘
x A

where the separation of observed flux into "excess” and "continuum"

is made in the text. o, P can be related to the amount of dust in

tWo weys:

{a) Absorption of Starlight

o represents the fraction of starlight which is sbsorbed

by the Shell so from eq. (8-1)

= -7 A1
a = (1 - e e’\‘{is > . . ( 5)

where (1 - ef"'e)V is is the effective absorption of the cloud
averaged bver wavelength and over the My sterradians ‘_surrbunding

the star. In the optically thin case (1,0 << 1) we have

and

Ta.bs )

o dA

i T . (6-16)
i 4aR
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where Ri 1s the distance of the ith grain fram the star. Averaged

over the stellar radiation field this becomes

<’re>v:l.s = <Ta.bs>vis =3 N 4 (a-17)
) i L4y Ry -

l.e, (*re) is directly proportional to the total solid angle the

vis
grains subtend at the star and is thus one measure of the "amount
of dust." ‘

. The case of an optically thick (r >> 1}, sphérica‘uy
symmetric circumstellar dust shell has been treated by Jones (1973).
He finds expressions for Ty in terms of the geometric optical deptfx

T= 7

g abs * Tscatt for various combinations of the grain albedo, A

'

and phase function g = (cocs €) (see Appendix B). For most reascnable

grain parameters and modest optical depths he found

e abs

and usually

Te 2 Tabs

So again ('re)v; is will be approximately linearly proportional to

the "amount of dust" and o = (1 - e~ '€)

vis will be an :|_ncre§.51ng

function of the “"amount of dust."

(v) Therma) Re-Emission of Light by Dust

By definition, in the spherically symmetric case "
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where” mgr

3

o= sd/’:bbs = :,d/s.* ) (4-18)

where £, is the stellar luminosity. Using the definition of SR
(eq. A-9), in the optically thin case,
Iy

o, . (a-19)

. 2
< =‘\'hﬂai SR~ i

a i
Again o is a measure of the amount of dust.
A monochromatic measure of the amoumt of aust is given by
8,. In the case of the "continuum" by the flux from a star and
the "excess” is due to thermal re-radiation by dust grains eq.
(A-14) becomes [us:'.né egs. (A-2) and {A-3b)]in the optically thin

limit:

xma® e [8,(1)]

% . (a-20)
mr, *B)L(T*) .

Further, in the case (Appendix B) x = 2ma/A << 1, we have (eq. B-T)

2 2 '
6 me =Q, e = Morain " 4

.. 1s the mass of the graiﬁ and Hys the mass sbsorption
ain

coefficient, is independent of grain radius a. Thus eq. (A-20)

becomes

o My (B(T))

= (a-21)
T T By ()
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where M_ = Sm
i

i
o o
3 orat is the total mass of dust radiasting and

2
i ma g BA(T:I.)

R DI S —
e -

is the average "source function" for the grains. Thus, ﬁl is

directly proportional to the total mass of dust radiating.

APPENDIX B
GRAIN OPACTTIES

i) General Formulas

A swall, spherical grain of radius a of material of bulk
optical constants m = n - ik = Jg, vhere m is the ccmpiex index
of refraction and ¢ = ey - igz is the complex dielectric constamt,
will both scatter and absorb radiation incident on it. The

absorption cross-section is given by
s = () v & (8-1)
abs 8 :

The scattering diagram is in general slso a complicated function
of scattering angle polarization of incident light, we will only
consider here the total average cross-section

Ogoaes(M) = 0 () mea® _ (B-2)

scatt

and the phase function

. da
g = {cos 8) = J’ '&,’;_s cos 8 &Q . {(B~3)

Two important quantities are the albedo of the grain, A(A), defined

as
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g
AN =i o BB , . (B-4)
s “%a %

i.e. the ratio of scattering to total cross-section, and the

* efficiency for radiation pressure

Q‘pr = Qs * Q-8 S5catt 2 (8-5)

which determinesthe force on & grain due to radistion pressure,

In the case 2rra/ A > 0(1), the opacity para.meters- are
arrived at by applying Maxwell's electromagnetic equations with
appropriate boundary conditions (= Mie theory} to the situstion of
(grain + incident plane wave) as descri;oed by Van de Hulst (1957).
The solution involves sums of Bessell functions ‘and reguires a
computer -- this will not be discussed further here but some con-
éequences of the large grain case have been considered in the text --
in this cese the computer program written by T. Jones (197k4) for use
on a Wang 720C computer and tested against published- solutions has
been used, 7

In the case 2ma/A << 1, the solutions greatly simplify to

(Van de Hulst 1957T)

L 2 2
Q =§ 21a m .1 ~q
sca 3 _:_ m o+ 2
a -k 2na m‘mz-l (8-6)
abs — ” m + 2

i.e. if g, = 2nk £ 0, then Q >Q

scatt and A = 0 and the absorption

cross-section can be written as

2
“abs = %abs 7B T M Tgrasn 2 (8-}
where m - ma3p and p = grain density, gm/ emd and
grain 3 P p=28 y &
_3Qab5_51'r11 1.
O - R Wl -
2+m
_ 1B8n1 &2
= Tex T2 (2-8)

is the mass gbsorption coefficient, cma/ gmn. In the case of a
non-spheriéal grain, the absorption eross-section depends on the
orientation of the electric field vector with respect to the grain
axes (Ven de Kulst 1957; Gilre 1972a). In the case of an ellipsoid
with axes aJ, J =1, é, 3, the mass absorption coefficient for

electric vector parallel to the ;]th axis becomes

"')\(LJ) = ‘2“;'1 }l: 2 -] O (8-9)

[y(s - 1) + 107 + 1,7 o

where LJ is & shepe parameter with the property

and the spproximate relationship
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. LJ = const 1/8',1

(the exsct formulss are given in Van de Hulst '1957). Thus, for a
sphere, L = (1/3, 1/3, 1/3) -and eq. {(B-9) reduces to eq. (8-8).
For en oblate spheroid of a, = a, >> ey L= (0, 0, 1) and for a
prola.ter spheroid By = ay << g3 L - (0.5, 0.5, 0). For freely
oriented ellipsoids, the average absorption coefficient will be
glven by
3 (ny)
) = : 3

It € > 1, then the ai)somtion cross~section has a maximum
for L 3= 0, i.e. for radistion with the electric fleld along the
long exis of an asymmetric grain. ,If el < 0, then there are strong

resonances when Ly = /@ - gl) or gy =1~ (lfLJ).

ii) Specific Materials

The optical constam-;s vhich have been used in calculating
grain opacities in the text are from the litersture as follows:

() Silicates
(1) Perry et al. (1972): optical constents from
~ 5-500 p for ~ 9 lunar silicate samples at ~ 150 °K
and ~ 300 °K,
(11) Huffman and Stepp (1971) opticel constants for
one terrestrial silicate {brown enstatite, (@Fe)SiOa)

from ~ 0.1-1.0 u at room temperature.

(v)

(e)

Silicon Carbide (SiC) _

Spitzer et al. (1955&, b): optical constents from
1-25 B for hexagonal and cubic SiC at room temperature.
Graphite 7

Taft and Phillip (1965) optical'consta.nts from 0.0k o
to ~ 2k u for electric vector in the basal plane

{4 to “C" axis = optic axis, i.e. in the direction of
high (;onductivity in plane of hexagonal plates) at
roon temperature. TFor 3 u <A ~ 20 4, & 5.9 l(u.) +

10 > I'el| and eq. (B-9) reduces to

~ 2

3

82
2 2

2
1+LJ 22

" ,i. (B-10)

© l

vhich for L, # O becomes

1oL
e

1
|}
>

"\

1

1 .
X T5.9 a(gy + 10

R’
n
E]

[

3

, : - {(B-11)

1o
>'N| - ““Hml i—‘

I

2
i.e. the absorption cross-section goes approximately.as 1/). ‘
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