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Summary. Infrared photometry is presented for 56
Southern early-type stars which have interstellar polar-
ization data available in the literature. New and pre-
viously published data are combined to investigate the
relationship between the colour excess ratio Ey, _g/Eg _y
and the wavelength of maximum polarization (4,,,). A
high degree of linear correlation is found when stars
with spectral pecularities associated with mass loss and
circumstellar shells are excluded. The dependence of
Amax OD the ratio of total to selective extinction (R= A4,/
Eg _;) is deduced for normal stars to be

R=(5.6+03)4,,,, (i, in pm)

which provides substantial confirmation of the result of
Serkowski, Mathewson and Ford. The scatter in the
Amax US. Ey _ x/Eg _y diagram for the peculiar stars prob-
ably results from circumstellar infrared emission rather
than intrinsic polarization. It is concluded that 4_,, is
generally a more reliable grain size parameter than R,
and that the relation

AV=56 )‘max EB—V

provides the best means of determining the visual ab-
sorption for individual stars. If the normal 4_,,-extinc-
tion law correlation holds in the Orion nebula, R values
no greater than 4.0 are implied.

Key words: infrared photometry — interstellar extinc-
tion and polarization — infrared excess

1. Introduction

The polarization of starlight has assumed a particular
significance in recent years in the study of interstellar
grains. The presence of polarization has long been at-
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tributed to the partial alignment of non-spherical grains
by the galactic magnetic field, although details of the
alignment mechanism still pose theoretical problems
(see, e.g., Martin, 1971). Observations of linear and
circular polarization give information on both the size
and the composition of the grains. Serkowski and co-
workers have recently demonstrated that the wavelength
of maximum linear polarization, 4_,,, is a characteristic
grain size parameter. Normalization of measurements
relative to 4,,, appears to provide a unique relationship
for the interstellar polarization curve of the form

(P / P, max) =CXp [_ k an (lmax/ A')] (1)

(Serkowski, 1973 ; Coyne et al., 1974). These authors re-
garded k as a constant in Equation (1), but Codina-Lan-
daberry and Magalhées (1976) have shown that the fit
to observational curves can be further improved by al-
lowing k to vary. Comparison of A,,, values with the
cross-over wavelength of circular polarization, 4., gives
a means of evaluating the absorption constant of the
grain material (Martin, 1974), and results so far available
indicate the grains to be composed purely of dielectrics
(Martin and Angel, 1976; McMillan and Tapia, 1977),
a conclusion in satisfactory agreement with constraints
applied by cosmic abundances. It should be noted that
these results apply only to the larger component of the
dust responsible for the visual/infrared polarization and
extinction, and not to the smaller species invoked to ex-
plain the ultraviolet extinction curve and the diffuse
bands.

As the value of 4, is expected to vary with the mean
grain radius, a correlation with the ratio of total to
selective extinction, R=A4,/E _ , is implied. Serkowski
et al. (1975, hereafter referred to as SMF) deduced from
aplot of 1, against the colour excess ratio Ey,_x/Ep _y
(their Fig. 8) that

(Amax In pm). ¥))

However, their plot contained considerably more scatter
than might be expected from observational errors, and

R=551_,
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Table 1. Infrared photometry

Star J H K L n
HD 37903 7.36 7.28 7.28 7.44 2
38051 . 1.60 7.49 7.51 71.55 1
NGC2024 No.1 17.35 6.39 5.86 5.60 1
46484 6.94 6.85 6.78 6.91 1
46485 7.52 7.40 7.38 7.43 1
47240 5.75 5.73 5.71 5.76 1
47432 5.87 5.86 5.83 5.93 1
50064 6.21 5.86 5.64 5.51 1
52721 6.29 6.23 6.10 5.96 2
62150 6.53 6.33 6.23 6.16 3
69882 6.42 6.34 6.30 6.29 2
73882 6.13 5.99 5.93 593 4
78785 7.44 7.31 7.26 7.31 1
80077 4.41 393 3.63 3.38 5
80558 4.59 4.40 4.28 4.09 2
90772 3.46 3.24 3.07 2.96 1
91619 5.10 4.90 4.79 4.42 2
92207 4.05 3.77 3.59 346 2
93206 5.56 5.36 5.33 5.10 2
94909 6.21 6.06 5.97 5.94 3
99953 5.67 5.53 5.43 5.31 2
100262 3.95 3.72 3.60 343 2
110432 4.50 4.28 3.96 3.50 6
112244 5.28 5.27 5.25 5.20 4
113034 6.81 6.47 6.26 6.09 1
113422 6.37 6.11 5.95 5.79 2
114340 6.83 6.65 6.51 6.35 2
120678 7.37 7.15 6.88 6.56 2
122879 6.07 6.03 6.00 5.99 4
124314 6.40 6.35 6.30 6.22 1
125835 4.42 4.20 4.08 4.01 3
134959 5.82 5.48 5.29 5.09 4
147165 2.47 2.41 2.37 2.40 1
147888 5.75 5.60 5.49 5.45 3
147889 5.39 4.89 4.56 4.38 1
147932 6.16 590 5.77 5.70 3
148184 3.50 3.29 3.04 2.71 2
148937 5.88 5.80 5.69 5.54 1
149019 5.21 4.90 4.72 4.63 2
149757 . 2.59 2.62 2.62 2.70 1
153919 5.76 5.65 5.54 5.46 2
154445 5.28 5.33 5.29 5.35 2
157038 4.54 4.29 4.11 3.97 2
160529 3.68 3.22 2.93 2.65 2
161056 5.53 5.39 5.32 5.30 2
161961 7.37 7.37 7.35 7.37 1
162978 6.03 6.02 6.00 5.98 2
163800 6.37 6.34 6.29 6.27 2
164740 7.95 7.39 6.64 5.23 2
168607 441 3.82 3.39 2.99 2
168625 5.01 4.48 413 3.68 2
170740 5.22 5.21 5.18 5.16 2
170836 - 8.21 8.16 8.12 8.12 2
179406 5.06 5.06 5.03 5.03 2
184915 5.02 5.05 5.04 5.01 2
203532 6.11 6.12 6.05 6.05 2

the reliability and uniqueness of Equation (1) is therefore
open to considerable doubt. Martin and Angel (1976)
commented that the correlation between A,,, and 1, is
tighter than that between A_,, and R. It has been shown
by several investigators that A,,,, and R are increased in

dense dark clouds associated with star formation. Large
systematic variations in the general extinction law have
been ruled out, but Whittet (1977) has demonstrated
that there is evidence for a small but significant variation
in both R and A_,, with galactic longitude. Thus A,,,,
measurements could provide a valuable means of study-
ing variations in the extinction law on both a local and
a galactic scale. It is therefore very important to estab-
lish whether the scatter in the A, —E;, _¢/Ep _, diagram
is intrinsic to the interstellar medium, or whether it is
due to observational or intrinsic colour matching errors
or to circumstellar effects.

This paper presents the results of a programme of
infrared photometry for Southern stars for which 4,
values are available in the literature. The number of
stars available for analysis of the A,,,-extinction ratio
correlation is thus increased by a factor of more than
two, giving a sample large enough to allow distributions
for different classes of stars to be compared.

2. Observations

Infrared observations were made at the Sutherland site

of the South African Astronomical Observatory during
three observing runs on the 1.9 m telescope in 1976 April,
1977 March and 1977 July, using the photometer de-
scribed by Glass (1973). The 0.75 m telescope was also
used during 1976 April to observe a few of the brighter
stars. No systematic differences were found between
measurements made on the two telescopes. The data
were reduced using the FORTH programming system
on the Nova 820 minicomputer at St. Andrews, and
results were tied to the standard JHKL photometric
system using standard stars from the list of Glass (1974).
Photometry is presented in the four bands (effective
wavelengths 1.25, 1.65, 2.2 and 3.4 pm) in Table 1 for a
total of 56 stars selected from the polarization cata-
logues of SMF and Coyne et al. (1974). Stars noted as
having variable polarization were rejected, as were stars
with low reddening (Eg _,, <0.25). The number of sepa-
rate observations averaged for each star is given in col-
umn 6 of the table. The mean error of a single observa-
tion is +0703 at J, H and K, while at L the errors are
10705 for stars brighter than L=770, rising to + 0™08
at L=7"5 and +0715 at L=870.

3. The A,,,—E, _¢/Ey_, Diagram

K magnitudes from Table 1 were combined with UBV
photometry and MK spectral types, taken mainly from
the catalogues of Blanco et al. (1968) and Kennedy and
Buscombe (1974), to deduce values of E, _x/Eg _, for
each star using intrinsic colours tabulated by Johnson
(1966). These results were combined with previously
published infrared data (SMF and references therein;
van Breda et al., 1974; Whittet et al., 1976; van Breda
and Whittet, 1977; McMillan, 1977), bringing the total
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Fig. 1. Plot of A, against E, _g/E;_, for normal stars. Open circles
represent supergiants and filled circles stars of lower luminosity. The
broken line is the best straight line by least squares and the continuous

line is that passing through the origin. The cross at top left indicates
mean error limits

number of stars for the analysis to 98. Where photometry
is available from more than one source a mean is taken.

We must consider the possibility that scatter in the
Amax—Ev _ k/Ep _y diagram (SMF, Fig. 8) results from
stellar or circumstellar effects in the form of infrared
excess radiation or intrinsic polarization. The stars were
therefore divided into two groups. Group 1 contains
73 stars with apparently normal spectra, and includes
all luminosity classes except Ia*. Other supergiants
which have emission or P Cygni profiles at the Hu line
only are regarded as normal: Barlow and Cohen (1977)
consider that such stars do not have significant circum-
stellar infrared emission at wavelengths shorter than
10 pm. Group 2 comprises 25 stars with spectral pecu-
liarities associated with circumstellar shells. This in-
cludes superluminous supergiants (Class Ia*) which
probably suffer mass loss (see, e.g., Hutchings, 1976),
as well as Be, Bp, Oe, Of and On stars. We shall refer to
Groups 1 and 2 as the “normal” and the “peculiar”
stars respectively.

3.1 The Normal Stars

A plot of A, vs. E,_g/Eg _, for the normal stars is
presented in- Figure 1. Open circles represent supergiants

E(V-K)
E(B-V)

Fig. 2. Plot of R against E,_/Ez_, for an ice grain model (filled
circles) and a graphite-iron-silicate grain model (open circles). The
straight line represents R=1.1E, _¢/Ep_,

and filled circles stars of lower luminosity. The cross at
top left gives mean observational error limits. Two lines
are fitted to the points: the broken line is the best straight
line according to least squares, and the continuous line
is that constrained to pass through the origin.

Figure 1 enables us to draw several conclusions. The
degree of correlation is high (correlation coefficient
0.88). The scatter relative to the best straight line is
notably less than that found by SMF, and is generally
compatible with observational errors. The 40 super-
giants show an obvious clustering towards low A.,,
values, only 3 lying outside the range 0.49—0.61 pm.

- This is due to the selction effect noted by SMF : distant,
luminous stars are generally seen through diffuse inter-
_stellar clouds with normal extinction laws, whereas near-
by stars with polarizations high enough to give a mea-
surable A, value usually lie in dense clouds where larger
values can be expected. The supergiants nevertheless
appear to follow the same general correlation as the

- lower luminosity stars. The fact that Figure 1 includes

stars from NGC 2264, the Ophiuchus dark cloud and
the Orion association, as well as supergiants distributed
around the Milky Way suggests the existence of a unique
relationship. The best straight line has the equation

Egx=a Ay, +b,

where

Ex=Ey _x/Eg_v

and the constants @ and b have values
a =56+0.7,

b =-03+04.

The best straight line through the origin is
Ex=m Amax>
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Fig. 3. Plot of A, against E, _¢/Eg_, for peculiar stars. Open circles
represent supergiants as in Figure 1. The straight line represents
Amax=31Ey _g/Eg_y. The cross at top left indicates mean error
limits

where

m = <EK>/<lmax> = 508'

There are no theoretical reasons for supposing that
the relationship between A,,,, and Ey should or should
not pass through the origin. The results given here do not
present strong support for the inclusion of an additive
constant, and we follow SMF in adopting a straight-
forward proportionality:

Ex=(5140.3) Ay, 3

The relationship between E, and the ratio of total
to selective extinction is usually taken as

R =1.1E, @)

which is precise for the normal van de Hulst theoretical
curve No. 15 with R=3.05. To check the general appli-
cability of Equation (4) to other values of R, theoretical
curves were computed from the Mie theory for a range
of grain sizes. Figure 2 shows a plot of R vs. Ex for di-
electric grains of constant refractive index n=1.3 (filled
circles) and for the composite grain model assumed by
Whittet et al. (1976, open circles). The straight line re-
presents Equation (4). There is a tendency for the filled
circles to rise above the line for high R values, and for
the open circles to lie slightly below the line. However,
Equation (4) may be assumed for Ex <6 without risk of

Fig. 4. Plot of Ay against E;_y/Eg_, for stars in Table 2. Open
circles represent supergiants

introducing errors of more than 59/ in resulting R values.
Combining Equations (3) and (4), R and 4,,,, are related

by

R =(5.6+0.3)4_,,. )

3.2 The Peculiar Stars

Figure 3 shows the A, —E;, _x/Eg _, diagram for the
25 peculiar stars, with the line deduced for normal stars
[Eq. (3)] superposed. Again the supergiants are repre-
sented by open circles. The contrast between Figures 3
and 1 is striking. It should be noted that the mean errors
are no larger in Figure 3, and there is thus a genuine
departure from the normal star distribution with points

- tending to lie to the right of the line. Only two stars lie

significantly to the left, and one of these (HD 163800)
has considerable uncertainty in its A,,, value (SMF,
Table 5).

If the difference is caused by circumstellar effects, it
could result from either infrared emission shifting points
from left to right in the diagram, or intrinsic polarization
producing a trend towards lower 4,,, values, or a com-
bination of both. If the scatter is caused by infrared
emission, a correlation is expected between the deviation
from the best straight line for normal stars, given by

AK=EK_5'1 Amx : (6)

and the colour excess ratio E;_g/E;_,,, which should
be sensitive to dips in the extinction curve caused by
emission at K. Data for the peculiar stars are listed in
Table 2. Figure 4 shows a plot of A against E; _g/Eg _y .
A strong correlation is apparent, which indicates that
the stars with high 4 must have either infrared excesses
or peculiar extinction curves with high R values. Figure
5 shows a plot of R value [deduced from Eq. (5)] against
E;_x/Eg _y for the normal stars, with the relationship
expected from theoretical curves (continuous line) su-
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E(J-K)
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Fig. 5. Plot of R against E;_x/Eg_, for normal stars. The curve
represents the expected theoretical relation

perposed. We see from Figure 5 that E;_x/Ep _,=0.5
for R values close to 3, and that R values in excess of 5
would be required to explain the stars with highest
E;_x/Eg _y in Figure 4. These stars could have extinc-
tion components which produce genuinely high R values
but do not contribute sufficiently to the polarization to
produce a corresponding increase in 4,,,. Such an ef-
fect could be induced by circumstellar shells of large
non-aligned or spherical grains. An abnormally low
value of the ratio of polarization to reddening would be
expected for such stars. Values of P, /Ep _y are plotted
against 4y for the peculiar stars in Figure 6. The expect-
ed decrease in P,,,/E; _ , for high 4 is not apparent
(indeed, the reverse appears more likely to be true),
which argues against this interpretation.

The polarization curves of unreddened Be stars are

characterised by a peak in the blue (A~0.45 pm) and a’

sharp drop towards the ultraviolet (Kruszewski et al.,
1969). The dgree of polarization is small, however, and
Be stars with appreciable reddening exhibit a wave-
length-dependence which is predominantly interstellar.
The case for significant intrinsic polarization is further
weakened by a comparison of A, values for stars with
high A, with those for other stars in the same regions of
sky. For example, HD 164740 has essentially the same
Amax Value (0.67 pm) as the two stars closest to it in the
sky in the SMF catalogue. Similarly, HD 110432 in the
Coal Sack has a 4, value (0.59 um) entirely compatible
with those of other stars in this region of the Milky Way
(see, e.g., Whittet, 1977). We therefore deduce that in-
trinsic polarization is not an important factor in deter-
mining the positions of the peculiar stars in the 4.,
—E, _x/Eg _y diagram, and that the scatter in Figure 3
is very probably the result of circumstellar infrared emis-
sion affecting approximately half the stars plotted.
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Fig. 6. Plot of P, /Ep_,, against 4, for stars in Table 2. Open circles
represent supergiants

In a recent paper Breger (1977) has examined the
Amax—Ey _ x/Eg _ diagram for stars in the Orion nebula.
He found a distribution rather similar to our Figure 3,
with a trend towards the right of the diagram relative to
the normal relation. As several of the stars he plotted
are suspected shell stars, infrared excesses are again a
likely cause of the scatter, although Breger argues that
the normal A_,,-extinction ratio correlation does not
hold in the Orion nebula. '

4. Conclusions

We have deduced that the ratio of total to selective ex-
tinction and the wavelength of maximum polarization
are related by the formula

R=5.61

'max >

. thus providing strong confirmation of the results of

SMF. In particular, our results indicate that there is no
evidence for intrinsic scatter in the A,,—Fy _x/Ep_y
diagram (Fig. 1): the scatter remaining when classes of
stars likely to have infrared excesses are excluded is
compatible with observational errors. We therefore con-
clude that 4_,, is, in general, a more reliable grain size
parameter than R, and the relation

Ay=56 A, Es_y

is thus currently the most reliable method of determining
the visual absorption for individual stars. This result
provides further support for the conclusion of Whittet
(1977) that systematic variations in mean A, values for

. different galactic regions imply a small but significant
~ variation in the general extinction law with galactic

longitude. The range of this variation is 0.52—0.58 pum -
in A,,,, equivalent to 2.93 —3.25 in R. The overall mean
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Table 2. Data for the peculiar stars

Star Sp Ammax (L) Ey-x Ex A Remarks
Egz_y Eg_v
HD 15570 O4If 0.53 2.71 0.31 0.01
24912 O7.5I1Inf 0.58 2.94 0.58 —0.02
NGC 2024 No. 1 B0.5Vp 0.69 423 1.00 0.71 ?
52721 B2Vne 0.50 4.10 1.27 1.55
73882 O8n 0.75 3.08 0.57 —-0.74
80077 B2la*e 0.55 2.82 0.55 0.01 b
92207 AOlae 0.51 3.7 0.71 1.11
93206 09.7Ibn 0.57 4.76 1.19 1.85
110432 B2pe 0.59 441 1.46 1.40
114340 Bila* 0.55 3.16 0.65 0.36
- 120678 Ope 0.53 4.76 1.7 2.06
- 124314 O8nk 0.54 2.46 0.60 -0.29
148184 B2IVe 0.55 3. 1.19 0.91
148688 Bila‘*e 0.53 3.09 0.72 0.39
148937 o6Vf 0.60 2.97 0.61 —0.09
152236 B1.5la*pe 0.58 3.23 0.71 0.27
153919 o6f 0.58 3.38 0.74 0.42 4
157038 B4la* 0.54 3.55 0.58 0.80
160529 A2la* 0.53 2.75 0.52 0.05
163800 OT7IIIf 0.66 2.83 0.29 —0.54
164740 0O7(e) 0.67 5.17 1.64 1.75 ©
166734 O8f 0.50 2.91 0.58 0.36
168607 B9Iap 0.48 3.00 0.60 0.55
VI Cyg No. 12 B8Ia* 0.45 2.77 0.50 0.47
215835 O6nn 0.49 3.42 0.63 0.92 f
2 NGC 2024 No. 1: has an infrared excess attributed to a circumstellar shell (Grasdalen, 1974)
b HD 80077: superluminous; situated in dust-embedded cluster Pismis 11 (Moffat and FitzGerald, 1977)
¢ HD 152236 ({; Sco): superluminous spectrum variable associated with mass loss (Jaschek and Jaschek, 1973)
4 HD 153919: spectroscopic binary associated with 2U 1700—37; A, value from Avery et al. (1975)
¢ HD 164740 (Herschel 36): in M 8; for discussion of spectrum see Woolf (1961)
f

HD 215835: spectroscopic binary in NGC 7380

value of 4, is 0.545 pm (SMF), equivalent to R=3.05:
this is in excellent agreement with other determinations
of the mean value of R for diffuse interstellar material
(see Whittet, 1977 and references therein).

Measures of A, in the cold dark clouds associated
with p Ophiuchi, NGC 2264 and M 78 imply R values
in the range 4—6, confirming that grain growth occurs

“in these dense regions. The largest A,,,, value measured
in the Orion nebula cluster is 0.71 pum (Breger, 1977) for
the apparently normal star BR 545. If the usual corre-
lation holds a maximum R value of 4.0 is indicated,
which is consistent with the conclusion reached by
Penston et al. (1975) that the mean extinction law in the
Orion nebula does not differ greatly from normal ex-
tinction. However, Breger deduced R~ 5.6 for BR 545
from infrared photometry and from luminosity/cluster
distance considerations. A breakdown in the normal R
— Amax COTTElation, possibly due to local changes in grain
composition, cannot be ruled out in this case.

The scatter in the A,,,—E, _x/Ep _, diagram for the
peculiar stars (Fig. 3) is very probably due to infrared
excess radiation affecting the X magnitudes, as indicated
by the correlation between Ay and E;_x/Ep _, (Fig. 4).

B

Intrinsic polarization does not appear to significantly
affect the 4,,, values of appreciably reddened emission
line stars. Evaluation of 4x [Eq. (6)] provides a means
of measuring the infrared emission : the excess radiation
in magnitudes at A=2.2 pm is 4, E; _, . The stars with

_largest excesses in Table 2 fall into three groups: super-

giants (HD 92207, 93206, 157 038), classical Oe/Be stars
(HD 52721, 110432, 120678, 148 184) and stars associ-
ated with nebulosity in regions of recent star formation
(NGC 2024 No. 1, HD 164740, HD 215835). Free-free
emission in the stellar envelope is a likely cause of the
effect (Woolf et al.,, 1970; Dyck and Milkey, 1972) ,
with radiation from heated circumstellar dust shells also
a possibility in the third case. It should be noted that not
all superluminous stars have infrared excesses: HD
80077 (B 2 Ia*e)and HD 160529 (A 2 Ia™) occupy per-
fectly normal positions in the A, —FE,_x/Ez_ , dia-
gram.
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