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ABSTRACT 

Observations of intrinsic polarization and infrared photometry of approximately sixty late-type 
stars have been combined. A relation is shown to exist in the data between measured intrinsic polarization 
and amount of infrared excess at 11 A theory is derived which explains this relationship and which 
shows that polarization and infrared excess are related through the scattering and absorption optical 
depths of a circumstellar cloud of solid particles. The characteristics of the scattering particles are dis- 
cussed by applying the theory to the data. 

I. INTRODUCTION 

It is well known now that many late-type stars exhibit polarization intrinsic to the 
objects themselves and independent of interstellar polarization. Observations of the 
characteristics of this intrinsic polarization have been made and discussed by Serkowski 
(1966a, 6), Kruszewski, Gehrels, and Serkowski (1968), and Dyck (1968). In these inves- 
tigations considerable information has been obtained about the wavelength dependence 
and time dependence of the polarization. 

It has been suggested that the intrinsic polarization of cool stars is due to scattering 
by solid particles in the atmospheres or in envelopes surrounding these stars. Donn et al. 
(1966) suggested that the polarization arose from absorption by aligned graphite 
grains. The particles were thought to be aligned by magnetic fields of the cool stars. 
Kruszewski et al. (1968) derived a simple model showing that polarization need not be 
produced by aligned particles but that scattering of light by particles in an asymmetric 
envelope was sufficient to produce the observed results. An alternative explanation has 
been proposed by Harrington (1969). A major source of opacity in late-type stars is 
scattering in their atmospheres. The combination of scattering, some absorption, and a 
Planck function that changes rapidly with wavelength produces strongly polarized 
radiation from all but the center of the stellar disk. Any asymmetrical shape of the star, 
or the presence of large convective cells, could also produce polarized starlight. 

Recently, infrared observations have shown that solid particles are common around 
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stars. Woolf and Ney (1969) have attributed the emission peak at X = 10 /x in M stars 
(Gillett, Low, and Stein 1968) to metallic silicates. It is expected that graphite particles 
would condense out of gas surrounding carbon-rich stars (Hoyle and Wickramasinghe 
1962), and the question of the various expected condensates as a function of the oxygen- 
to-carbon ratio has recently been investigated by Gilman (1969). 

The observations of infrared emission from solids surrounding cool stars clearly 
strengthen considerably the suggestions that polarization is due to scattered light from 
particles. The existence of a possible correlation between cool stars which exhibit 
intrinsic polarization and cool stars with observed infrared excesses was suggested by 
Kruszewski, Coyne, and Gehrels (1969). 

During the observing period from 1969 October-1970 June a large number of cool 
stars were observed at Kitt Peak National Observatory at infrared wavelengths in two 
independent programs by Gillett and Stein and by Gehrz and Woolf. Many of the stars 
observed were stars that were also being observed for intrinsic polarization by Dyck. 
This discussion describes the results of combining those data for approximately sixty 
cool stars and shows that a correlation does exist. 

II. OBSERVATIONS 

The infrared observations described here were carried out at Kitt Peak National 
Observatory with a photometric system containing four passbands: The spectral band- 
passes used were X0 = 3.5 /x with AX = 1.0 /x, X0 = 4.9 /x with AX = 1.0 /x, X0 = 8.4 /x 
with AX = 0.8 /x, and X0 = 11.0 /x with AX = 2 /x. The calibration of the photometric 
data is tabulated in Table 1, in which the flux in units of watts cm~2 ¡x~l and in units of 
watts m"2 Hz-1 is shown for zero magnitude at each wavelength. Magnitudes are des- 
ignated by Xo enclosed in brackets—for example, [3.5 /x]. The observing procedure 
included the usual technique of dual-beam chopping common to all infrared measure- 
ments. Most of the stars observed were relatively bright, and thus only short integrating 
times were necessary. 

The polarization data were obtained partly from older literature (Serkowski 1966a, 
b, 1969; Coyne and Kruszewski 1968; Kruszewski et al. 1968; Dyck 1968; Shawl 1969), 
but the majority have been measured since 1969 October at KPNO and are described 
by Dyck and Sandford (1971) and Dyck and Jennings (1971). A few unpublished data 
taken by Shawl have also been included. The polarimeter used for the new observations 
is described by Dyck and Sandford (1971). Only tabulated data from other polarimetry 
systems have been used, and these only when a sufficient number of interstellar-polari- 
zation objects were measured in common to determine the compatibility of the systems. 
Since data obtained in the £(0.44 y) and F(0.55 /x) bands comprise most of the observa- 
tions, numerical computations using the amounts of polarization have been restricted 
to these two colors for the sake of homogeneity. 

TABLE 1 

Absolute Calibration of the Photometric 
Infrared Observations 

Flux for Zero Magnitude 

Xo(m) AX(m) Fx(W cm-2 M~i) FV(W m“* Hz"!) v0(Hz) 

3.5  1.0 7.1 XIO"15 2.9X10“24 8.6X1013 

4.9  1.0 2.0 XIO“16 1.6X10-24 6.1X1013 

8.4  0.8 2.45 XIO-16 S.SXlO'28 3.6X1013 

11.0  2.0 8.6 XIO“17 3.5X10-“ 2.7X1013 
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III. RESULTS 

The results of combining the infrared and polarization data are tabulated in Table 2. 
The quantities tabulated include the star designation, the average measured polariza- 
tion, the average deviation of measured polarization, the 3.5-ju observed magnitude 
designated [3.5 /x], and the magnitude differences, [4.9 ju] — [3.5 /x], [8.4 /x] “ [3.5 ju], 
and [11.0 /x] — [3.5 /x]. 

The calibration of the infrared magnitude system in units of flux was shown in 
Table 1 ; in general, large signals were observed from most stars so that statistical errors 
were small. Calibrations on stars of known brightness and corrections for differential 
extinction were made several times during each night’s observation. As a result of these 
procedures, it is estimated that errors of approximately ±0.1 mag can be assigned to 
each measured infrared magnitude. 

The average polarization is simply the time-averaged amount of polarization in B 
and V computed from 

{p) = ^ ím, 

where P(t) is the amount of polarization at time t and N is the number of nights on 
which observations were made. The average deviation of P is defined by 

{\^\) = jîimù - {p)\ 

and therefore is a measure of the amplitude of the polarization variation. Both of these 
quantities will be affected by the completeness of the set of observations and the uni- 
formity in time with which the data were collected and will therefore have unavoidable 
scatter in a plot of intrinsic polarization against infrared color. The average polarization 
may, in addition, be affected by a large interstellar component for those objects in the 
galactic plane, and the amount of the contribution will be difficult to estimate. No 
attempt has been made to estimate the maximum amount of polarization because of 
the generally nonsystematic way in which the data have been taken. 

As a result of the combination of infrared data and polarization data, a correlation 
was found to exist between infrared excess in terms of magnitude difference [11.0 ß] — 
[3.5 ß] and averaged measured polarization (P). These data are plotted in Figure 1 for 
all of the cool stars measured in common. It is clear from Figure 1 that at the very least 
an upper bound in the plot exists above which no stars are found. That is, no stars 
with measurable intrinsic polarization are found which do not have an infrared excess 
at 11 /x- The only possible exception to this is the star 119 Tau that may lie slightly in 
the area in which no other stars are found. A plot of the same data was made for only 
those stars with galactic latitude | b111 > 20°, in order to eliminate any possible con- 
tamination by stars with interstellar polarization. The diagram under these conditions 
remained almost completely unchanged except that the possible one exception to the 
upper bound in Figure 1 (119 Tau) was removed. 119 Tau has a galactic latitude 
blî = “8°- 

The qualitative interpretation of the results shown in Figure 1 is clear. If intrinsic 
polarization of optical-wavelength light is observed from a star, then that star exhibits 
an infrared excess at X = 11 ju. The reverse statement is not so strong. That is, if in- 
frared excess is observed, then most, but not all, stars show intrinsic polarization. 

IV. DISCUSSION 

The data presented here are open to three possible interpretations. The polarization 
may be explained by (1) atmospheric scattering, (2) circumstellar scattering by gas, or 
(3) circumstellar scattering by dust. 
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Fig. 1.—Average polarization as a function of the infrared color [11 ¿i] — [3.5 ¡jl}. Not all of the data 
near the origin have been plotted. 

Comparison of two stars—one unpolarized without significant infrared excess, and 
the other of the same temperature, polarized and with an infrared excess—seems to 
indicate that polarization is not a surface phenomenon. The correlation of polarization 
and surface temperature for an individual variable star is a natural feature of grain 
formation and does not affect this conclusion. Alternatively, a residual amount of gas 
may be present in the envelope regardless of whether the grains formed in the stellar 
atmosphere and were subsequently expelled by radiation pressure or formed, instead, 
in a preexisting circumstellar gaseous envelope. Kruszewski et al. (1968) have pointed 
out that the polarization in the envelope may be caused by Rayleigh scattering on atoms 
or molecules in the gas instead of by solid particles. The only requirement is that the 
gas be the main contributor to the opacity at visual wavelengths. However, under 
conditions in which an appreciable fraction of possible condensates exist as solids, 
scattering by the gas is small compared with scattering by the grains. Thus the obser- 
vational evidence seems to indicate that solid particles are responsible for the measured 
intrinsic polarization in late-type stars. 

It is remarkable that the correlation shown in Figure 1 is so good. Why are there not 
more stars with infrared excess that have only small amounts of intrinsic polarization? 
It might be expected that the varying geometrical aspect presented to the observer by a 
large number of stars would produce more scatter. This would be expected whether the 
polarization were caused by particles aligned in the envelope or by scattering from an 
asymmetric envelope of nonaligned particles. In contrast, most of the observed stars 
lie along a rather well-defined line in the ((P), [11.0 /x] — [3.5 /x])-diagram. Qualitatively, 

• M STARS 
a CARBON STARS 
■ S STARS 
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this implies that, for most of the stars observed, the particles are concentrated in a 
strongly nonuniform shell around the star so that as the geometrical aspect to the ob- 
server changes from one star to another a rather asymmetric shell is still observed. 

A comment about differences in chemical composition between observed stars should 
be made. Of the total number of stars that were observed in this work for polarization 
and infrared radiation, nine were classified normally as carbon stars. No significant 
difference in the correlation between intrinsic polarization and infrared excess was 
observed between M stars and carbon-rich stars. This implies that there is no significant 
characteristic of the polarization mechanism that is dependent on the chemical composi- 
tion of the solid particles surrounding the star. 

Finally, several other diagrams were plotted for the stars listed in Table 2. Only a 
weak correlation was found to exist between deviation of polarization from the average 
(AP) as defined earlier and infrared excess [11 m] “ [3.5 m]- Thus the degree of variability 
of the polarization has not yet been shown to have any relation to the measured intrinsic 
polarization or to the amount of infrared-emitting material surrounding the star. 
Further observations are needed to clarify this. A plot was also made of the measured 
intrinsic polarization versus the infrared excess, corrected for color attributable to the 
temperature differences between stars, ([11 p] — [3.5 /¿])observed-([ll p] — [3.5 /x])biackbody. 
Almost no change at all was observed in the graph with this correction applied except 
for a minor shift of the infrared data to smaller excesses. 

V. INTERPRETATION 

As was discussed above, the observed relation between measured intrinsic polarization 
and infrared excess at X = 11 ju is surprisingly good. There is less scatter of the data 
below some upper boundary than one might expect when one considers that observa- 
tions of many stars must include a great variety of geometrical aspects. In the Appendix 
a relation is derived which expresses the expected dependence of (P) on infrared excess 
of [11 p] — [3.5 p] under the now-proven hypothesis that solid particles surrounding 
late-type stars are responsible for both polarization and infrared excess. The relation 
arises because both polarization and amount of infrared emission are functions of optical 
depth: Intrinsic polarization is a function of the scattering optical depth of solid par- 
ticles, and infrared excess is a function of the absorption optical depth of the grains. 
No assumption need be made about the exact mechanism that causes the polarization 
(i.e., aligned grains or asymmetric envelope) since an analysis based on absorption by 
aligned grains would be similar. 

As is shown in the Appendix, the ratio of the observed flux at 11 to the flux at 
3.5 p can be expressed as 

Fxdl m) = v I M(T)P 
Fx(3.5 m) + [A/(l - ¿)k + P ’ 

where P = measured polarization; A = albedo = Çsc»/Çext ^ + <ra) where <xSl 

(Ta are the particle scattering and absorption cross-sections; g = fraction of linear polari- 
zation of the total scattered light (the value lies between 0 and 1); A7, — constant; and 
M = M(T) a slowly varying function of the effective temperature of the star. 

In the case that the absorption optical depth of the envelope is very small, ra < 0.1, 
which applied to most of the objects observed in this work since the amount of circum- 
stellar infrared energy is small compared with the stellar energy, the ratio of \\-p 
flux to 3.5-/x flux can be approximated by the linear relation 

^xdl p) ,T , M(T) n-A\ 
F\{3.5 p) iV g \ A /r ' 

This linear relation should not apply to objects with optically thick circumstellar en- 
velopes such as NML Cyg and VY CMa. 
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The numbers N and M in the above expression can be computed from available spec- 
tral data (Gillett, Low, and Stein 1968) as described in the Appendix. The constant g 
depends on the model taken for the scattering process leading to the observed polariza- 
tion. 

Figure 2 shows the measured average polarization plotted as a function of the ratio 
Fx(ll n)/F\(3.5 fi) for comparison with the above derived linear relationship under 
the assumption that the number M(T) is the same for all stars (same effective tempera- 
ture for all stars). Except for a few exceptions such as x Cyg and RW Cep, all of the 
stars with significant intrinsic polarization and significant infrared excess do not deviate 
far from the average effective temperature (if both spectral type and luminosity class 
are allowed for). Even those stars that are exceptions to this do not violate the approxi- 
mate linear relationship greatly. This will for the present remain unexplained. 

As a result of applying the theory developed in the Appendix to an asymmetric 
envelope model (Kruszewski et al. 1968), it has been deduced that the albedo of the 
scattering particles is rather high. The observed (P) versus infrared-excess data would 
be fitted by particles with albedo A > 0.5. No significantly different fit to the data was 
found for carbon stars than for M stars. Although the data at this time are rather crude, 
it is remarkable that as much information can be gained as has been shown here. Per- 
haps with more careful measurement techniques such as simultaneous polarization and 

Fig. 2.—Average polarization as a function of Fx(ll n)/F\(3.5 m) for comparison with the approximate 
linear relationship derived in the Appendix. Note that the star RW Cep (K0 Ob) lies to the right of the 
average line under the assumption that the value of M(T) is the same for all stars. This is expected 
because RW Cep is considerably hotter than the other stars plotted. Not all of the data near the origin 
have been plotted. 
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infrared measurements, a more accurate determination of the properties of the individual 
particles and the geometrical properties of the circumstellar envelope may be found. It 
will be of particular interest to follow polarization and infrared excess simultaneously 
as a function of time for several of the subjects discussed here. 

VI. CONCLUSIONS 

A relation has been shown to exist between measured intrinsic polarization of late- 
type stars and infrared excess at X = 11 /x. Except for a few objects, the observations 
cluster quite well along a rather well-defined line in the ((P), [11 /x] — [3.5 /x])-diagram. 
No difference was found in this relation between carbon stars and M stars. The expected 
dependence of (P) on infrared excess has been derived by relating intrinsic polarization 
to the scattering optical depth of a circumstellar envelope and the infrared excess to 
the absorption optical depth. As a result of this interpretation, it has been concluded 
that the albedo A of the particles as defined earlier in § IV is greater than 0.5. Further, 
more careful simultaneous observations of polarization and infrared excess will yield 
more specific information on the albedo of the particles and the physics of particles in 
the atmospheres of cool stars. 

This work has been supported partially by the National Science Foundation and by 
NASA. Support was also contributed to N. J. W. and R. D. G. by the Graduate School 
of the University of Minnesota. 

APPENDIX 

In this Appendix we derive the dependence of the measured intrinsic polarization on the 
infrared excess of a circumstellar envelope of solid particles. The dependence is shown to occur 
through the scattering and absorption optical depths of the envelope. 

Consider first the measured infrared flux at the two wavelengths of 11 and 3.5 ¡i. If the 
measured flux at 11 ju were due only to emission by solid particles with no contribution from the 
star, then the total flux of energy observed from the dust would be 

Fr(dust) = F0(T,)(1 - e-«) = [Fr(dust) + F(r.)][(l - e-«)], 

where Fq(TJ = total flux from star if no dust present, F(T*) = total observed flux from star, 
and Ta — absorption optical depth of the circumstellar envelope at optical wavelengths. 

In photometric observations an approximate monochromatic flux is observed, and there 
are some spectral data (Gillett, Low, and Stein 1968) that allow a relation to be determined 
between the monochromatic measured flux and the total flux Thus the above equation yields 
the following type of expression for measured monochromatic flux: 

E(3.5 /x) _ 1 
F (11 n) (?« - 1)M(T) ’ 

where M(T) expresses the conversion factors between total flux observed from dust and mea- 
sured monochromatic observed flux, as well as a similar conversion for measured 3.5-/z flux from 
the star and the total energy from the star. Now if the total optical depth of the envelope is 
very small at 11.0 ¿x, then a contribution of stellar energy will be observed at that wavelength. 
If this term is included, the observed ratio of flux at 3 5 ¿x to that at 11 m is given by 

F(3.5 /x) 1 
F(ll M) N + M(e* - 1) ’ 

and if ra <3C 1, then 
F(3.5 /x) 1 
F(ll /x) N + Mra * 
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This analysis should not apply to objects with optically thick envelopes such as NML Cyg and 
VY CMa. However, it should apply to all other objects in this study. 

Consider next the dependence of polarization on scattering optical depth. In general, the 
percent polarization P is of the form 

where 

and 

P = 
-/max It 
-/max + / min 

Imin == 2I* ^Xp ( Tt) “I” 2^-/« 

-/max = ^-Z* CXp ( Tt) "I“ 2^-/w “f“ Ip • 

In these equations = radiation emitted by star, Iu = unpolarized scattered light, Ip — po- 
larized scattered light, and tt = total optical depth of envelope = rs + ra, where ts = scat- 
tering optical depth at optical wavelengths. Thus, 

P = Ip 
I.e-'T + I8 ’ 

where Is = total scattered light from envelope = Iu A- IP The scattered-light contributions 
are given by expressions of the form Is = 1^(1 — e-75) and Ip = &/*(! — e-1’5), where g is 
determined by the geometry of the scattering process. Consequently, 

. =  g  
P 1 + e"Tr/(l - e~Ta) * 

When the albedo A = rÄ/(rs + ra) = ÇSc&/Qext is introduced, it can be shown that, under the 
conditions <3C 1, 

¿(1 - Ay'gTq 

1- Ta 

Under most conditions considered here, ra is very small (ra < 0.1); and unless A 
be shown that 

TOm) v i M /I — A 
F(3.5 m) ~ ^ g V A 

L it can 

)p- 

The interpretation of the observed data in terms of the above derivation of the expected results 
is discussed in § V of the text. 
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