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Abstract. The intrinsic uvby and Hβ indices of member stars of α-Persei,
Pleiades and Scorpio-Centaurus association have been analysed in detail
for rotation effects. These stars range in spectral type from B0 to F0 and
the observed effects of rotation are found to be in agreement with photometric effects calculated by Collins & Sonneborn (1977) for rigidly rotating
B0 to F0 stars.
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1. Introduction
The need for determining the effects of rotation on the colours and line indices of stars,
and the methodology adopted together with references to the earlier work in this field
has been discussed in Paper 1 of this series in some detail (Rajamohan & Mathew
1988) Theoretical computations of rotation effects on the colours and spectral lines
were carried out by a number of investigators (Collins & Sonneborn 1977; Slettebak,
Kuzma & Collins 1980; Collins &. Smith 1985 and references therein) while Guthrie
(1963) Petrie (1965), Kraft & Wrubel (1965), Dickens, Kraft & Krzeminski (1968),
Warren (1976) attempted to relate the hydrogen line equivalent widths and colour
indices with V sin i with varying degrees of success. The works of Crawford & Barnes
(1974) and Rajamohan (1978) indicated that the c1 index is definitely affected but no
systematic work in this field had been taken up until recently to resolve the varying
results obtained by different authors. The present authors undertook such a study and
showed that in α-Persei the rotation effects in various colour indices can be firmly
established for Β and A stars (Paper 1). The works of Gray (1988) and Gray &
Garrison (1987,1989) shows that rotation effects on colours are no more a subject of
controversy. They refined the MK spectral classification system for A and F type field
stars and considered the effect of rotation on the intermediate band indices c1 and β.
In this paper we extend our analysis to Pleiades cluster and the Scorpic Centaurus
association and make a detailed comparison between observed effects and theoretical
photometric effects due to rigid rotation predicted by Collins & Sonneborn (1977).
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2.1 The Data

References to the cluster data used in this study are given in Table 1. As discussed in
Paper 1 before analysing these data for rotation effects, the factors that affect their
colours other than rotation were first taken into account. They are differential
reddening across the cluster, binary nature, peculiarity, evolutionary effects and
systematic errors in photometry. Also the use of observed indices is likely to magnify
the reddening due to rotation especially for clusters with large variable extinction.
Hence we have dereddened the colour indices before analysing for rotation effects.
The analysis of each cluster was carried out independently so that the evolutionary
effects and any systematic error in photometry are kept to a minimum. Double-lined
spectroscopic binaries and close visual doubles with a magnitude difference less than 2
were excluded. Emission-lined objects and known peculiar stars were in general
excluded and only luminosity class IV and V stars were included for data analysis. The
final group of stars left for analysis should therefore represent a sample of normal
single stars and single-lined spectroscopic binaries at the same stage of evolution.
Hence the reddening effect found should be due to rotation alone.

2.2 The Analysis
The methodology adopted is similar to that given in Paper 1. Assume that all stars in a
cluster are formed at the same time with zero rotation. A colour-colour plot then
would define, for example, the zero-age, zero-rotation, main sequence. If all the
members are single, we expect this observed sequence to have a scatter of ±0.01
magnitudes about the mean relationship purely due to observational uncertainties
alone. If some of the objects happen to be binaries, this scatter would increase
depending on the mass ratio distribution of the binary components. Further contribution to the scatter would come from the existence of circumstellar envelopes around
some stars, differences in line blanketing effects at a given mass etc. Differential
interstellar reddening across the cluster would further increase the scatter in their
observed position. We have to add the effect of rotation to all these uncertainties to
understand the observed cosmic scatter in the zero-age main sequence of a cluster.
Now a group of coeval main sequence single stars will move across the HR diagram
as they age and the rate of this shift would depend only on their masses. This of course
Table 1. References to four colour, Hβ, V sin i data for clusters.
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assumes that the rate of energy production and transport is independent of rotation
which is a reasonable assumption for early type stars.
Hence our approach to this problem was to choose stars of a given mass and age,
that are single and whose colours can be expected to be different from the mean just
because they have different rotational velocities. There is an implicit assumption that
two groups of stars of the same mass close to the main sequence but differing ages will
be affected to the same extent by rotation. If many groups are indiscriminately
combined, the mean colour for each group would be different due to the difference in
age which in effect is likely to mask the effect of rotation by making the data noisy.
The problem is that of finding a statistically significant sample of single stars of a
given mass on the main sequence at the same stage of evolution with observed colours
that are not affected due to causes other than rotation. The problem gets further
complicated by the fact that we can derive only the projected rotational velocity and i,
the inclination of the line of sight to rotation axis, is unknown. However, theory
predicts (Collins & Sonneborn 1977) that the effect of differences in true rotational
velocity ν is much larger than that due to differences in i.
Our approach, therefore, towards this problem is the following. A colour-colour
plot of chosen main sequence, presumably single, stars of a cluster will define a
sequence which depends only on the masses of the individual members. A single
intrinsic line that defines the mean relationship, also defines their position for the
mean rotational velocity of the cluster members. The advantage of this approach is
that while we use all stars to get a statistically significant sample, the intrinsic
differences in the angular momentum distribution at any given mass will not affect the
results significantly. Also we have no reason to believe for example that in a cluster the
Β stars will all be fast rotators and late A stars will all be born as slow rotators. If there
are differences between cluster to cluster, then it is taken care of automatically by
analysing the clusters independently.
We have used the data for each cluster to define its own relationship between
different colour indices. To calculate the colour excess for example in c0 a plot of β
versus c0 was made. A second order polynomial was fitted to the data for each star, a
calculated c0 value was derived using the polynomial coefficients for its observed β, we
define ∆c0, the colour excess in c0 as the observed minus computed value of c0 for its
observed value of β.

3. Results
3.1 The Effect of Rotation on the Colours of α-Persei Stars
There is a possibility that the use of observed colour indices may serve to increase the
magnitude of rotation effects found in Paper 1. Since any calibration of colour indices
must be finally done using intrinsic indices, we have reanalysed the α-Persei cluster
data in order to check whether we have overestimated the rotation effects in Paper 1.
α-Persei cluster is highly suited to check rotation effects since it has the least frequency
of binary and peculiar stars.
A procedure similar to that in Paper 1 was followed and stars in Tables 1 and 2 of
Paper 1 were reanalysed using the dereddened indices rather than the observed
indices.
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Table 2. Effect of rotation for Pleiades B stars.

3.1.1 B Stars
Δc0, the colour excess in co derived from the mean relationship between β and c0, is
plotted against V sin i in Fig. 1. The B stars of α-Persei cluster are represented by open
circles. For the α-Persei members alone, a least square solution for the residuals give

Similarly from the β (u – b)0 relation, we derive

The residuals Δ(u – b)0 are plotted against V sin i, in Fig. 2. From the β, (b – y)0
relation, we derive

The residuals, Δ(b – y)0 are plotted against V sin i in Fig. 3(a) as open circles.
The Δβ values derived from β, co and β, (u – b)0 relationships are shown as open
circles in Figs 4(a) and 5(a) respectively. For comparison, the predicted theoretical
effects (see Section 3.4) are also shown for a representative value of i = 45° and 60°.
From c0,(b – y)0, plane for the B stars in the α-Persei cluster, we find that Δ(b – y)0 is
not related to the rotational velocity of the stars in conformity with the expectations
from theory (see Section 3.4).
3.1.2 A Stars
From β, c0 for A stars in α-Persei we derive
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Figure 1. The deviations in c0 from the observed mean relation between β and c0 of Alpha
Persei (open circles) and Pleiades B-stars (filled circles) are plotted against V sin i.

Figure 2. The deviations in (u—b)0 for α Persei (open circles) and Pleiades B-stars (filled
circles) are plotted against V sin i.

Δc0 and Δβ are plotted against V sin i in Figs 6(a) and 7(a) respectively. The predicted
theoretical effects (Section 3.4) are shown for comparison. From c0, (b – y)0 relation
for A stars in α-Persei we derive
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Figure 3. The deviations in (b – y)0 derived from β (b – y)0 for (a) Alpha Persei and Pleiades
and (b) Scorpio-Centaurus association are plotted against V sin i for B-stars. The three
subgroups in Sco-Cen are denoted by different symbols. (c) Theoretical effects predicted by
Collins and Sonneborn's (1977) work for rigidly rotating B5 to B9 stars for i = 45° (filled
triangles) and i = 60° (open triangles) are shown for comparison.

Figure 4. The deviations in β derived from observed β, c0 for B-stars of (a) Alpha Persei and
Pleiades, (b) Sco-Cen association, and (c) Theoretical model predictions for i = 45° and 60° are
plotted against V sin i. Theoretical values are shown for B5 to B9 stars. Symbols are as in
Fig. 3.
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Figure 5. Δβ derived from β, (u—b)0 relation is plotted against V sin i. Other details are similar
to Fig. 4.

Figure 6. The deviations in c0 derived from (observed) β, c0 of A stars of (a) Alpha Persei,
(b) Pleiades, (c) theoretical predictions for i = 45° and 60° are plotted against V sin i.
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Figure 7. The deviations in β derived from (observed) β, co of A-stars in (a) Alpha Persei,
(b) Pleiades, and (c) theoretical predictions for i = 45° and 60° are plotted against V sin i.

Figure 8. The deviations in (b – y)0 derived from (observed) co, (b – y)0 of A stars in (a) Alpha
Persei, (b) Pleiades, and (c) theoretical predictions for i = 45° and 60° are plotted against V sin i

The colour excess Δ(b – y)0 derived from this is plotted against V sin i and is shown in
Fig. 8 along with predicted theoretical effects (Section 3.4).
Δ(b – y)0 derived from β versus (b – y)0 relation is found to be extremely small and is
not related to the rotational velocity in good agreement with theoretical predictions.
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These results are not much different from the conclusions arrived at in Paper 1.
However, the derived magnitude of the rotation effect in (u – b) for Β stars is found to
be larger with the use of observed indices compared to the derived results from
dereddened indices. The results for c1 index for both the Β and A stars are similar
whether we use dereddened or observed indices. This is as expected since the (u – b)
index is affected more by reddening than is c 1.
Gray & Garrison (1989) point out that the system calibration and dereddening
procedures for A stars are themselves affected by rotation which would cast some
doubt on the use of dereddened indices. This problem of the use of the observed
indices as opposed to the use of the dereddened indices must be looked into in greater
depth. While the dereddening procedure itself may be affected to some extent by
rotation for A stars, the use of observed colour indices for cluster members strongly
affected by variable extinction will lead to misleading results for Β stars. Probably the
variable reddening across the α-Persei cluster is not large enough to have affected our
earlier results. However, such variable reddening may be serious for very young
clusters embedded in nebulosities. We have therefore decided to use the dereddened
indices in the present paper. We will address the question of the role of reddening by
extinction and rotation finally when an attempt to calibrate these indices are made.
3.2 The Effect of Rotation on the Colours of Pleiades Stars
3.2.1 Β Stars
Amongst Β stars in Pleiades the majority belong to the category of variable radial
velocity and emission-lined objects. There are 23 stars of type Β in table 4 of Crawford
& Perry (1976). If we drop the giants, double-lined binaries, and close visual pairs with
Δm < 2.0 magnitudes, we are left with only 8 stars which can be considered as normal
main sequence objects whose colours are free from effects other than that due to
rotation. These objects are listed in Table 2. Notwithstanding the fact that this sample
is too small to warrant a separate analysis, we derived the residuals in β, c0,
(u – b)0 and (b – y)0 and have listed them in Table 2. The identification numbers for the
stars are from Hertzsprung (1947).
From a second-order polynomial fit to β, c0 values, the residuals Δc0 and Δβ were
derived. The residuals in c0 for Pleiades Β stars are superposed (in Fig. 1) over those
derived for the members of the α-Persei cluster. Similarly Δβ for Β stars in Pleiades are
superposed (in Fig. 4(a)) over those derived for the members of the α-Persei cluster.
From the combined data points, we derive

Similarly from the combined data for Pleiades and α-Persei Β stars (Fig. 2) we derive
from the β, (u – b)0 relation
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The Δ(b – y)0 derived for β, (b – y)0 are superposed over the data for α-Persei in
Fig. 3(a). The combined data points yield
For comparison in Figs 3, 4 and 5 the predicted values from Collins & Sonneborn
(1977) are also shown (see Section 3.4).
3.2.2 A Stars .
The frequency of double-lined binaries, peculiar stars, emission-lined objects and
visual binaries of small separation and small magnitude difference are very small
amongst the 32 A type stars listed by Crawford & Perry (1976) in the Pleiades cluster.
Following similar procedures we derive from β, c 0 and c0, (b – y)0 relations

These results for A stars are displayed in Figs 6(b), 7(b) and 8(b). For comparison we
also show in each of these figures the expected theoretical relationship (see Section 3.4)
from Collins & Sonneborn (1977). The residuals in c0, β and (b – y)0 for the Pleiades A
stars are listed in Table 3.
3.3 The Effect of Rotation on Colours of Scorpio-Centaurus Association Stars
The existence of different subgroups in this association and the fact that the upper
Scorpius subgroup is younger than the other two subgroups was pointed out by
Blaauw (1959, 1964). If the sample does not confirm to a homogeneous coeval group
this would introduce a spread in the observed colour–magnitude diagrams. This is
illustrated in Figs 9 and 10. A second-order common polynomial fit was determined
for the β versus co relation for the stars in the upper Centaurus and upper Scorpius
regions and the colour excess Δc0 was determined. Fig. 9 is a plot of Δc0 versus V sin i.
Only the two subgroups—upper Centaurus and upper Scorpius—are plotted. Upper
Centaurus stars are represented by open squares and upper Scorpius stars by crosses.
Similarly in Fig. 10 Δ(u – b)0 is plotted against V sin i. It is clear from Figs 9 and 10
that the upper Scorpius stars which are younger, lie below the upper Centaurus stars.
This would appear as a scatter in the diagram if all the points are plotted with the
same symbol. In order to take into account such evolutionary effects even on the main
sequence, the data analysis was carried out independently for the lower Centaurus,
upper Centaurus and upper Scorpius subgroups. Removing the binaries, peculiar and
emission-lined stars, whose colours may be affected due to reasons other than
rotation, we are left with 10 stars out of the 13 possible stars of luminosity class IV and
V in the lower Centaurus subgroup and 27 stars out of the possible 42 in the upper
Centaurus subgroup listed in table 3 of Glaspey (1971). We have analysed them
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Table 3. Effects of rotation for Pleiades A stars.

separately and the colour excesses were calculated in c0, (u – b)0, β and (b – y)0. Δβ
was calculated from both β, c0 and β, (u – b)0 relations.
One has to be careful in the choice of the stars for determining rotation effects on
colours. We illustrate this for the members of upper Scorpius subgroup. The notes
given in various papers listed in Table 1 and the work of Garrison (1967) and
Rajamohan & Pati (1980) were used for the selection of stars. Out of the 61 stars listed
by Glaspey (1971) in the upper Scorpius region 4 have no β value. 8 stars deviate
considerably in the β, c0 plot. Among these 8, HD 142983 is classified as B5III Pe and
HD 147196 as B8V nnP (Bright Star Catalogue: Hoffleit & Jaschek 1982) and
therefore are emission-lined objects. HD 142301 and HD 147890 are spectroscopically peculiar. HD 148594 is classified as B8Vnn with a V sin i value of 300 km s–1. It
was probably an emission-lined object at the time of Glaspey's observation.
HD 146332 is not a main-sequence star (B5II). That leaves HD 146029 and
HD 147889 without any specific explanation. Their V sin i values are 250 and
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Figure 9. The deviations in c0 derived from the observed β, c0 of the two large subgroups of
Scorpio-Centaurus association members are plotted against V sin i. Note the different distribution of upper Centaurus (open squares) and upper Scorpius (crosses) members due to evolutionary effects.

Figure 10. The deviations in (u – b)0 derived from the observed β, (u – b)0 of the two large
subgroups of Scorpio-Centaurus association members are plotted against V sin i. Notice the
different distributions of upper Centaurus (open squares) and upper Scorpius (crosses) members
due to evolutionary effects.

100 km s–1. Among the rest of the 49 stars 3 are giants. This leaves a sample of only 46
stars, of which 28 are apparently normal single main-sequence stars, 7 peculiar, 3
probably peculiar, 3 emission-lined objects, 3 double-lined spectroscopic binaries and
2 very close binaries with Δm less than 2 magnitudes.
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We used this sample of 28 apparently normal stars to derive the relationship
between β and c0. Seven of the objects deviate considerably while we found that six
out of the 10 peculiar stars seem to fit the Δc0 versus V sin i relationship defined by
normal single stars. Probably the line blanketing effects for these six stars are not large
enough to have affected their colours. These 27 were used to derive the relationship
between β and c0.
The deviation Δc0 for these 27 stars together with Δc0 for 27 upper Centaurus and
10 lower Centaurus members are given in Table 4 and are plotted in Fig. 11. Fig. 11
may be compared with Fig. 9 to see the effect produced by small evolutionary
differences between the subgroups even on the main sequence. Rotation effects cannot
be noticed for such groups unless this evolutionary effect is taken into account. It must
be emphasized once again that in the methodology adopted, only differences in age of
stars within a cluster will produce a scatter. Differences in age of main sequence stars
from cluster to cluster is taken care of by analysing them independently. On an
average, we still find that the upper Scorpius subgroup objects lie slightly below the
upper Centaurus subgroup. One possible cause could be the highly variable reddening
across the upper Scorpius subgroup. A least square fit excluding HD 145792 and
142669 gives

Similarly Δβ for these 27 stars together with Δβ for 27 upper Centaurus and 10 lower
Centaurus members derived from β, c0 relation are plotted in Fig. 4(b). A least square
fit gives

The same 27 stars of upper Scorpius are used to derive the relationship between β
and (u – b)0 . The deviations Δ(u – b)0 for these 27 stars together with Δ(u – b)0 for 10
lower Centaurus and 27 upper Centaurus members are plotted in Fig. 12. In the Δ(u
– b)0 versus V sin i diagram HD 129116, 144294, 142114, 144334, 145792, and 146285
are found to deviate considerably. Excluding them, we derive

Δβ for the 27 stars in upper Scorpius together with Δβ for 10 lower Centaurus and 27
upper Centaurus stars derived from β, (u – b)0 relation are plotted in Fig. 5(b). A least
square fit excluding the 6 stars listed above gives

The colour excess in (b – y)0 is calculated from β, (b – y)0 relation for the 27 stars in
the upper Scorpius and is plotted in Fig. 3(b) together with Δ(b – y)0 for 10 lower
Centaurus and 27 upper Centaurus stars. From this (excluding 145792 and 142669) we
derive

The various colour excesses due to rotation derived for the Scorpio-Centaurus
association members are given in Table 4.
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Table 4. Effect of rotation for Sco-Cen association B stars.
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Table 4. Continued.

3.4 Theoretical Predictions
3.4.1 The B-Stars
Collins & Sonneborn (1977) have calculated theoretical values of (b – y), c1, m, and β
for rigidly rotating model stars. Plots are made with β and the different predicted
colour indices at each value of i, the inclination between the line of sight and the
rotation axis for various values of fractional angular velocity ω. Fig. 13 is a plot shown
as an example between β and c1 for i = 600 and ω = 0.2, 0.5, 0.8 and 0.9 for B0 to B9
stars. The points corresponding to different ω values are marked with different
symbols and joined by dotted lines for each spectral class. The shift Δc along the xaxis for each value of ω for a given spectral type was determined from Fig. 12.
Similarly the shift Δβ along the y-axis was determined for each value of ω. This was
repeated for each value of i and the deviation in c1 and β from the relation for ω = 0.2
is given in Table 5. We chose to derive the reddening due to rotation relative to ω = 0.2
for the following reason. Observationally one derives only the projected rotational
velocity and the value of i is unknown. We do not know whether a really nonrotating,
single, normal, main-sequence star exists (Rajamohan 1978). Also for comparison of
observations with theory, it is sufficient if we derive the slope of the reddening effect
due to rotation.
In (u – b) also a similar analysis was done for various values of i and different values
of ω and for different spectral types of the stars. These deviations are given in Table 6.
As an example we have plotted in Figs 14 and 15 the deviations in Δc1 and Δ(u—b)
in Tables 5 and 6 against V sin i for a representative value of i = 60° and ω = 0.2 to 0.9
for B0 to B9 stars. It is evident that the slope of the predicted effect is a function of the
spectral type: low for B0 stars and high for B9 stars.
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Figure 11. The deviations in c0 derived from β, c0 are plotted against V sin i for ScorpioCentaurus members. Each subgroup was analysed independently and then superposed in this
figure. Lower Centaurus (filled squares), upper Centaurus (open squares) and upper Scorpius
(crosses).

Figure 12. The deviations in (u – b)0 are plotted against V sin i for Scorpio-Centaurus members. Symbols have the same meaning as in Fig. 10.

In order to compare these predictions from theoretical models of Collins and
Sonneborn (1977) we have analysed the theoretical u, v, b, y and Hp indices in a similar
way as we did for the cluster data. For this we have arranged the B stars into two
groups B0 to B3 and B5 to B9. For each group at a given value of i and different values
of ω, a second order polynomial fit was determined for the β versus c1, β versus (u – b)
and β versus (b – y) relation and the deviations Δβ, Δc, Δ(u — b) and Δ(b – y) were
determined. This was done for i = 30, 45, 60 and 90°. The slopes of the relation between
V sin i and the colour excess derived for different values of i for B5 to B9 stars are given
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Figure 13. β versus c1 plot from Collins & Sonneborn (1977) for i = 60° and ω = 0.2 (open
circles), ω = 0.5 (filled circles), ω = 0.8 (open triangles) and ω = 0.9 (filled triangles).

Figure 14. The deviations in c1 derived from Fig. 12 are plotted against V sin i for ω = 0.2
(open circles), ω = 0.5 (filled circles), ω = 0.8 (open circles) and ω = 0.9 (filled triangles). The
deviation at any given w increases from B0 to B9.

in Table 7 and for B0 to B3 stars are given in Table 8. These were derived in the
following manner. Four values of ω were assigned to each spectral type. There are four
spectral subclasses between B0 to B3 and B5 to B9 for which predicted values of β and
various colour indices are available. Hence for each group at a given value of i we have
sixteen values of various colour indices. These sixteen values were analysed the same
way as we did the cluster stars. This was repeated for the next value of i.
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Figure 15. Deviations in (u – b) derived from theoretical predictions for β, (u – b) are plotted
against V sin i. Symbols have the same meaning as in Fig. 13. Note that the slope of the rotation
effect is a function of spectral type in Figs 14 and 15.

Typical examples for i = 45° and i= 60° (32 values each set) are plotted in Figs 3c, 4c
and 5c.
3.4.2 A Stars
For A type stars, we followed a similar procedure and analysed the theoretical data
the same way as we did for cluster data. We chose the theoretical indices for A3 to F0
type stars since the α-Persei and Pleiades cluster A type groups that we analysed
contain mainly A3 to F0 type stars. For each value of i and different values of ω a
second order polynomial fit was determined for β, c1; cl, (b – y); and β, (b – y) and the
deviations Δβ, Δc and Δ(b – y) were determined. This was done for i= 30, 45, 60 and
90°. The slopes of the relation between V sin i and the colour excess derived for
different values of i are given in Table 9.

4. Discussion
4.1 The B Stars
Before analysing the available observational data for determining rotation effects, we
first had to choose a homogeneous group of stars, at a common stage of evolution,
with colours unaffected due to reasons other than rotation. However, the sample of
such a group available is small in each cluster and further division by spectral type is
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Table 5. Theoretical effects of rotation.

not possible at this stage. Therefore a comparison with theoretical predictions at each
spectral type is impossible except for B2 and B3 stars in upper Centaurus: Further,
only projected rotational velocities can be derived from observations and i remains
unknown. Therefore, the α-Persei and Pleiades Β and A stars were analysed separately. The Scorpio-Centaurus association members are all of type B. However, we
found that the predicted slope of the rotation effect for various colour indices is
strongly dependent on the spectral type. The slope increases as we go from B0 to B9.
Therefore, we decided to subdivide the B-stars into two subgroups; namely B0 to B3
and B5 to B9. The choice of this subdivision was based on the spectral type
distribution in these three clusters.
In α-Persei and Pleiades, out of the total 31 apparently normal main sequence stars
19 are in the spectral type range B5 to B9, 2 stars in the range B0 to B3 and 10 in the
range A0 to A2. In Scorpio-Centaurus association, out of the 64 apparently normal
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Table 6. Theoretical effects of rotation

Table 7. Theoretical reddening due to rotation for 100 km s-1 of V sin i for B5 to B9 stars.
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Table 8. Theoretical reddening due to rotation for 100 km s–1 of V sin i for B0 to B3 stars.

main-sequence stars, 32 are of type B5 to B9 and 32 are of spectral type B0 to B3.
Among them the V sin i values of 9 stars of type B5 to B9 are not known.
In order to compare the results of analysis of the data for these clusters with
predictions of Collins & Sonneborn (1977), the theoretical line indices were divided
into B0 to B3 and B5 to B9 groups (see Section 3.4). In Table 10, the slopes of the
observed relation between colour excess and V sin i are tabulated.
For Δc0, the observed slope for α-Persei and Pleiades members is 0.040 ± 0.003
magnitudes per 100 km s–1 of V sin i. This can be compared with the expected
theoretical value for B5 to B9 stars in Table 7. The value of the slope for Δc0 ranges
from 0.038 ± 0.004 for i = 90° to 0.058 ± 0.007 for i = 30°. We have no specific reason to
believe that the rotation axes in clusters are randomly distributed (Rajamohan 1978).
Therefore, the observed value of 0.04 for the slope of Δc0, V sin i relation for α-Persei
and Pleiades members can be deemed to be in excellent agreement with theoretical
predictions of Collins & Sonneborn (1977).
Similarly in (u – b)0, the observed effect of 0.044 ± 0.005 per 100 km s–1 of V sin i is
in excellent agreement with the average predicted value of about 0.05 for B5 to B9
stars. From β, (b – y) we derive that the effect in (b – y) is 0.004 per 100 km s–1 of
V sin i for α-Persei and Pleiades in agreement with the value of 0.003 predicted by
theory. In a colour-colour plot of. cl , (b – y) no effect is found, again in excellent
agreement with theoretical predictions. Comparison of the various observed slopes
given in Table 9 for α-Persei and Pleiades are found, in general, to be in excellent
agreement with predictions made from theory for B5 to B9 stars.
The Scorpio-Centaurus association consists of B0 to B9 stars and the average slope
derived for various colour indices are in good agreement with the average value
predicted for B0 to B9 stars. We tested this, in particular, by deriving the reddening in
c0 independently for upper Centaurus stars which are mostly B2 and B3 stars. The
derived value of 0.017 ± 0.005 for this subgroup is in excellent agreement with that
predicted by theory for B2 and B3 stars (see Fig. 16). The value derived from Collins &
Sonneborn (1977) predicted colour indices lead to a value for Δc1 of 0.018 ± 0.002 for
B2 and B3 stars.
Rotation also affects the observed spectral types at a given mass. However, this
effect is considerable only when the stars rotate close to their breakup speeds. Such
objects have already been eliminated as most of them would appear as emission-lined
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Table 10. Theoretical reddening due to rotation for 100 km s –1 of V sin i in A stars.

Figure 16. The deviations in c0 derived from β , c0 of B2, B3 stars in (a) Upper-Centaurus, (b)
theoretical predictions for i = 45° and 60° are plotted against V sin i.

objects. Only few stars rotate near breakup limits (see also Collins & Sonneborn
1977). For the large majority of the stars in Table 2–4 this effect would not be more
than one or two spectral subdivisions. The results in Tables 8 and 10 should be highly
representative for the observed spectral type groups given.
These results suggest that the main-sequence stars of type Β are probably rigid
rotators and that differential rotation for these objects can be ruled out. Gray &
Garrison (1987) suggested that the A stars in the field are probably rotating differentially. We discuss this in the next subsection on A-stars.
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Table 11. Observed reddening due to rotation for 100 km s-1 of V sin i in A stars.

4.2 A Stars
The reddening for various colour indices derived for α-Persei and Pleiades A stars
together with that derived from colour indices predicted by Collins & Sonneborn
(1977) are given in Table 11. The majority of the stars analysed for the A-group in
α-Persei and Pleiades are in the spectral type range A3 to FO. The theoretical
predictions for this spectral type range for i = 45° and 60° are in excellent agreement
with the observed values.
In fact it is a bit surprising that in spite of the various uncertainties the agreement is
excellent between observations and predictions of Collins & Sonneborn (1977) for
rigidly rotating stars. We believe that this became possible because we eliminated all
that scatter in the diagrams that would have been introduced by including doublelined binaries, emission-lined objects and highly peculiar objects. Further, by analysing each cluster separately, and each subgroup in Scorpio-Centaurus separately we
were able to eliminate most of the uncertainties that would have otherwise been
introduced.
Gray & Garrison (1989) derived a higher slope for the effect in c0 for field F-type
stars. They suggested that field F stars may be rotating differentially but that no firm
conclusion can be drawn and that the different slopes derived may also be due to
evolutionary effects. We find that differences in the evolutionary stage of the stars even
on the main sequence will introduce a large scatter in the observed effect. This is
amply demonstrated by the Scorpio-Centaurus association where we find that the two
subgroups, if analysed together, produces a large scatter in the Δc0, V sin i and Δ (u
– b)0, V sin i diagrams. Even though F stars have much longer main sequence lifetime than B-stars, evolutionary effects may be important for field F-stars.

5. Conclusion
The reddening effect due to rotation on various colour indices and Hβ is firmly
established. These effects as observed in α-Persei, Pleiades and Scorpio-Centaurus
association members, having a range in spectral type in B0 to F0, are in excellent
agreement with theoretical calculations of photometric effect due to rigid rotation by
Collins & Sonneborn (1977).
We emphasize that evolutionary effects even on the main sequence can lead to
scatter in the reddening effects if not properly taken into account. This is amply
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demonstrated by our analysis of different subgroups in the Scorpio-Centaurus association.
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