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visibilities to the observed visibility data using two fitting parameters, the orientation angle
a and the scaling factor d/d(Hipparcos). 1 show an example of the K-band image and its
Fourier transform for one of the physical models (i = 90°, 5 = 0.25) in Figure 3.4. All the
fitting results are listed in Table 3.4 in the same order of : and S as given in Table 3.2.
The columns list the inclination ¢, gravity darkening exponent 3, projected angular radius
along the minor axis (coincident with the spin axis) and along the major axis, position angle,
distance scaling factor, and reduced chi-squared of the fit. The overall best fit in this grid
(lowest x2) is indicated in bold face.

Before drawing any conclusions from the fitting results, let us first inspect how different
are the model predictions about the visibilities in Fourier space. Here I present the results
for three physical models (A: i =90° 8 =0.25; B: i =70°, 8 =0.25; C: i =90°, 3 =0) as
examples of the influence of 7 and 3 in Fourier space. I plot in Figure 3.5 the visibility curves
for each of these models in two directions (polar and equatorial). We can see that the visibility
curves of all the models vary dramatically from equatorial direction to polar direction. This
means that the star’s orientation in the sky (position angle «) will be determined easily by
a model fit to the visibility data from the baseline range of the CHARA Array observations
(gray-shaded area). This is not unexpected for the physical models since we already found
in the previous Section 3.3.1 that the fit results of simple geometric models can also lead to
secure estimates of a. We see in Figure 3.5 that the CHARA Array measurements are all
distributed within the first lobe of these visibility curves, and within this region the visibility
differences among the models are largest at longer baselines and projected angles close to

the polar direction. The sensitivity of the fits to the orientation parameter are illustrated in
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Figure 3.4: K-band image of a physical model in the sky (left) and its associated
Fourier transform visibility pattern in the (u,v) plane (right). In both cases north
is at the top and east is to the left. The dotted, black line indicates the direction
of the rotational axis for this ¢ = 90°, 8 = 0.25, and a = 85°5 model. The upper
panel of the visibility figure (right) shows a grayscale representation of the visibility
and the positions of the CHARA measurements (black squares). The lower panel
shows the normalized residuals from the fit as a gray scale intensity square against a
gray background in a point symmetric representation of the (u,v) plane. The legend
at lower left shows the intensities corresponding to normalized residuals from —5
(black) to +5 (white). Note that the best fit points appear gray and merge with the

background.

Figure 3.6, a plot of x2 versus « for model A. We see clearly that the position angle « is
better determined using the longer baseline data than all the data.

However, the model visibility curves in Figure 3.5 show that the differences related to
different selections of 3 (between A and C) and ¢ (between A and B) are much less pro-
nounced. The minimum y? value of the physical model fits in Table 3.4 occurs at grid values

of 1 =90° and 8 = 0.25, and these probably represent the best estimates for Regulus. From
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{ Rminor Rmajor o
(deg) B  (mas) (mas) (deg) d/d(Hipparcos) X2

90 0.00 0.624 0.802 874 0.988 3.95
90 0.05 0.624 0.806 87.2 0.987 3.76
90 0.10 0.626 0.810 86.8 0.984 3.58
90 0.15 0.625 0.811 &6.1 0.984 3.45
90  0.20 0.624 0.816 86.0 0.987 3.38
90 0.25 0.623 0.825 85.5 0.988 3.35
90 0.30 0.619 0.830 85.3 0.994 3.39
90 0.35 0.620 0.836 84.6 0.993 3.95
80 0.00 0.626 0.804 87.6 0.987 3.97
80 0.06 0.627 0.807 87.2 0.985 3.78
80 0.10 0.626 0.809 86.8 0.985 3.61
80 0.15 0.628 0.814 86.6 0.982 3.48
80 0.20 0.626 0.818 86.1 0.985 3.40
80 0.25 0.625 0.825 85.9 0.987 3.36
80  0.30 0.625 0.835 85.7 0.988 3.36
75 0.00 0.626 0.803 87.7 0.988 3.98
75 0.05 0.629 0.808 87.3 0.985 3.80
75 0.10 0.629 0.810 86.9 0.985 3.64
75 0.15 0.630 0.814 86.7 0.983 3.51
75 0.20 0.630 0.821 86.5 0.983 3.43
75 0.25 0.630 0.830 86.5 0.983 3.38
70  0.00 0.628 0.804 87.6 0.987 4.02
70 0.05 0.629 0.808 87.5 0.985 3.85
70 0.10 0.630 0.813 87.3 0.982 3.70
70 0.15 0.634 0.816 86.9 0.980 3.57
70 0.20 0.635 0.825 87.1 0.979 3.50
70 0.25 0.634 0.833 87.2 0.980 3.46

Table 3.4: Interferometric fit results

the grid, I show how the chi-squared residuals of the fits vary as functions of § and 7 in
Figure 3.7. We see that fits using all the visibility data produce quite shallow chi-squared
curves that admit a significant range in possible values of 5 and ¢. However, fits based upon
the subsets of longer baseline and polar direction visibility data are much more efficient in

limiting the range of possible ¢ and f.
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Figure 3.5: Predicted visibility variations with baseline for three rotation models and
two sky orientations. The upper group correspond to a baseline parallel to the minor
(rotational) axis in the sky while the lower group correspond to a baseline parallel to
the major axis. The visibility curves are shown for the cases of i = 90°, 5 = 0.25 (A;
solid lines), i = 70°, 8 = 0.25 (B; dotted lines), and i = 90°, 8 = 0 (C; dashed lines).
The spatial frequency for a given baseline is shown for a filter effective wavelength
of 2.1501 pym. The shaded region indicates the baseline range of the CHARA Array
observations.

The interpretation of the scaling factor d/d(Hipparcos) in Table 3.4 deserves some further
comments. This fitting parameter is consistently about 1—2% below unity, which means that
the physical model needs to brought in slightly closer to match the slightly larger angular
diameter found by fitting the visibility measurements. The predicted angular size comes
from the ratio of observed to model flux, so there are three potential sources to explain this

small discrepancy: (1) error in effective wavelength of the interferometric observations; (2)

error in the K-band flux estimate; and (3) error is the assigned average temperature. Each of
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Figure 3.6: A plot of the reduced chi-square x2 of the visibility fits as a function of
position angle « (for ¢ = 90° and S = 0.25). The solid line shows the reduced chi-
square for whole sample while the dotted line shows the same for the long baseline
data only.

these have accuracies of about 1%, so the size of the discrepancy between the predicted and
observed angular dimensions is consistent with expectations. If the discrepancy is purely due
to the adopted effective wavelength, then we can just assume that the Hipparcos distance is
correct and adopt the other parameters in Table 3.2 and Table 3.4 as given. If the discrepancy
is instead the result of errors in the estimate of the observed K-band flux, then we would
need to increase the radii by about 0.5 — 1% above the values quoted in Table 3.2. On the

other hand, the discrepancy could also be explained by a decrease in temperature of 1 — 2%
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Figure 3.7: Left: A plot of the reduced chi-square x? of the visibility fits as a
function of gravity darkening exponent 8 (for i = 90°). Right: A plot of the reduced
chi-square x2 of the visibility fits as a function of the rotation axis inclination angle
i (for 8 = 0.25). In both plots, the solid line shows the reduced chi-square for whole
sample (69 points). The dotted line shows the reduced chi-square of the same fits
for the long baseline data only (31 points) while the dashed line shows the same for
those long baseline data with a position angle near the orientation of the polar axis
(the 6 points most sensitive to the selection of 3).

(which would again result in slightly larger radii estimates).

3.4 Summary and Discussion

The method of combining spectroscopic and interferometric data together seems to work very
successfully in the study of the rapidly rotating B-star, Regulus. Fits of the Mg IT \4481
line can provide very accurate V sini measurements without any other prerequisites. Then
the H~ line fitting procedure combined with the K-band flux constraint lead to a restricted
parameter space for possible physical models of Regulus. Finally, fits of the interferometric
observations are quite sensitive to the brightness distribution and spin axis orientation,
factors needed to pinpoint the correct physical model. The stellar physical properties of

Regulus, such as stellar shape, space orientation, and the surface temperature distribution,



123

that were vague or totally unknown previously, become clear to us now. This is the first case
in which we can really appreciate how different a rapidly rotating star is from a non-rotating

one.
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Figure 3.8: The observed spectrum (plus signs) and the synthesized (solid line)
profiles of the best fit physical with solar abundance in the He I \4471/Mg IT 24481
region. The lower plot shows the difference between them.

Rapidly rotating stars have a large pole-to-equator temperature range, which might have
interesting consequences for spectral lines with differing temperature sensitivities. For ex-
ample, He T lines decline with lower temperature in mid- to late-type B stars, while the
Mg IT A\4481 increase in strength with lower temperature. It is possible to imagine in these

circumstances that the He I line will be preferentially formed in the polar regions compared
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to Mg II, so their relative line widths and strengths could be different in a way that is incli-
nation dependent (Stoeckley & Buscombe 1987). If Regulus had a smaller inclination angle,
for example, we would see more of the hotter polar area and less of the cooler equatorial
area, and thus observe stronger He I and weaker Mg II lines in its spectrum. However, the
strength of spectral lines does not depend only on temperature, but also on the abundance
of the element. Can we safely assume solar abundances for Regulus in the case of these two
lines? I show in Figure 3.8 the synthesized spectrum in the He T A\4471 — Mg 1T \4481 region
for the best fit physical model that we derived above, made assuming solar abundances. The
comparison of the model and observed spectra indicates that Regulus may be a He weak
star with a Mg abundance slightly higher than the solar value. Caution is advised in such
cases, since without accurate abundance data, the use of these two profiles may introduce
additional uncertainties in the inclination estimate.

One surprising result from the analysis of the interferometric data is that the simple
ellipsoidal model made almost as good a fit as the physical model did (minimum y2? =
3.42 and 3.35, respectively). We plot the images of two models together in Figure 3.9.
Their spatial orientations are similar but their shapes and brightness distributions are very
different. The radius ratio R,/R; is 1.18 and 1.32 for the ellipsoidal and the physical model,
respectively. The figure also shows the appearance of the Fourier transforms of the two
models (in a format similar to Fig. 3.5). In Fourier space, it becomes very clear that the
first lobes of the Fourier transforms of these two very different models look almost identical.
There is no doubt that both of them can make very good fits of the visibility data! We have

to look to longer baselines (in the second lobe) to distinguish between them in Fourier space.
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Figure 3.9: The visibility variations with baseline for the best fit geometric model
and best fit physical model. The layout is similar to Figure 3.5.

The lesson here is that for rapidly rotating hot stars where strong gravity darkening exists,
geometric models will not be able to recover the stellar shape accurately from visibility data
with a limited uv coverage and baseline range.

Rotation may not only influence the surface conditions (Roche geometry and the grav-
ity darkening effect), but might fundamentally change the star’s evolutionary path in the
Hertzsprung-Russell diagram (HRD). Rotation-induced mixing processes (Heger & Langer
2000; Meynet & Maeder 2000) are thought to bring more fresh hydrogen into the core of a
rotating star, which makes it shine more luminously over a longer MS lifetime. However,
even if this phenomenon does exist in rotating stars, it will be very difficult to detect in prac-

tice because it is hard to estimate the true luminosity of a rapid rotator. The observed flux
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Figure 3.10: The Hertzsprung—Russell diagram for Regulus. The two solid lines
show the track from zero age to terminal age main sequence (left to right) for non-
rotating stars with initial masses of 3 and 4M (Schaller et al. 1992), while the
dotted line and surrounding shaded area show the predicted region for a non-rotating
star with the derived mass of Regulus and its associated error. The single point at
L/Lg = 347 and < Teg >= 12901 K (from a surface integration of our numerical
model) is well above the predicted position, indicating that the star is overluminous
for its mass in comparison to models for non-rotating stars.

from a rotating star depends on its spin axis inclination, and thus the star’s total luminosity
remains unknown unless we know its surface temperature distribution and spin inclination
angle. Regulus is the only rapidly rotating star known that meets these requirements. The
evolutionary tracks for non-rotating stars with masses of 3 and 4M and the derived mass of
Regulus (3.4M) are plotted in the HRD in Figure 3.10. The gray shaded area indicates the

zone enclosed by the error associated with the derived mass. We obtain the total luminosity
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(L) of Regulus by integrating oT* over the entire surface, and we then calculate an average

effective temperature Tog using the definition (Meynet & Maeder 1997),

L = SoT4, (3.3)

where S is the area of the rotationally deformed stellar surface. We can see that Regulus is
definitely more luminous than its non-rotating counterpart would be. Unfortunately, current
model predictions for the evolutionary tracks of rotating stars have not been calculated for
masses as low as that of Regulus, but its abnormally high luminosity implies that a rotation-
induced mixing mechanism may operate in lower mass rapid rotators too.

Finally we note that Regulus is rotating so fast that its equatorial rotational velocity is
about 86% of the critical velocity at which gravitational and centrifugal accelerations are
balanced. Gas becomes so loosely bound to the photosphere in such circumstances that
any number of physical processes might lead to the ejection of gas into a circumstellar disk.
Indeed there is a group of B-type stars known as Be stars that appear to be rapid rotators
with circumstellar disks. These Be stars are usually identified by the hydrogen Ha emission
and IR excess flux from the disk. Regulus, however, shows no evidence of these disk features,
and taken at face value, this suggests that a star must rotate faster than 86% of the critical
velocity in order to form a disk and become a Be star. If correct, then Be stars must be
exceptionally fast rotators (perhaps formed by a spin up from mass transfer in a close binary

system).
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Chapter 4

Non—Radial Pulsation in ¢ Per

4.1 Introduction

The study of radial and nonradial pulsations (NRP) in stars provides one of the few obser-
vational methods for testing theoretical models of stellar structure and evolution (Gautschy
& Saio 1996; Aerts et al. 2002; Townsend 2005). Radial pulsations of stars are well known as
the source of flux, color, and radial velocity variations, but because nonradial pulsations are
more complex and may involve mutually canceling effects across the visible hemisphere of a
star, it was uncertain for many years whether or not we could detect nonradial pulsations in
unresolved stars. The situation changed dramatically about 20 years ago when it was real-
ized that the Doppler broadening caused by stellar rotation could effectively redistribute the
flux across a spectral line profile in a manner that would make traveling NRP waves visible
through time variations in profile shape (Vogt & Penrod 1983). One of the first targets to
be studied intensively for NRP spectral variability was the early-type star e Persei (45 Per,
HD 24760; B0.7 III). The spectral lines of € Per display spectacular sequences of moving
“bump” patterns that traverse the profiles from blue to red on time scales of hours (Smith

1985; Smith 1986; Smith et al. 1987; Gies & Kullavanijaya 1988; Harmanec 1989; Harmanec
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& Tarasov 1990). The most intensive spectral times series investigations by Gies et al. (1999)
and De Cat et al. (2000) indicate that e Per is a multi-mode pulsator with periods ranging
from 2 to 8 hours that have a relatively low geometric order (of degree [ = 3 — 5). The star
is also a single-lined spectroscopic binary with a possible distant third companion (Tarasov
et al. 1995; De Cat et al. 2000).

Many investigators have developed codes to model these profile variations with varying
degrees of sophistication. Lee & Saio (1990) and Lee et al. (1992) developed some of the first
realistic models for the NRP modes in rotating stars, and Saio et al. (2000) compared these
models to observations of ¢ Per with apparent success. Aerts & Waelkens (1993) developed
a first-order approximation method that is applicable to slow rotators, and these methods
were used to develop diagnostic procedures to determine NRP parameters from the observed
profiles (Schrijvers et al. 1997; Telting & Schrijvers 1997; Schrijvers & Telting 1999). An
important new code for fast rotators was developed by Townsend (1997) and it was used to
model the profile variations in the rapidly rotating Be star p Cen by Rivinius et al. (2001).
Townsend (2004) presents an informative review of the physical principles that govern the
kinds of NRP modes found in rapidly rotating stars.

Most of the studies to date have focused on the variations in only a few line profiles or
have averaged the variations over many kinds of line transitions to increase the S/N of the
observations. However, as Schrijvers & Telting (1999) and others have pointed out, lines
with differing temperature sensitivity should have somewhat different patterns of temporal
profile variability due to the temperature fluctuations associated with NRP. Here I present

an investigation of the predicted and observed profile variations for lines in the spectrum of
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€ Per. I discuss the assumptions behind our line profile synthesis method in Section 4.2, and I
present examples of the kinds of predicted spectral variability in Section 4.3. I briefly consider
in Section 4.4 the effects of multimode pulsations on the diagnostics of profile variability,
and then in Section 4.5 I compare the model synthetic and observed data to find the key

parameters for the dominant NRP mode in € Per.

4.2 Line Synthesis Methods

I begin by describing our method of calculating synthetic line profiles. The basic idea is that
the surface of the star is divided into many small patches, the specific intensity from each
area element is calculated according to its local conditions (temperature, gravity, orientation
to the line of sight, and net rotational and pulsational velocity along the line of sight), and
then I integrate all these flux contributions over the visible part of the stellar surface to form
the final line profile.

I obtain the 3-dimensional velocity field for each NRP mode using the formulae given
by Schrijvers et al. (1997). Their method uses a first-order correction scheme to account
for rotational effects, and this is a reasonable approximation when the rotation frequency
is much lower than the frequency of the NRP mode (as is the case for the modes I will
consider for € Per). The velocity amplitude and phase of each NRP mode are treated as free
parameters. Another important parameter is k£ the ratio of the horizontal to the vertical
amplitude, which is determined theoretically for a mode with degree [ and azimuthal order
m by
Q (24 ko)

k:k0+m—

oo 1+ 1) (4.1)
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where kg = GM /wy®R3, G, M and R are the gravitational constant, the stellar mass, and
radius, respectively, wqy is the zero-rotation angular frequency of pulsation, and €2 is the
rotational angular frequency of the star. Because there is no way to measure the true value
of wy, the angular frequency of pulsation in the co-rotating frame, w,, is used instead. The

relation between this two frequencies given by Schrijvers et al. (1997):

Wer = wo + mQC,,, (4.2)

where the constant (), is very small for slow rotators, and the second term in the right hand
side of the Equation (4.2) is often ignored. The value of w,, can be derived from the observed
angular frequencies of NRP modes using we, = wops + mS2.

The variation of local temperature due to NRP is another important factor for the line
profile variations (LPV), because the the continuum flux level (local brightness), intensity
profile shape, and line equivalent width are heavily dependent on the local temperature.
Buta & Smith (1979) derived a relationship between variations of local temperature and
radius,

dT -1

=~ _C
T |

Kl(l+1)— —% %eia (4.3)

where 'y, = 5/3 and the phase factor €' is added as a possible non-adiabatic phase lag a.
The leading constant C' is introduced here by us as an adjustment factor: C' = 0 means |
totally ignore the temperature variation while C' = 1 means I give a full consideration to the
temperature variation.

The intensity spectra for each area element were determined by interpolation in a large
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grid I constructed based upon the local temperature 7', gravity log g, and cosine of the angle
between the surface normal and line of sight p. The were calculated by first obtaining solar
abundance model atmospheres from the line blanketed LTE code ATLAS9 written by Robert
Kurucz, and then intensity profiles for each transition were determined over a grid of u values
using the radiative transfer code SYNSPEC (version 43) written by Ivan Hubeny (Hubeny
& Lanz 1995).

A rotating star will assume an equatorially extended shape that can be approximated
by a Roche potential for a point-source mass. The temperature will vary from hot at the
pole to cool at the equator, and the local flux will vary in concert (gravity darkening). The

temperature distribution across the surface will vary with co-latitude 6 from the pole as

(Collins & Harrington 1966)

T(0) = Ty { L%w) - 28—792:(;2(9) sinQ(H)] L [2%9%(0) sin 0 cos 9} Q}é (4.4)

where z(0) = 7(0)/Rpo and Q> = 27R} | /8GM. For example, if T choose a projected
rotational velocity of V' sini = 140 km s~! and an inclination between the spin axis and line
of sight of 7 = 70°, then the surface temperature in our model of ¢ Per ranges from 26800 K
at the equator (R = 7.0Ry) to 27600 K at the poles (R = 6.80R).

The integration is normally done using 20000 — 30000 areal elements to represent the
surface of the star. The NRP formulation is used to estimate the local temperature, velocity,
and surface normal orientation, and since the local intensity spectra are dependent on the

1 angle, they accurately account for limb darkening. The visibility criterion for each areal
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element is 7 - § > 0 where 7 is the unit vector from the center of the element to the observer
and § is the surface element normal vector. The resulting flux spectrum is rectified to a
unit continuum and broadened by convolution with an instrumental broadening function for
direct comparison with observations. Here I will examine blue spectra of ¢ Per obtained by
Gies & Kullavanijaya (1988), for which the instrumental broadening function is a Gaussian
with a width of 0.27 A FWHM.

Once the theoretical construction of line profiles is done, I need a method to compare the
results with observations. A direct comparison of model and observed profiles in observed
flux versus time is difficult because the observations are made over many cycles and phases,
and, in the case of € Per, they represent the sum of multimode beating. A simple and
appealing alternative is to examine the profile variations in Fourier transform space (Gies
& Kullavanijaya 1988). This method (dubbed the Intensity Period Search or IPS method by
Schrijvers et al. (1997)) involves making a Fourier transform of the temporal variations in line
intensity at each wavelength position across the profile. Then the periodic component of line
variability can be analyzed in terms of Fourier amplitude and phase at the signal frequency as
a function of position across the profile. The amplitude and phase variations at the primary
frequency and its first harmonic are very good indicators of the NRP properties (Schrijvers

et al. 1997; Telting & Schrijvers 1997; Schrijvers & Telting 1999).
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4.3 Variations of Local Temperature and

Non-adiabatic Phase Lag

I selected five optical lines to investigate the NRP LPV properties: Si IV AA4088,4116, Ho
A4101, C II M\4267, and Si IIT A4552. All these features were recorded in the spectra of € Per
made by Gies & Kullavanijaya(1988) and all have interesting temperature sensitivities in
the early B-type stars (see below). I calculated a grid of intensity profiles for each line and
for viewing cosine p = 0.1 — 1.0 in steps of 0.1, temperature T,z = 26000 K — 28000 K
in steps of 500°, and gravity logg = 3.5, 3.75, and 4.0. A selection of these intensity
profiles is shown in Figure 4.1 for the case of u = 1 and logg = 3.92 (logg = 3.92 is the
average value for the model A in Table 4.1). The left column shows the profiles over the
run of temperature with the hottest model profile at the top in each case (dotted line).
The right hand column shows the net line absorption as a function of temperature. This
was calculated by integrating the difference between the profile and interpolated continuum
across the profile. These are similar to the equivalent width for a rectified flux profile, but
they are flux weighted measurements instead. For example, the H¢ line (middle panel) has an
equivalent width that slowly declines with increasing temperature in the early B-stars, but
we see in Figure 4.1 how the flux weighted absorption increases with temperature because
the continuum flux is increasing faster than the decline in line strength.

I adopted physical parameters for our model star that are close those applicable to € Per
(Tarasov et al. 1995; Gies et al. 1999), and these are summarized in Table 4.1. In this section
I assume an inclination between the line of sight and the spin axis of i = 70° (see Model A

in Table 4.1), but I will explore other values in Section 4.5. The line profiles observations



135

40108 - 3 1-108¢
= = ’ e ;
3.010%F E 810t ]
6107 E
2.0:108F 3 [ ]
E 410" [ ]
1.0-108F 3 7f ]
E mu=1.0 log g=3.92 Cll4267.16 | 2.10"[ 3
E Dotted line: T=28000K 3 r 1
0] L L L L4 0
4266 4267 4268 4269
40108 3 404107
300085 .. L E 300 f——m 4
2.0:108F ~ ’ E 20107 E
_10-108F E 1.0-107 E
5 E mu=1.0 log g=3.92 Sill455262 3 E E
< E Dotted line: T=28000K —~ E
) 0] L L L L ) OE
2 4551 4552 4553 4554 g
E 50108 : \ % 1510T ; ‘ ‘ .
g E :w o
- o 1.0-10%} B
§, 8 [ ]
s E E 5.0.108 1
= 8E 3 )
2 10107 % mu=1.0 log g=3.92 H3 4101.73 § r
S o E Dotted line: T=28000K ° of
=1 EL L L L L ‘S
< 090 4095 4100 4105 4110 El
£ 5.00108 ‘ \ 2 5.0107F
@ 4008 == N L L 40107
3.0'108 ] %% 3.0.107§
2.0.108F 20107
10108 ; 7E
0°107F mu=1.0 log g=3.92 SilV 4088.86 3 1.0-10°
E Dotted line: T=28000K E
0E L L L 3 OE
4087 4088 4089 4090
5.0+10 w w w 404107
400108 ooeooeo--- s oo 304107E
3.0:108F T Ak
o 2.0:107
2.0108F E E
E 7E E
8E 1.0°10° F =
1.0-107F mu=1.0 log g=3.92 Si IV 4116.10 E ]
0§ Dotted line: T=28000K E 05 ‘ ‘ E
E L L 13 E L =
4115 4116 4117 4118 26000 26500 27000 27500 28000
Wavelength (angstrom) T (K)

Figure 4.1: Model line profiles as a function of effective temperature. The left
column shows specific intensity profiles at five temperatures (ranging from 26000 K
at bottom to 28000 K at top [dotted line] in five panels corresponding to different
lines. The right column shows the corresponding wavelength-integrated absorption
strength as a function of temperature for each of the five lines.

of € Per (Gies et al. 1999; De Cat et al. 2000) indicate that the NRP is dominated by
one mode with degree | = 4, order m = —4, and observed period P = 3.837 hours, so our
theoretical simulations are mainly focused on this mode. I created time sequences of models

profiles for the same temporal sampling of the observations of Gies & Kullavanijaya (1988)
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and then I made Fourier transforms of the line intensity time series at each wavelength point
across the profile. I then isolated the Fourier amplitude and phase at both the pulsation
frequency and twice the pulsation frequency (first harmonic frequency). These are plotted
in a series of panels in Figure 4.2. The upper plot in each panel shows the distribution
in amplitude across the line (thick line for the basic frequency and thin line for the first
harmonic), while the lower plot shows the same for phase (in units of 7). The five rows
in Figure 4.2 correspond to the five lines I investigated, and the left column shows the
results assuming no temperature variation while the right column illustrates the results with
the temperature variation included (according to eq. 4.3). Note that the amplitudes have
been normalized by dividing by the maximum central line depth in each case in order to

inter-compare the different line results more easily.

Parameter Model A Model B
i (deg) ........ 70 40
M (Mg) ....... 14.8 14.8
Vsini (km s 1) 140 140
Roolar (Ro) ---- 6.8 6.8
Requatorial (RQ) . 7.0 7.2
Tootar (K) -..... 27600 27600
Tequatorial (K) . 26800 26000
Protation (d) ... 2.37 1.68

Table 4.1: Physical Parameters of € Per

The amplitude plots in the case where the profile variations are caused mainly by Doppler
shifts associated with NRP velocity variations (left column of Figure 4.2) have a rounded
shape comparable to the rotational broadening function. The full span of non-zero amplitude

corresponds approximately to the Doppler wavelength equivalent of 2 V sin ¢, but note that
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Figure 4.2: The model line profile variations for five lines, both neglecting (left) and
including (right) the predicted temperature variations. The upper plot of each panel
shows the distribution with wavelength across the profile of the Fourier amplitude
of the line intensity variations, while the lower plot shows the variation in complex
phase across the profile. Results are plotted for the basic frequency (thick line) and
for its first harmonic (thin line). Amplitudes are normalized by the central depth
of each line. Complex phases are expressed in unit of 7. These phases extend in
wavelength over the range where the amplitude is > 5 x 1075, and beyond this range
phases are treated as constant. The models were calculated with NRP parameters
Vimax = 10 km s™!, k¥ = 0.11, and a non-adiabatic phase lag a = 0.
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different size wavelength intervals are plotted in each case. The amplitude in the primary
frequency exceeds that in the harmonic frequency because the temporal intensity variations
are almost sinusoidal in shape. The lower plots show a phase variation of approximately 2
cycles (4m) across the profile for the main frequency (and about twice that for the harmonic
frequency) that corresponds to the two cycles of variation present across the visible hemi-
sphere of the star (of the total of four cycles around the equator for this I = —m = 4 mode).
The only striking difference between the line results based upon the NRP velocity variations
alone is found for Ho (middle panel). The variations in this case are spread over a much larger
wavelength range because of the large intrinsic width of HJ (caused by collisional broadening
and the linear Stark effect), and consequently the normalized line intensity variations are
much weaker than seen in other lines (leading to a smaller maximum amplitude in Fourier
space).

The right hand column of Figure 4.2 shows the Fourier amplitudes and phases when the
temperature variations from equation 4.3 are added to the model. There are no changes
in the phase diagrams (since they reflect the same NRP geometry), but we see that the
amplitudes have all declined by varying amounts. Lines such as C IT A\4267 that are constant
or decline with increasing temperature show only a modest decrease in amplitude, while lines
like Si IV A)\4088,4116 that increase in strength with temperature (Figure 4.1, right hand
column) display larger amplitude reductions. These trends were also found by Schrijvers &
Telting (1999) for NRP modes with small k, i.e., p-modes where the NRP velocity variations
are largely vertical in direction.

We can understand why the amplitude decrease occurs by considering the relationships
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between the NRP variations (velocity and temperature) and the line profile fluctuations.
The [ = —m = 4 mode in this model is a so-called sectoral mode in which the wave patterns
resemble wedges cut to the spin axis. The wave patterns have nodes at both poles and
attain their largest amplitude at the equator. There are 4 complete cycles of radial oscilla-
tion around the equator, and the wave patterns are moving prograde, i.e., in the direction
of advancing rotation. The nodal point between radial peak and trough in the direction
of rotation corresponds to the point of maximum expansion velocity, while the nodal point
following the crest is the point of maximum contraction velocity. There is a one-to-one cor-
respondence through the Doppler effect between position along the equator and wavelength
position in the line profile for a rotating star, such that spectral contributions from the ap-
proaching limb appear in the blue wing, those on the star’s central median appear in the
line center, and those from the receding limb appear in the red wing. The NRP velocity
variations redistribute the flux in the profile such that contributions from an approaching
node are blue-shifted and those from a receding node are red-shifted, so that they act to
strengthen the profile at a position corresponding to a radial peak.

These profile fluctuations are altered when NRP temperature variations are introduced.
The coefficient in equation 4.3 is negative for the p-modes like the one we are considering, so
a radial peak will correspond to a cooler zone and a radial trough to a hotter zone. The radial
peak zone will now contribute less to the line profile because of the reduced flux associated
with cooler temperatures, and thus, the same portion of the profile that was strengthened
by the NRP velocity variations is now weakened by the temperature variation. The trend

will be exacerbated in lines that also weaken in cooler gas (or strengthen with increased
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temperature), so lines like the Si IV transitions are most affected by the NRP temperature

variations.
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Figure 4.3: Model predictions for the LPV for three adopted values of the non-
adiabatic phase lag (left: a = —45°; center: a = 0°; right: a = 45°) and three
different lines in a format similar to that of Figure 4.2. The models were calculated
with NRP parameters Vinax = 10 km s™! and k& = 0.11, and with full consideration
of temperature effects (C = 1).

I next consider the effects on the line profiles related to the inclusion of a non-adiabatic
phase lag « in equation 4.3. We show in Figure 4.3 how the Fourier amplitudes change for
phase lags of —45°, 0°, and +45° (in three columns) in the case of the lines Si IV 4116,
C 11 A\4267, and Si IIT A4552 (in three rows). Once again, we see that the differences
are quite subtle for lines modest temperature variations (C II, Si III), but the distribution
becomes asymmetric about the line center for the SiIV line that strengthens with increasing

temperature. These results generally agree with the simulations by Schrijvers & Telting



141

(1999). The loss of symmetry can be explained as a result of the different phase variations
between LPV due to the NRP velocity field and LPV due to local temperature fluctuations
across the stellar disk. For example, as the non-adiabatic phase lag shifts the hottest zone
from the center of a trough to the following node where the surface is expanding, it will
tend to strengthen the approaching component of velocity. Since this hot zone will have its
greatest contribution to the profile when it crosses the observed central meridian, it will affect
the blue side of the profile then because of the expanding NRP velocity, and the resulting
Fourier amplitude will be stronger on the blue side of the profile (the sense of the asymmetry

is the opposite for g-mode pulsations with k& > 1; Schrijvers & Telting (1999)).

4.4 Multimode NRP

The models presented thus far are for a single mode, but we know that e Per is a multimode
pulsator (Gies et al. 1999; De Cat et al. 2000). In order to investigate how the Fourier
diagnostics are affected by the presence of multimode NRP, I calculated a series of line profiles
for two NRP modes for a time span of about 38 hours (about 10 times of the period of the
dominant NRP mode in € Per). The models used the largest amplitude mode | = —m =4
considered above plus the second most important mode observed with [ = 5, m = —5, and
P = 2.268 hours. Once again I calculated the Fourier transform of the Si IV \4116 line
intensity at each wavelength point, and I show in Figure 4.4 the resulting Fourier amplitudes
and phases at the primary signal frequency and its harmonic for both the single mode and
multi-mode models. The differences are negligible, which indicates that, in some situations,

the Fourier method can be used to investigate the NRP properties at given frequencies
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Figure 4.4: The Fourier amplitude and phase distribution across the Si IV A4116
line in the format of Figure 4.2 for models including just one mode (solid lines:
[ = —m = 4, Vipax = 10 km s71) and two modes (dotted lines: | = —m = 4,
Vinax = 10 km s ! and I = —m = 5, Viyay = 5.4 km s !). The other model
parameters are ¢ = 70° and a = 45°. Note that phases for the primary frequency
are almost identical in the one and two mode cases, and the same is true for the
harmonic frequency, but in the latter case the phase curves are offset by 27 for
clarity of presentation.

even in the presence of other modes. This can be easily understood mathematically. The
influences from these NRP multi-modes are co-added into LPVs linearly. Thus, their Fourier
transforms are little influened by each other. However, in real observations, various types
of observing noise and limited and non—uniform time coverage prevent us from recovering
these NRP modes in Fourier space accurately. For these cases, a full multi-mode analysis is
still prefered.

I also found that the presence of multiple modes creates a much richer distribution of

signals in Fourier frequency space. I plot in Figure 4.5 a gray scale image of the Fourier
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Figure 4.5: A gray scale depiction of the Fourier amplitude distribution for the two
mode simulation plotted as a function of wavelength and frequency. The adopted
model frequencies are f; = 6.255 cycles day~* (I = —m = 4) and f, = 10.580
cycles day ! (I = —m = 5), and weaker signals are found at integer combinations
of these (noted at the right hand side).

amplitude as a function of wavelength across the Si IV A4116 line and temporal frequency.
We see that while the main two signal frequencies dominate, there are also many other,
weaker signals present that occur at frequencies equal to a linear combination of the two

basic model frequencies.
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4.5 Comparison with Observations

Gies & Kullavanijaya (1988) obtained spectra of many lines during their intensive time series
observations of € Per, but they limited their analysis to the Si III lines. Here we will compare
our model results and their observations from 1986 for the same five lines discussed above.
All the profiles were first shifted to the rest frame to account for Doppler shifts from orbital
motion (Tarasov et al. 1995), and then I calculated the Fourier transforms of the temporal
variations of line intensity across the profile. The model synthetic profiles were constructed
for the same time series as the observations, and their temporal Fourier transforms were

made in the same way as for the observed profiles.

Si IV: 4088.86
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Figure 4.6: The Fourier amplitude distribution across the Si IV 24088 line for model
sequences made adopting different inclination angles (from bottom to top: i = 50°,
60°, 70°, 80°, and 90°). The other model parameters are Vs = 12 kms 1, o = 45°,
and C = 1.

Our goal is to match the observed LPV in all the lines for a unique set of NRP pa-

rameters, specifically, maximum velocity amplitude V.., temperature variation factor C,
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non-adiabatic phase lag «, and inclination angle 7. I can take advantage of the results from
Section 4.3 to guide our selection of these parameters. For example, the lines C II \4267
and Si IIT A\4552 are not sensitive to the temperature parameters C' and «, so they can be
used to determine the mode amplitude V... Once the amplitude is known, I can use the
lines Si IV A\4088, 4116 to estimate the temperature parameters C' and non-adiabatic phase
lag o by the relative strength and skewness, respectively, of the their Fourier amplitude
distributions across the line. After I estimate V.., C and «, the last parameter that needs
to be determined is inclination angle 7. Since the model deals with sectoral modes that have
maximum amplitude at the equator, the observed LPV amplitude will be larger the closer
the inclination is to an equator-on orientation (i = 90°), and I show in Figure 4.6 how the
observed Fourier amplitude varies with ¢ for a fixed pulsational amplitude. However, it is
not easy to obtain a unique value of ¢ from the models in Figure 4.6, because a combination
of high inclination angle ¢ and low physical amplitude V., can give results that appear
very similar to a combination of a low i and larger Vj,.x (with only minor differences in the
amplitude distribution across the profile). The comparisons with observations of € Per for
two choices of inclination angle are illustrated in Figures 4.7 and 4.8. The ¢ = 70° model A
shown in Figure 4.7 has a velocity amplitude of Vi, = 11 km s™! while the ¢ = 40° model B
(Figure 4.8) has a velocity amplitude of V. = 24 km s~! (other parameters are listed in the
captions and Table 4.1). Unfortunately, both of these representative fits make satisfactory
matches of the observed Fourier representations of the LPV, so I cannot easily select between
them (although we note that the low inclination model was favored by Saio et al. (2000) in

order to match the rotational period with several frequency splittings between observed sig-
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nals). The overall agreement between the model and observed Fourier distributions is good
except in the case of Ho (middle panel in Figure 4.7 and Figure 4.8), where the observed
line core amplitude is stronger and the wing amplitude much weaker than predicted. This
may reflect atmospheric structure changes caused by NRP that are neglected in the model
and that would increase the relative importance of line formation in the upper atmospheric

levels where the density is lower.

4.6 Conclusions

Our main aim in this chapter was to demonstrate how the spectral line variations observed
in different line species might be used to explore the physical variations in the photosphere
related to nonradial pulsations. I have used realistic model intensity profiles for these lines
with a line profile synthesis code for slowly rotating stars to obtain reliable theoretical
simulations of LPV in many of the optical lines that can be compared directly with the
observations of pulsations in the early B-type star, € Per.

I estimate that the probable amplitude of the dominant NRP mode in € Per (I = 4,
m = —4) is approximately Vi = 24 km s7! if € Per has a low inclination angle of 7 = 40°
(or a smaller amplitude if the inclination is larger). This result agrees with a previous
analysis by Saio et al. (2000) that was based upon ultraviolet spectroscopy. However, a more
reliable estimate of Vj,,x will require a better estimate of ¢ and more detailed studies of the
LPV in specific lines.

Our results for the most temperature sensitive lines in the optical spectrum of ¢ Per

indicate that NRP related temperature fluctuations do exist in the photosphere and that
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there is a phase lag between the radial and temperature variations caused by NRP. These
fluctuations can influence the LPV in some spectral lines and alter the distribution of the
Fourier amplitude of the line intensity variations across the profile. It is possible that the
temperature phase lag results from non-adiabatic effects for the dominant mode (Cugier et
al. 1994), but the temperature shifts may also reflect the results of wave leakage in the outer
atmosphere (Townsend 2000).

However, there are still many features visible in observational data that are not well
replicated in the synthetic models. For example, most of the lines I considered show a
trough near line center in the distribution of Fourier amplitude across the line that is not
present in the Fourier amplitude curves for the model sequences. Furthermore, there are a
number of discrepancies peculiar to specific lines, such as a weaker than predicted amplitude
for Si ITT A4552 and a stronger than predicted variation in the core of Hj. These differences
may be the result of line blending problems, the need for a full non-LTE treatment of line
formation in some cases, and/or other approximations made in the model (for example, the
slow-rotator assumption may be poor if the inclination angle of € Per is < 40°). Nevertheless,
I regard these shortcomings as opportunities to probe more deeply into the physical origins

of NRP in hot stars.
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Chapter 5

Conclusions

5.1 Methodology

All the spectroscopic analysis methods used in this dissertation are based on spectrum syn-
thesis. It is more and more clear that in order to simulate properly the stellar spectra of
massive rotating stars, the spectrum synthesis calculations must be based upon realistic stel-
lar models that include the two most important features associated with rapid rotation, a
distorted shape (given by Roche geometry) and gravity darkening. Today’s powerful personal
computers allow us to run the synthesis codes even with a dense sampling of representative
points on the stellar surface, and new model atmosphere programs offer us a very solid ba-
sis for spectrum synthesis. All these practical considerations make it possible to use the
synthesis codes to create very reliable model spectra for late O- and all B-type stars.

My general procedure of spectroscopic analysis for a rotating star with an OB spectral
type can be summarized in following steps:
(1) Measure V sin: by fitting the He I A\4026,4387,4471 and Mg IT A\4481 lines.
(2) Use the measured V'sini and the observed Hy profile to determine both the surface

average temperature and gravity.
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(3) The results from steps (1) and (2) can then be used to estimate the polar gravity of the
star, and this parameter is a good indicator of stellar evolutionary status. If the spin incli-
nation angle of a star is independently determined, then its polar gravity and evolutionary
status can be accurately determined.

(4) The combination of results from above provide the basis for a realistic rotation model
for the star that can be used to predict line strengths for any assumed chemical abundance,
so that reliable abundance estimates can be obtained by line fits.

This procedure has proved to be very successful in analyzing the spectra of OB members
of young Galactic clusters. One convenient aspect of this observational program is that all
the spectral features used are nicely concentrated in a relatively narrow waveband (4000 A
4500 A) which can be easily recorded with a single spectrogram in most moderate dispersion

spectrographs.

5.2 Stellar Physics

I present here reliable data on the stellar surface properties of more than 400 cluster OB
stars, and the results make it very clear that these massive rotating stars experience a spin
down during their MS phase. The lower mass stars appear to slow down more quickly than
more massive stars do when considered on time scales normalized to their main sequence
lifetimes. This partially confirms the theoretical predictions about evolution of stellar rota-
tion. However, rotation theories (Meynet & Maeder 2000; Heger & Langer 2000) predict a
faster spin down for more massive stars due to their larger mass loss rates (stronger stellar

winds), which does not seem to be the case in our sample. The lowest mass considered in
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these theoretical models is ~ 8M, and I suspect that the spin down mechanism may be
more complicated in the lower mass stars of the my sample.

The surface He abundance data present a complicated picture. I find that in the high
mass group (M > 8.5M), the He abundance gradually increases as stars evolve through the
MS phase, and the increase seems related to stellar rotation in the sense that the more rapidly
stars rotate, the more He is found in their atmosphere. This discovery agrees very well with
theoretical predictions. However, I find a huge range in the measured He abundance for the
low mass group (with Teg < 23000 K). A lot of helium peculiar stars (both He-strong and
He-weak) are present in this group, and the large scatter in He abundance makes the search
for evolutionary trends impossible. The stars of the lower mass group have two striking
properties: they appear to spin down more quickly than predicted, and they include large
numbers of helium peculiar stars. One possible explanation is that these stars may have
strong magnetic fields that could alter the surface helium abundance and slow them down
by transfer of their angular momentum to their surroundings.

I also applied spectral synthesis methods to the interferometric observations of a nearby
rapidly rotating B star, Regulus. By combining the results from both spectroscopic and
interferometric analyses, the shape, space orientation, mass, and surface temperature distri-
bution of Regulus are firmly determined. For first time, the gravity darkening phenomenon is
confirmed in a single-star system. The unusually high luminosity found in Regulus seems to
agree with the theoretical prediction that rapidly rotating stars can become more luminous
as rotationally-induced mixing brings more hydrogen down into core.

Finally, I demonstrated that the synthesis code can also be used to simulate the surface
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oscillations caused by nonradial pulsation (NRP), and I compared the predicted line profile
variations (LPVs) with those observed in the spectra of the variable star € Per (B0.7 III)
The analysis indicates that the NRPs of € Per do indeed cause associated local temperature

variations that are not synchronized with the radial oscillation (non-adiabatic phase lag).

5.3 Future Work

The spectrum synthesis and spectroscopic methods discussed here have led to many fruitful
results in several related research areas. These examples demonstrate the power of these
techniques to address many new questions in stellar astrophysics.

The methods themselves are always open to improvements. It is possible to consider
numerical schemes that will converge faster to find the best fit temperature, gravity, and
projected rotational velocity. There are obvious advantages to extending the methods to
the hotter O-type stars and cooler A-type stars. However, work on the hotter stars will
require the use of fully line-blanketed non—LTE model atmospheres for the input grid. Fur-
thermore, grids for different line transitions will need to explored for application in these
hotter and cooler temperature regimes where many of the lines examined here disappear.
The abundance work could also be greatly improved by considering many other spectral
lines. For example, the microturbulent velocity could be measured rather than just adopted
by studying the line strengths of very strong and weak metallic lines (Gies & Lambert 1992;
Gummersbach et al. 1998).

It would be very interesting to try to verify our results on stars where we have indepen-

dent estimates of their radius and mass. This could be accomplished by obtaining similar
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kinds of spectra of detached eclipsing binary stars for which we know masses, radii, and
temperatures from studies of their orbital radial velocity and light curves. The Doppler
tomography algorithm could be used to make a clean separation of the spectral features of
both components, which in turn could be studied by line synthesis methods.

Many interesting objects turned up in my cluster survey, and it would be very exciting to
get additional spectra to study these cases. We found several fast rotators near the TAMS,
and the origin of their fast rotation is a puzzle. Were these stars spun up during the core
shrinking phase as rotation theories predict or were they spun up by mass exchange in close
binaries? A radial velocity program of observations on these targets could decide the issue
by searching for the orbital Doppler shifts that would be present if the stars are members
of close binary systems. The extreme He-strong and He-weak stars identified in the survey
are almost certainly magnetic stars, and it will be important to search for the abundance
anomalies in other elements that are often found in such He-peculiar stars.

The cluster survey as a whole is a large sample, but for many clusters the total number
of stars is insufficient for statistical analyses. The results are naturally concentrated on
the brightest stars in these young clusters, and it will be very important to pursue similar
investigations of the fainter and lower mass cluster stars to test theories of spin evolution
with cluster age.

The detailed studies of individual stars like Regulus and € Per show that they offer many
opportunities to explore the nature of rotation and pulsation in massive stars. The models
for chemical mixing in rotating stars also predict changes in the CNO abundances. These

metallic lines are generally weaker and become exceptionally shallow and broad in the rapidly
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rotating stars, so it is very difficult to measure their abundances. However, spectrum synthe-
sis models could accurately predict the shapes and strengths of these often blended features,
and a comparison of the synthetic spectra with high S/N observations would provide an
exciting test of the CNO abundances. The case of Regulus demonstrates the remarkable
opportunities that exist to combine spectrum synthesis work with new interferometric ob-
servations of the angularly resolved stars. The analysis of Regulus resolved the issue of its
spin inclination and gravity darkening, so that we could estimate the star’s actual rotational
velocity and placement in the Hertzsprung-Russell diagram. These kinds of investigations
offer us the means to test for the first time the evolutionary models for rapidly rotating stars.
It will be especially informative to launch new spectroscopic and interferometric programs of
observations on the fastest rotating stars, in particular the Be stars. Such observations will
help us solve the age old question of how close to critical rotation a star must be in order
to eject gas into a circumstellar disk. This combination of spectroscopic and interferometric

work will allow us to tackle questions that until now have been the stuff of dreams.
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Appendix A

Programs

A.1 Spectral Line Synthesis

A.1.1 Associated Programs

The first IDL program attached here calculates the Roche geometry z(0) (= r(0)/r,). I
do not follow the formal solution (1.3) given in Section 1.3.1. Instead, a Newton-Raphson
iterative algorithm is used in the program, which often reachs very high accuracy in just two

or three iterations.

FUNCTION roche, accuracy, beta, stheta ; Roche Geometry

3355553535355 555535353535555595333333333555955333333333333333333333
; Revised by Wenjin Huang 06/22/05

; This function returns the radius in a rapidly rotating star

; with a shape defined by the Roche potential.

; The returned value is given as a fractional of the polar radius.
; beta= 0.5 omega”2 rpstar”3 / ( G mass )

; stheta= sin (theta) for theta = polar angle (spherical coords.)

; A Newton-Raphson iterative method is used to solve:

; 1/x + beta * stheta™2 * x"2 - 1 =0

a=beta*stheta*stheta

x=(1.-2.%a)/(1.-3.%a)

eps=1.

repeat begin ; Iterate for solution
xnew=(x + (x-1.5)/(3.*a*x*x-1.))/1.5
eps=abs (xnew-x)
xX=xnew

endrep until (eps 1t accuracy)

return,x
end

The second IDL program handles convolution calculations which are required when the
instrumental broadening is considered (see Section 1.4).

PRO line_convol, wave, line, d_wave, gauss_n, gauss_a
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; Written by Wenjin Huang 06/22/05

; line ---- the input line profile, and the output convolved profile
; wave ---- uniformly spaced wavelength grid

; d_wave ---- wave(l)-wave(0)

; gauss_n ---- 5 or bigger integer (5 is big enough for good

numerical accuracy)

; gauss_a —--- Gaussian f(x)“exp((x-x0)/a"2)

pi=3.1415926536

n=(size(wave)) (1)

line_conv=fltarr(n)

if gauss_a gt 0. then begin
;temp=’ °’
hf_n=fix(gauss_n*gauss_a/d_wave)
full_n=2xhf_n+1

gauss=fltarr(full_n)
cl=1./sqrt(pi)/gauss_a
c2=d_wave/gauss_a
x=indgen(full_n)
x=(x-hf_n)*(x-hf_n)*c2*c2

gauss=cl*exp(-x)

for iw=0, n-1 do begin
for icn=iw-hf_n, iw+hf_n do begin
ig=iw+hf_n-icn
itmp=icn
itmp=(itmp > 0)
itmp=(itmp < (n-1))
line_conv(iw)=1line_conv(iw)+line(itmp)*gauss(ig)
endfor
endfor
line=line_conv*d_wave
endif
;plot,wave,line
;oplot,wave,line_conv

;read,’ Enter to continue ’,temp

return
end

A.1.2 Synthesis Programs

It is definitely not an exaggeration to say that this IDL program is the representative of core
programs used throughout the entire work. All synthesized spectra of rotating model stars
presented in this work are calculated by this or similar programs. Most of the differences
of these core programs are trivial, mainly due to slightly different formats of input specific

intensity data prepared from other programs.



PRO prof_rotation,box,line_name,star_type,inclin_org,vsini,wav,line

; Written by Wenjin Huang 06/22/05

; Calculate rotational-broadening line profile with Roche geometry
; and gravity darkening effect (beta = 0.25, coded in program)

; box --- box(nt, ngrav, nmupts, nwavpts), storing specific
intensity data.

; star_type ---- program gets all stellar parameters through it
; vsini (km s~(-1))

; inclin_org ---- inclination angle in deg

; wav, line ---- output wavelength grid and line profile

; Note: if inclin_org=0, then vsini will be used as veq

pi=3.141592654

pi_hf=pi/2.

convert=pi/180.

c=2.997925E+05 ; in km/s
rsun=695990. ; solar radius in km

sft_factor=vsini/c

dir_startype=’"/Regulus/idl/star_prm/’

name_type=’ ’

5 ok ok ke ko ok ok sk ko ok ks sk ks ok ok s s o ok ok ok ks sk ks s ok s o ks ok sk sk ok ks sk ok ok sk sk ok sk ok ook sk ok
openr, 1, ’~/Regulus/idl/synspec/’+line_name+’/trimmed/prm.dat’
readf, 1, ntemp, ngrav, nmupts, nwavpts

readf, 1, tunit, lgunit, muunit, wavgridunit

readf, 1, tempO, logg0, mu0, wav0

1
close, 1

delwav=0.04 ; output wavelength unit in \AA

; wavelength grid for box
boxwav=wavO+wavgridunit*indgen(nwavpts)
nwav=fix((boxwav(nwavpts-1)*(1.-sft_factor) §

-boxwav(0)*(1.+sft_factor))/delwav)
wav=boxwav(0)*(1.+sft_factor)+delwav*indgen(nwav)
line=fltarr(nwav)

5 okokookook ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok k ok sk ok sk ok ok ok ok sk ok ok sk ok sk sk sk sk ok ok

5 3Kk ok ok ok ok ks ok ook ook ok ok o K oo ok o R R o ok ok K o K o ok sk o ok o ok o o ok ok ko K o o ok o ok ok
; Parameters Related to Numerical Calculation

5 skokok ok ks ks sk ok sk ok sk ok sk ok ok sk ks ks ok sk sk s ko sk ks ok sk ok sk ok sk sk sk sk ok ok ok ok
nsurf=40000

accur_roche=0.00001

5 2% 3Kk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok sk ok ok ok ok sk ok sk ok ok ok ok ko ok ok

5 ok sk ok ok sk ok ok sk ks ks ks ok ok sk ks ok s ok ok sk ks ks ko ok ks ok s ok ok sk ks ok sk ko ok ks ks ok ok sk ok
; Determine grid points for surface integration
; Use spherical coordinates (r, theta, phi)

; Choose elements of approximately equal area
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; ntheta= no. of theta points
ntheta=2*fix(sqrt(pi*nsurf)/4.+0.5)
print, ’ Number of theta points = ’, ntheta
; theta= array of theta points
dtheta=pi/ntheta
theta=dtheta*(indgen(ntheta)+0.5)
; Calculate sin and cos of theta
stheta=sin(theta)
ctheta=cos(theta)
ss_theta=stheta*stheta
sc_theta=stheta*ctheta
; nphi= no. of phi points (depends on theta)
nphimax=2*ntheta
print,’ Number of phi points < ’, nphimax
phi=fltarr(nphimax,ntheta)
nphi=fix(stheta*nphimax+0.5)
dphi=2.*pi/nphi
for it=0,ntheta-1 do begin
for ip=0,nphi(it)-1 do phi(ip,it)=dphi(it)*(ip+0.5)
endfor
sphi=sin(phi)
cphi=cos(phi)
ds=stheta*dtheta*dphi

5 2% 3k ok ok ok ok ok ok ok ok ok ok ok ke ok ok ok ok ok ok ok ke ke ok ok ok sk e ok ke ok ok ok ok ke ok ok ok sk o o ok ok ok ok ok ok ok ok ok o ok ok ok ok ok ok ok ok ok

5 skokok ok ks ks ok sk ok sk ok sk sk sk ok sk ok sk skl sk sk ko sk sk sk ks sk sk sk ks sk sk sk ks sk sk sk ok sk ok ok ok ok
; Input Basic Stellar Parameters

5 skokok ok ks ks ok sk ok sk ok sk sk sk ok sk ok sk skl sk sk ko sk sk sk ks sk sk sk ks sk sk sk ks sk sk sk ok sk ok ok ok ok
openr,1, dir_startype+star_type+’.dat’

readf,1,name_type

readf,1,rpstar,mass,tpeff ; rpstar, mass in solar units
close,1

const1=1.270135E+6*rpstar~3/mass
lg_fact=4.437723+alogl0(mass/(rpstar*rpstar))

5 ook ook ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok ook ok sk ok sk ok ok ok ok ok ok ok sk ok ok sk sk sk sk skok ok

5 3k ok sk ko ok ok s ok sk o ok sk ok sk o o sk sk ks o ok sk ok ok sk ok sk ok sk sk ke ok sk sk ok sk o o ks ok sk ok o ok sk ok
5 3ok ke ok ok ok ks ks ks ok sk ok ok o ok o o sk o K ok o ok sk o R sk ok o K ok o o o ok s ks ook ok K o K o o ok o K
inclin=convert*inclin_org
nadir=inclin+pi_hf
sincl=sin(inclin)

cincl=cos(inclin)

; Determine radius and dr/dtheta as a function of theta
r=fltarr(ntheta)

xr=fltarr(ntheta)

slp=fltarr(ntheta)

print,’

print,’ V-critical = ’, 356.56*sqrt(mass/rpstar), ’ km/s’
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; Calculate Roche geometry for a rotating star

if (inclin gt 0.) then veq=vsini/sincl else begin
veq=vsini
vsini=0.

endelse

print,’ i =’,inclin_org,’ Vsini =’,vsini,’ Veq =’,veq
xeq=1./(1.-3.767392E-12*veq*veq*rsun*rpstar/mass)
requator=rpstar*xeq

print, ’ R(eq.), R(pole) = ’, requator, rpstar

omega=veq/rsun/requator
beta=constl*omega*omega
const2=2.%*beta

const3=3.%*beta

for it=0, ntheta-1 do begin
xr(it)=roche(accur_roche,beta,stheta(it))
r(it)=xr(it)*rpstar
slp(it)=const2*sc_theta(it)/(1./xr(it)/xr(it)-const3*ss_theta(it))
endfor

; Form theta constants used in determining mu
angl=theta-atan(slp) ; angle between normal and spin axis
sangl=sin(ang1)

cangl=cos(angl)

; find the top theta value for the integration

ang2=nadir-angil

ittop=ntheta/2 ; ittop always >= ntheta/2
ittopO=ittop
while (ittop 1t ntheta and ang2(ittop0) gt 0. ) do begin
ittop=ittop+1
ittopO=(ittop < (ntheta-1))
endwhile
ittop=ittop-1

; Rotational velocity:

vrot=omega*r*rsun*stheta

; Area element

areael=r*r*ds*sqrt(1l.+slp*slp)

; Calculate the temperature as a function of theta due

; to gravity darkening. See Collins and Harrington 1966,

; Ap J, 146, 152 (a typo on this page, corrected below),

; for derivation of g(theta).

; Assume von Zeipel law: T(theta)=T(pole) (g(theta)/g(pole))~0.25
temp=fltarr(ntheta)

gn=1./(xr*xr)-const2*xr*stheta*stheta
gn=gnxgn
gn=gn+(const2*xr*stheta*ctheta) 2
temp=tpeff*gn~0.125 ; ~(beta/2)



tmin=temp(ntheta/2)
tmax=tpeff

print,’ Temperature range: ’, tmin,tmax

log_g=1g_fact+.5%alogl0(gn)
loggmin=log_g(ntheta/2)

loggmax=1g_fact

print,’ Log (g) range: ’, loggmin, loggmax

tmp_3=vrot*sincl/c ; saving time

ss=0.
avr_t=0.
avr_logg=0.

; Next loop - for each theta angle
for it=0,ittop do begin

tf=(temp(it)-temp0)/tunit
ti=fix(tf)

ti=(ti > 0)

ti=(ti < (ntemp-2))
tf=tf-ti

i_t=1.-tf

lgf=(log_g(it)-logg0)/lgunit
lgi=fix(lgf)

lgi=(1lgi > 0)

lgi=(1lgi < (ngrav-2))
lgf=1gf-1gi

ilg=1.-1gf

tmp_l=sincl*sangl(it)
tmp_2=cincl*cangl (it)

red_boxl1=i_t*(i_lg*box(*,*,ti,1gi)+1gf*box(*,*,ti,1lgi+1))+
tfx(i_lg*box(*,*,ti+1,1gi)+1lgf*box(*,*,ti+1,1gi+1))

for ip=0,nphi(it)-1 do begin
mu=tmp_1%cphi(ip,it)+tmp_2

; if mu > O then surface element is visible

if (mu gt 0.) then begin ; Include element in integration

; Calculate projected surface area

area=mu*areael(it)

muf=(mu-mu0) /muunit
mui=fix(muf)

mui=(mui > 0)
mui=(mui < (nmupts-2))
muf=muf-mui

i_mu=1.-muf

red_box2=i_mu*red_box1 (*,mui)+muf*red_boxl(*,mui+1)

; Calculate Doppler shift to correct position
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wavshift=boxwav*(1l.+tmp_3(it)*sphi(ip,it))

; calculate the contribution of the element area
ploc=interpol(red_box2, wavshift, wav)

line=line+ploc*area

wgt=area*ploc(0)

ss=ss+ugt
avr_t=avr_t+temp(it)*ugt
avr_logg=avr_logg+log_g(it)*ugt

endif ; for mu > 0
endfor ; end of phi loop
endfor ; end of theta loop

print, ’ Average T =7, avr_t/ss ; flux-wighted avr
print, ’ Average Log g = ’, avr_logg/ss ; flux-wighted avr

; Normalize line profile to a unit continuum
normal=line(0)+indgen(nwav)*(line(nwav-1)-1ine(0))/(nwav-1.)
line=line/normal

equw=total(l.-line)*delwav
print, > E.W. =, eqw ; equivalent width

return

end
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The second program is also for spectrum synthesis. It is much simplified because it is

designed for the “virtual star” model only (see Section 2.4).

PRO virtual_star_hl, box, t, logg, vsini, wav, line, eqw

; Written by Wenjin Huang 06/22/05

; spectrum synthesis for a "virtual star"

; no roche geometry. no grav. darkening

; only 3 parameters for the model: t, logg, and vsini

; see section 2.4 in dissertation.

; box --- storing the intrinsic line profile data of H-gamma
; wav, line --- output line profile

pi=3.141592654
pi_hf=pi/2.
convert=pi/180.
c=2.997925E+05 ; in km/s

sft_factor=vsini/c

ntemp=11
ngrav=10
nmupts=20
nwavpts=5941

tunit=2000.
lgunit=0.2
muunit=0.05
boxwav=4281.1+0.02*indgen (nwavpts)

temp0=10000.
logg0=2.6
mu0=0.05

delwav=0.04

nwav=Ffix((boxwav(nwavpts-1)*(1.-sft_factor) §
-boxwav(0)*(1.+sft_factor))/delwav)
wav=boxwav(0)*(1.+sft_factor)+delwav*indgen(nwav)

line=fltarr(nwav)

;1g0, 1lgn, accuml_n help define the data structure in ’box’
lgo=[2.6, 2.6, 2.6, 2.6, 2.6, 2.6, 2.6, 2.8, 3., 3.2, 3.4]
lgn=[10,10,10,10,10,10,10,9,8,7,6]
accuml_n=[0,10,20,30,40,50,60,70,79,87,94]

total_n=100 ;lgn(ntemp-1)+accuml_n(ntemp-1)
t_index=indgen(ntemp)

logt=alog10(tempO+tunit*t_index)
§ KRR AR KA K AR KKK KKK K KKK KK KoK KKK KK ook K ok KK oK ook kK ok K o
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5 ok ke ok ok ko ok ok ook ook ok ok ok o K ok o ook o R R o ok ok K o ko o sk o ok o ok o o ok ok ko K o o ok o ok ok
; Parameters Related to Numerical Calculation

5 skokokokskoksk sk ok sk ok sk ok sk ok sk ok ok sk ok sk ks ks sk sk sk ko sk ks ok sk ok sk ok sk sk ok sk sk ok ok ok ok
nsurf = 20000

5 eokokeok ook ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok sk ok ok ok ok ok ok ok ook ok sk sk sk ok ok

5 skokokokokok ok ksk sk stk stk ko sk sk ok ok ko sk kot ok sk ko sk sk ok sk ok ok sk ok sk sk sk ks ok ok ok ok ok
; Determine grid points for surface integration
; Use spherical coordinates (r, theta, phi)
; Choose elements of approximately equal area
5 skokokokokokskksk sk sk stk sk ok sk sk sk sk sk ki sk ki sk sk sk ok sk ok ok sk ok sk sk ko sk ksk ok ok sk ok ok
; ntheta= no. of theta points
ntheta=2*fix(sqrt(pi*nsurf)/4.+0.5)
; print, ’ Number of theta points = ’, ntheta
; theta= array of theta points
dtheta=pi/ntheta
theta=dtheta*(indgen(ntheta)+0.5)
; Calculate sin and cos of theta
stheta=sin(theta)
ctheta=cos(theta)
; nphi= no. of phi points (depends on theta)
nphimax=2*ntheta
; print,’ Number of phi points < ’, nphimax
phi=fltarr(nphimax,ntheta)
nphi=fix(stheta*nphimax+0.5)
dphi=2.*pi/nphi
for it=0,ntheta-1 do begin
for ip=0,nphi(it)-1 do phi(ip,it)=dphi(it)*(ip+0.5)
endfor
sphi=sin(phi)
cphi=cos(phi)
ds=stheta*dtheta*dphi
5 kokskokoskokskok ok skok stk ok ok ok ok kb sk ok ok sk ook sk oksk sk kb sk ksl sk sk ki sk sk ok sk ok ok ok ok ok

5 okokok ook ko ook ok ok ok ok ok sk ok ks sk sk sk ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok sk ok ok ok ok ok ok sk sk ok ok skokskok skok ok

print,’ Vsini =’,vsini, ’ km/s’

print,’ Temperature: ’, t

print,’ Log (g): ’, logg

log_temp=alog10(t)

tf=interpol(t_index,logt,log_temp) ; (t-temp0)/tunit -- linear interpolation
ti=fix(tf)

ti=(ti > 0)

ti=(ti < (ntemp-2))

tf=tf-ti

i_t=1.-tf

1gf0=(logg-1g0(ti))/1lgunit
lgi=fix(1gf0)

1lgi=(1gi > 0)

lgi=(lgi < (1gn(ti)-2))
1gf0=1gf0-1gi



i_1g0=1.-1gf0

t0g0=accuml_n(ti)+1lgi
t0g1=t0g0+1

1gf1=(logg-1g0(ti+1))/1lgunit
lgi=fix(1gfl)

lgi=(lgi > 0)

1gi=(1gi < (1gn(ti+1)-2))
lgfi=1gfi-1gi

i_lgl=1.-1gf1

tig0=accuml_n(ti+1)+1gi
tlgl=t1g0+1

a_t0g0=i_t*i_1g0
a_tOgl=i_tx*1gf0
a_tlgO=tfx*i_lgl
a_tlgl=tfxlgfl

red_boxl=a_t0g0*box(*,*,t0g0)+a_t0gl*box(*,*,t0gl)+ $
a_t1g0*box (*,*,t1g0)+a_tigl*box(*,*,t1gl)

; Next loop - for each theta angle
for it=0, ntheta-1 do begin

tmp_3=sft_factor*stheta(it)

for ip=0,nphi(it)-1 do begin
mu=stheta(it)*cphi(ip,it)

if (mu gt 0.) then begin

if mu > O then surface element is visible

; Calculate projected surface area

area=mux*ds(it)

muf=(mu-mu0) /muunit
mui=fix(muf)

mui=(mui > 0)
mui=(mui < (nmupts-2))
muf=muf-mui

i_mu=1.-muf
red_box2=i_mu*red_box1 (*,mui)+muf*red_box1 (*,mui+1)

; Calculate Doppler shift to correct position
wavshift=boxwav#*(1.+tmp_3*sphi(ip,it))

; calculate the contribution of the element area
ploc=interpol(red_box2, wavshift, wav)

line=line+ploc*area

endif ; for mu > 0

endfor ; end of phi loop

endfor ; end of theta loop

; Include element in integration
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; Normalize line profile to a unit continuum
normal=line(0)+indgen(nwav)*(line(nwav-1)-1ine(0))/(nwav-1.)

line=line/normal
eqw=total(l.-line)*delwav
print, ’ E.W. = 7, eqw

return

end

A.2 Interferometric Related Programs

A.2.1 Make Images
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The first program generates a uniform disk (UD) image with an ellipsoidal shape. The input

parameter (the minor axis) and the size of the output image are given in solar radius to ensure

that the output images are compatible with the visibility computing code in Appendix A.2.2

PRO make_elp, rpstar,ratio, ra,fpic

; Written by Wenjin Huang 06/22/05
; This Program make Uniform Disk (UD) Image with elliptical or

; circular shape.

; rpstar --- minor axis
; ratio ---- major axis/minor axis
; ra ———-—---- the position angle of the minor axis

; from north trough east in degrees

; fpic ----- output image, a 2D array with a default size 513X513

; (resol=512 in the program). the true size of the output
H image is coded by r_range = 1.6*rpstar in program

pi=3.14159265
re=rpstar*ratio

resol=513
center=fix(resol/2.)
x=long(indgen(resol)-center)
y=x

x2=x"2

y2=y~2

ra=ra*pi/180.

fpic=fltarr(resol,resol)

5 3Kk ok ok ok ks ks ook ok ok ok ok ok ko K ok o K ok ok o sk o K ook sk ok K ok o o ok s ko ook ok K o K o o ok o K
r_range=1.6*rpstar
px_size=r_range*2./resol

5 3% 3K ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ke ok ok ok ok ok sk ke ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok

for i=0,resol-1 do begin

for j=0, resol-1 do begin
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r=sqrt(x2(i)+y2(j))*px_size

theta~atan(y(j),x(i))-ra

rO=re*rpstar/sqrt ((rpstar*cos(theta)) "2+(rexsin(theta))"2)
fpic(i,j)=0

if r le r0 then fpic(i,j)=255

endfor

endfor
tvscl,fpic

return

end

The second program prepares a projected disk image of a phyisical model of a rotating

star at a given wavelength, which is defined by the input specific intensity data.

; Written by Wenjin Huang 06/22/05

; box --- box(t_n, lg_n, mu_n), 3D array storing specific intensity

; data

; mass, rpstar, tpeff ---- stellar mass, polar radius (in solar units)

; and polar temperature (K)
; vsini (km s~(-1))

; inclin_org ---- inclination angle in degree

; bt ---- gravity darkening exponent, for ex. bt=0.25 for radiative
; envelope

; fpic ---- output image, a 2D array with a default size 513X513

(resol+1=513 in the program). The true size of the output
H image is coded by r_range = 1.6*rpstar in program

pi=3.141592654

pi_hf=pi/2.

convert=pi/180.

c=2.997925E+05 ; in km/s
rsun=695990. ; solar radius in km

resol=512.

; Following based on box
t_n=8
lg_n=10

mu_n=20

t_unit=2000.
lg_unit=0.2

mu_unit=0.05

t_grid=8000.+t_unit*indgen(t_n)
lg_grid=2.6+1g_unit*indgen(lg_n)

mu_grid=mu_unit*indgen(mu_n)+0.05



print,’ V-critical = ’, 356.55*sqrt(mass/rpstar), ’> km/s’

5 ok ok ke koo ke s ok sk ks s ok sk ks s o ok ok o ks sk ks s ok sk o ks ok sk sk ke ks sk ok ok sk sk ok sk sk ok sk ok
; Parameters Related to Numerical Calculation

5 ok ok ke koo ke s ok sk ks s ok sk ks s o ok ok o ks sk ks s ok sk o ks ok sk sk ke ks sk ok ok sk sk ok sk sk ok sk ok
nsurf = 20000

accur_roche = 0.00001

3k 3k ok 3k 2k 3k ok % ok ok ok 3k ok ok 3k 3k ok ok 3k 5k 3k 3k 3k ok ok ok 3k ok sk ok ok 3k ok ok %k ok k

5 skokskokoskokskokskok sk sk ko ko ko ko sk ok sk sk sk skl sk ko sk ks ok sk ok ok sk ok sk sk ko sk sk sk sk ok ok
; Determine grid points for surface integration
; Use spherical coordinates (r, theta, phi)
; Choose elements of approximately equal area
5 sk ok sk ok sk ok sk ok sk sk sk sk sk ko o sk ok sk ok o sk sk s sk sk ok sk o sk ok ok sk ok sk sk sk sk sk o ok ok
; ntheta= no. of theta points
ntheta=2*fix(sqrt(pi*nsurf)/4.+0.5)
print, ’ Number of theta points = ’, ntheta
; theta= array of theta points
dtheta=pi/ntheta
theta=dtheta*(indgen(ntheta)+0.5)
; Calculate sin and cos of theta
stheta=sin(theta)
ctheta=cos(theta)
ss_theta=stheta*stheta
sc_theta=stheta*ctheta
; nphi= no. of phi points (depends on theta)
nphimax=2*ntheta
print,’ Number of phi points < ’, nphimax
phi=fltarr(nphimax,ntheta)
nphi=fix(stheta*nphimax+0.5)
dphi=2.*pi/nphi
for it=0,ntheta-1 do begin
for ip=0,nphi(it)-1 do phi(ip,it)=dphi(it)*(ip+0.5)
endfor
sphi=sin(phi)
cphi=cos(phi)
ds=stheta*dtheta*dphi

5 dokokok ko ko ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok sk ok ok ok ok ok ok ok ok ok ok ok sk ok ook ok sk ok ok ok ok ok ok ok ok sk sk ok sk k sk skok skok ok

3 koK ok ok ok ok ok oK ok KoK oK ook ook ok ok ok ok ok oK oK ok K ok K ok ok K oK ook ok ok K ok oK oK ok oK ok ok K ok ok K K
; Pre-calculated constants

5 Kok ok Ko oK o oK o oK ook ook o oK o K o oK oK o K o K o ok ok Ko o oK ok o K o K oK o oK ok ok oK o K ok ok o K o K
const1=1.270135E+6*rpstar~3/mass ; constl1=Rp~3/(2GM)
lg_fact=4.437723+alog10(mass/(rpstar*rpstar))

5 koo ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok sk ok ok ok ok ok ok sk ook ok sk sk sk sk skok ok

ok ok o sk ok oo sk ok oo sk ok oo ok ok o s ok o o sk ko sk ok o ok o sk ok oo ok o sk ko o o o ok ks ok oo ok o
r_range=1.6*rpstar ; real size of the output image

px_size=r_range*2./resol
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5 3k ook ok ok ok ok ok ok ok ok ok ok ok ok ok ke ok ok ok ok ok ok ok ok ok ek ok ok ok ok ok ke ok ok ok ok o ok ok ok ok ok o ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok

5 skokskeokskok sk sk ok sk ok sk ok sk ok sk ok sk ok sk sk ok sk s ok ok ek sk sk ks sk sk sk ks sk sk sk ks sk sk sk sk sk o sk ok ok
; Read Vsini and Inclination Angles in a Task File, which
; is only for the stellar type refered to "star_type" and
; the spetral line located by "cwav"
5 skokokokokokosko ko stk stk sk ok ok sk ok sk ok sk kot sk ok ok skokok sk kb sk kb sk ok ko sk sk ki sk sk sk ok ok o ok k ok
inclin=convert*inclin_org
nadir=inclin+pi_hf
sincl=sin(inclin)
cincl=cos(inclin)

; Determine radius and dr/dtheta as a function of theta
r=fltarr(ntheta)

xr=fltarr(ntheta)

slp=fltarr(ntheta)

; Calculate Roche geometry for a rotating star
if (inclin gt 0.) then veq=vsini/sincl else $

read, ’ Inclination angle is 0O, please input Veq: ’, veq
print,’ i =’,inclin_org,’ Vsini =’,vsini,’ Veq =’,veq
xeq=1./(1.-3.767392E-12*veq*veq*rsun*rpstar/mass)
requator=rpstar*xeq
print, ’ R(eq.), R(pole) = ’, requator, rpstar

omega=veq/rsun/requator
beta=constl*omega*omega
const2=2.%*beta

const3=3.%*beta

for it=0, ntheta-1 do begin
xr(it)=roche(accur_roche,beta,stheta(it))
r(it)=xr(it)*rpstar
slp(it)=const2*sc_theta(it)/(1./xr(it)/xr(it)-const3*ss_theta(it))

endfor

; Form theta constants used in determining mu
angl=theta-atan(slp)
sangl=sin(angl)

cangl=cos(angl)

; find the top theta value for the integration

ang2=nadir-angil

ittop=ntheta/2 ; ittop always >= ntheta/2
ittopO=ittop
while (ittop 1t ntheta and ang2(ittop0) gt 0. ) do begin
ittop=ittop+l
ittopO=(ittop < (ntheta-1))
endwhile
ittop=ittop-1
print, ’ Rx, Ry (Steller Disk) = ’, requator, r(ittop)

; Rotational velocity:
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vrot=omega*r*rsun*stheta

; Area element

areael=r*r*ds*sqrt(1l.+slp*slp)

; Calculate the temperature as a function of theta due

; to gravity darkening. See Collins and Harrington 1966

; Ap J, 146, 152 (a typo on this page, corrected below)

; for derivation of g(theta).

; Assume von Zeipol law: T(theta)=T(pole)*(g(theta)/g(pole))~0.25

temp=fltarr(ntheta)

gn=1./(xr*xr)-const2*xr*stheta*stheta
gn=gn*gn
gn=gn+(const2*xr*stheta*ctheta) "2
temp=tpeff*gn~(bt/2) ;0.125
tmin=temp(ntheta/2)

tmax=tpeff

print,’ Temperature range: ’, tmin, tmax

log_g=1g_fact+0.5%alogl0(gn)
loggmin=log_g(ntheta/2)

loggmax=1g_fact

print,’ Log(g) range: ’, loggmin, loggmax

tmp_3=vrot*sincl

iproj=-1

xproj=fltarr(fix(0.6*nsurf))
yproj=fltarr(fix(0.6*nsurf))
fproj=fltarr(fix(0.6*nsurf))

ss=0.
t_avr=0.
lgg_avr=0.
total_£f=0.

for it=0,ittop do begin
tf=(temp(it)-t_grid(0))/t_unit
ti=fix(tf)
ti=(ti > 0)
ti=(ti < (t_n-2))
tf=tf-ti
i_t=1.-tf

lgf=(log_g(it)-1lg_grid(0))/lg_unit
lgi=fix(lgf)

lgi=(1lgi > 0)

lgi=(lgi < (1g_n-2))

lgf=1gf-1gi

i_lg=1.-1gf

red_box(*)=i_t*(i_lg*box(ti,lgi,*) $
+1gf*box(ti,lgi+l,*)) $
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+tf*(i_lgxbox(ti+l,lgi,*) $
+1lgf*box(ti+l,1gi+l,*))

tmp_1=sincl*sangi(it)
tmp_2=cincl*cangl(it)

for ip=0,nphi(it)-1 do begin
mu=tmp_1*cphi(ip,it)+tmp_2
; 1f mu > O then surface element is visible
if (mu gt 0.) then begin ; Include element in integration
area=mu*areael(it)

iproj=iproj+1
xproj (iproj)=r(it)*stheta(it)*sphi(ip,it)
yproj(iproj)=r(it)*(ctheta(it)*sincl-stheta(it)*cphi(ip,it)*cincl)

fproj(iproj)=interpol(red_box,mu_grid,mu)

ss=ss+area
total_f=total_f+fproj(iproj)*area
t_avr=t_avr+temp(it)*area
lgg_avr=1gg_avr+log_g(it)*area

endif ; for mu > 0
endfor ; end of phi loop
endfor ; end of theta loop
print, ’ Average T = ’, t_avr/ss, ’ K’

print, ’ Average log g = °’, lgg_avr/ss

xproj=xproj(0:iproj)
yproj=yproj(0:iproj)
fproj=fproj(0:iproj)

f_max=max(fproj)
triangulate, xproj, yproj, tr

lowleft=-r_range

upright=r_range-px_size

fpic=trigrid(xproj,yproj,fproj,tr, [px_size,px_size], $
[lowleft,lowleft,upright,upright])

tvscl,fpic

return

end

A.2.2 2D Fourier Transformation (Not FFT)

This program takes a input image created by the programs listed in Appendix A.2.1 and
generates its visibility distribution in the uv plane (i.e. Fourier space).
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PRO vis,fq_range_factor,img_size,prl,wavelength,fpic,bproj,vs

; Written by Wenjin Huang 06/22/05

; fq_range_factor: control the output range, 2-3 is good for start

; img_size ----- the size of input image in solar redius
; prl —-———-—--- parallax in milliarcseconds

; wavelength --- in Angstroms

; fpic ======-—- the input image (2D array)

; bproj -------- in meters, output

; VS —mmmmm—mm—- normalized visibility in uv plane

pi=3.141592654

m=301 ; output size
n=(size(fpic)) (1) ; input size
workl=fltarr(n)
work2=fltarr(n)
vs=fltarr(2*xm-1,m)

re_vs=vs

im_vs=vs

bproj_unit=4.43358*fq_range_factor*wavelength/(m-1.)/img_size/prl
bproj=bproj_unit*indgen(m)
n_100=max(where(bproj le 100.))+1

dtheta=2.*pi/(m-1.)/(n-1.)*fq_range_factor
x=indgen(n)*dtheta

cos_vl=fltarr(n,2*m-1)

sin_vl=fltarr(n,2*m-1)

for i=0,2#m-2 do begin
cos_v1l(*,i)=cos(x*(i-m+1))
sin_v1(*,i)=sin(x*(i-m+1))

endfor

; 2d integration
for i=0, 2#m-2 do begin
for k=0,n-1 do begin
workl (k)=total(fpic(*,k)*cos_v1(*,i))
work2(k)=total(fpic(*,k)*sin_v1(*,1i))
endfor 3k
for j=0, m-1 do begin
re_vs(i,j)=total(workl(*)*cos_vl(*,m-1+j)) $
-total(work2(*)*sin_v1(*,m-1+j))
im_vs(i,j)=total(work2(*)*cos_v1l(*,m-1+j)) $
+total (workl (*)*sin_v1(*,m-1+3))
endfor ;j
endfor ;i

vs=sqrt(re_vs*re_vs+im_vs*im_vs)

vs=vs/max(vs)

vsO=fix(vs~0.5%255)
vs0(30:(29+n_100) ,m-51)=255
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vs0(30, (m-51) : (m-46) )=255
vs0((29+n_100), (m-51) : (m-46) )=255

tv, vsO

return

end



Appendix B

Data Tables

B.1 Vsini Measurements

Table: Projected Rotational Velocities of B Stars in 19 open clusters

Byte-by-byte Description of file:

Bytes Format Units

Label

e

Name of cluster
WEBDA index

vsini

dvsini
Vr(N1)
Vr(N2)
Vr(N3)

Spectral type

Notes

Note (1): here "..

Id of stars at http://obswww.unige.ch/web

Derived projected rotational velocity

RMS of
Radial
Radial
Radial

residuals of vsini (1)
velocity of first night(2)
velocity of second night if available

velocity of third night if available

Index number of estimated spectral type(3)

Note (2): The HJD of each night for clusters
HJD(N1)

Ber86
IC1805
IC2395
I1C2944
NGC457
NGC869
NGC884
NGC1502
NGC2244
NGC2362
NGC2384
NGC2422
NGC2467
NGC3293
NGC4755
NGC6193
NGC7160
TR14
TR16

2451862.
2451861.
2451950.
2451949.
2451862.
2451861.
2451862.
2451862.
2451861.
2451949.
2451949.
2451862.
2451949.
2451950.
2451951.
2451951.
2451861.
2451950.
2451949.

642
825
677
873
722
686
828
973
950
5568
615
030
683
744
850
894
606
861
774

HJID(N2)

2451864.
2451863.
2451952.
2451951.
2451864.
2451863.
2451864.
2451864.
2451863.
2451951.
2451951.
2451864.
2451952.
2451952.
2451952.
2451952.
2451864 .

584
820
586
752
755
734
824
928
938
563
613
017
538
637
793
882
657

." means that there is no RMS calculation available

HJD(N3)

2451952.845

2451865.007

Note (3): The index table for subspectral types is
1 -- 098V

0

-- 095V,
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2 --BOV, 3 --BO3V, 4 --BO5V, 5 -- B1V
6 -- BV 7 -- B2V, 8 -- B25V, 9 -- B3V
10 -- B35V, 11 -- B4V, 12 -- B45V, 13 -- B5V
14 -- B55V, 15 -- B6V, 16 -- B65V, 17 -- B7V
18 -- B76V, 19 -- B8V, 20 -- B85V, 21 -- B9V
Ber86 1 184 1 30.3 30.8 1.3
Ber86 3 192 9 -24.6 7.5 4.0 SB2
Ber86 4 178 10 17.2 45.2 1.0 SB2
Ber86 9 362 3 -7.6 -15.7 3.3
Ber86 12 309 23 -6.8 8.0 10.0
Ber86 13 182 28 49.9 48.3 0.7
Ber86 14 133 5 -131.7 -142.5 1.3 SB2
Ber86 15 23 8 -13.9 -15.8 5.0
Ber86 17 79 4 -41.4 -43.2 2.0
Ber86 30 103 15 =7.7 -7.7 6.3
Ber86 34 241 4 4.1 20.7 3.0 strong em. at H1 4340
Ber86 149 181 9 -17.7 -48.9 2.7 SB1
Ber86 214 276 3 -10.5 -9.8 11.0
Ber86 235 326 13 -25.1 -23.1 4.7
Ber86 261 251 1 =222 -25.7 5.7
Ber86 288 184 7 -12.1  -11.8 8.0
Ber86 291 87 7 -16.8 -15.3 7.0
IC1805 72 266 23 -62.7 -58.8 8.0
IC1805 82 191 5 4.4 -41.4 4.3 SB1, He I LP varying a bit
night to night
IC1805 103 179 4 556.8 -52.8 2.0 SB2
IC1805 111 160 11 -1. -98.2 4.3 SB1
IC1805 113 218 18 -20.2 -12.5 0.3 strong em. at H1 4340. P Cyg.
He I profiles
IC1805 118 18 3 -66.0 -41.3 2.0
IC1805 121 61 8 -27.56 -15.0 3.0
IC1805 130 133 10 -32.3 -60.9 9.0 SB1
IC1805 143 320 3 -63.8 -b9.9 3.0
IC1805 149 86 14 -21.9 -39.7 4.0
IC1805 157 51 18 -8.3 -10.3 10.3
IC1805 168 162 5 -69.9 -41.3 4.0
IC1805 161 178 4 -81.6 -b51.6 2.3
IC1805 166 107 9 -67.9 -60.8 5.0
IC1805 167 247 24 -0.1 -54.1 6.0 SB1
IC1805 169 76 10 -60.4 -48.7 5.0
IC1805 174 190 5 23.7 -10.7 9.0 SB1
IC1805 188 28 5 -b1.1 -40.0 7.0
IC1805 260 102 13 -45.6 -23.4 6.0  SB2? unusual LP
IC1805 277 156 6 -19.3 -53.7 9.0 SB1 (SB27)
IC1805 288 204 3 -41.9 -58.5 4.0
IC1806 1309 172 2 -32.9 -38.5 4.0
IC1805 1329 68 5 -14.7 -48.4 13.0 SB1
IC1805 1406 295 17 -37.7 -46.1 11.0
IC18056 1433 26 2 -30.0 -7.8 16.0
IC1805 1824 289 14 0.1 -50.1 3.0 SB1
IC1805 1924 229 17 -30.9 -18.3 4.0
IC18056 1930 36 22 -31.6 -40.0 8.7
IC1805 1939 41 15 -38.6 -32.9 5.0
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IC1805
I1C2395
I1C2395

IC2395
1C2395
IC2395
IC2395
I1C2395
IC2395
I1C2395
I1C2395
IC2395
IC2395
IC2395
I1C2395
I1C2395
I1C2395

I1C2944
IC2944
IC2944
I1C2944
IC2944
IC2944
I1C2944

IC2944
IC2944

IC2944
IC2944
I1C2944
IC2944
I1C2944
I1C2944
IC2944
I1C2944
I1C2944
IC2944
I1C2944
IC2944
IC2944
IC2944
IC2944
IC2944
IC2944
I1C2944
IC2944
IC2944
I1C2944
IC2944
IC2944
I1C2944
IC2944

1984

10
14
15
16
21
55
56
57
67
219

13
14
16
19
20

23
25

27
29
33
34
36
41
48
71
83
88
90
91
93
96
98
102
105
106
109
110
112
115
119
120
122

47
247
97

169
136
105
91
49
79
146
108
50
20
249
60
115
24

135
63
31

214
82

149

231

179
133

52
84

70
196
251
225
153
285
122
195
187

92

55

93
86
99
79
181
316
311
118
22
271

17
31

15

19

39

11
50
22
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13
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11
23

21
12
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SB1 (SB27)
Mg II 4481 disappeared in one

spectrum

SB1

GSC 081550286 08:40:47.39 -48:01:40.3
(2000.0)

SB1, CD-62 549C, 11:38:09.2 -63:12:00
(2000.0), weak emission at H1 4340

weak emission at H1 43407 varying night
to night

SB1
SB1, weak emission at H1 4340

very weak emission at H1 4340
SB1, narrow and deep absorp. at H1_4340

very weak emission at H1 4340
emission at H1 4340
SB1, emission at H1 4340

very weak emission at H1 4340

very weak emission at H1 4340



IC2944
IC2944
IC2944

I1C2944
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457

NGC457
NGC457
NGC457
NGC869

NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869

134
178

19
33
37
43
54
85
109
120
128
129
135
140
143
149
151
153

174
198
215

49

63

90
133
260
289
323
339
350
487
496
517
530
551
566
572
590
622
670
678
717
731
748
768
782
789
803
834
839

198
155
28

32
15
103
103
389
129
159
78
22
204
99
113
165
279
242
58
173

49
182
292
200

153
31
327
163
47

47
152
110

31
168

51
228
295

80
120

45

96

67

69
163
276
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185
248
110
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HD 308805, 11:39:26.103 -63:07:32.01
(2000.0), strong emission at H1 4340
11:37:43.20 -63:13:07.40 (2000.0)

SB1

SB1
SB1

SB27
SB27

SB1

SB1

strong double peak em. at H1 4340,
H-gamma almost disappears

SB27

strong double line em. at H1 4340,
He I P Cyg. prof.
SB1

SB1

SB1

SB2

SB1
SB1
SB1

SB1

strange LP

SB1



NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869

NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC884

NGC884
NGC884

NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884

NGC884
NGC884
NGC884

NGC884
NGC884
NGC884
NGC884
NGC884
NGC884

843
847
864
922
980
1015
1067
1078
1085
1116
1141
1196
1226
1252
1261

1268
1352
1364
1387
1391
1439
1516
1539
1566
1586
1590
1702

1770
1772

1873
1901
1924
1926
1960
1983
2014
2048
2049
2051
2085
2088

2091
2112
2138

2139
2140
2165
2185
2190
2191

100
66
144
267
24
45
32
196
70
118
226
123
54
21
308

131
146
212
47
153
40
153
12
136
236
34
87

221
191

168
69
58

102
96
56

272

125

380
20

269

169

229
73
94
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164

79
194
304
269
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SB1

strange LP

SB1

extremely strong double peak em.
at H1 4340, He I P Cyg. prof.

SB1

SB1
SB2
SB1

SB1, strong emission at H1 4340
(double peaks)

unusual He I LP, narrow and deep
absorp. at H1 4340
SB1

SB1
SB1, very strong emission at H1 4340

SB1

SB1

SB1, unusual He LP, double emission
peaks at H1 4340
SB1

weak He lines, unusual weak H1 4340
(emission?)

emission at H1 4340



NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884

NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC1502
NGC1502
NGC1502
NGC1502
NGC1502
NGC1502
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SB1

SB1
strong double peak emission at H1 4340

He lines->fast rotation, H1 4340->
slow rotation
SB2
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strong emission at H1 4340
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unusual He I LP

very weak em. at H1 4340

SB1
SB1, very narrow and deep absorp.
at the cen. of H1 4340

very weak em. at H1 4340
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SB1, unusual He I LP, very strong
em. at H1 4340
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SB1

CD-24 5190, 07:19:20.82 -24:41:15.1
(2000.0)

SB1, 7:18:56.11 -24:43:38.10 (2000.0)
CD-24 5189 07:19:15.08 -25:05:48.8
(2000.0)

SB1, 7:19:52.28 -24:57:29.50 (2000.0)
7:18:48.86 -25:12:41.70 (2000.0)
7:19:43.99 -24:51:35.80 (2000.0)
5B1,GSC 0654102724,07:18:41.56 -25:08:50.7
(2000.0)

spectrum very noisy, vsini not reliable
SB1

7:25:28.08 -21:01:34.60 (2000.0),
H1 4340 very weak

SB1

weak em. at H1 4340

SB1, HD 60855, double peak at cen. of
H1 4340, He I with P Cyg. profile

7 36 36.34 -14 27 40.4 (J2000.0)

HD 61017

HD 60997/8

SB1

weak emission at H1 4340
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narrow and deep absorp. at H1 4340
narrow and deep absorp. at H1 4340

SB1

CD-26 5020, 07:52:48.2 -26:29:37
(2000.0)

SB1

emission at H1 4340

SB1

emission at H1 4340
emission at H1 4340
emission at H1 4340

very narrow H1 4340, giant?

SB1

SB1

He I LP varying greatly night to night

SB2

noisy, emission at H1 43407 not reliable



NGC4755
NGC4755
NGC4755
NGC4755
NGC4755
NGC4755
NGC4755
NGC4755
NGC4755
NGC6193

NGC6193
NGC6193
NGC6193
NGC6193
NGC6193
NGC6193
NGC6193
NGC6193
NGC6193
NGC6193
NGC6193
NGC6193
NGC6193
NGC6193
NGC6193
NGC6193
NGC6193
NGC6193
NGC6193
NGC7160
NGC7160
NGC7160
NGC7160
NGC7160
NGC7160
NGC7160
NGC7160
NGC7160
NGC7160
NGC7160
NGC7160
NGC7160
NGC7160
NGC7160
NGC7160
TR14

TR14

TR14

TR14

TR14
TR16
TR16
TR16

433
449
452
462
1309
1621
1804
3312
3602

16
17
18
20
21
25
26
27
1175
1291
1614
1620
1648
1695
1696
1702

© N 0w

13

18

32
424
436
513
529
741
903
940
955

29
118
149

1200

157

19
120
221
212
279
109
219

15

64

296
61
T4
83

129

226

320

274

175
89

132
63

148

259

305

138

216
30
94

143

219
66

225

191

203

120
83

282

100

145

316

282

312

148
78

207
73

149

228
21
96

[S 2B« T S o I )

11

36

16

15

32

28

~N © 00NN

B =~ N OO, O O N ©

N O OO O UW o PN P, P, NNO O OOONOR OINU P, NP, WY O N O NN DR D DdOTO

g O N B

© N N O O N wo~N»m

DN O P O NOONOOEFE P O®ON B O NP NDEFP WS O R D WO b © » O

10.

O O O O O O O © O o

o ~N 0 B N 0

O U1 U1 © W O © O O U1l © O O Ul OO O O O O O O O WO OO OO O NOOOOoOOCOOM

o w N o

183

strong emission at H1 4340

at 16:41:11.02 -48:46:55.60, the closest
star: GSC 08333-012157

Extremely strong He I lines

SB1

SB1 (SB27)

SB1

SB1

SB1, unusual He I LP (SB27)
SB1

SB1

SB1

very strong emission at H1_4340
strong emission at H1_4340
emission at H1_4340

10:44:17.91 -59:25:20.70 (2000.0),
emission at H1_4340

very stron emission at H1_4340
emission at H1 4340
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emission at H1 4340, weak emission at

He lines

weak emission at H1 4340
strong emission at H1 4340
strong emission at H1 4340
strong emission at H1 4340
emission at H1 4340

weak emission at H1 4340
emission at H1 4340

very weak emission at H1 4340
weak emission at H1 4340

weak emission at H1 4340

weak emission at H1 4340
emission at H1 4340

strong emission at H1 4340, weak
emission at He lines

strong emission at H1 4340, weak
emission at He lines

emission at H1 4340

very strong emission at H1 4340
strong emission at H1 4340

emission at H1 4340
emission at H1 4340

weak emission at H1 4340

strong emission at H1 4340

weak emission at H1 4340
very weak emission at H1 4340 and

He lines
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B.2 Physical Parameters of Cluster Stars

Table: Physical Parameters of B Stars in 19 open clusters

Byte-by-byte Description of file:

1- 7 A Name of cluster

8- 13 I6 --- WEBDA index Id of stars at http://obswww.unige.ch/web

14- 21 I8 K T_eff Effective Temperature

22- 26 I5 K dT Measuring error of T_eff

27- 34 F8.3 dex log g

35- 41 F7.3 dex dlog g Measuring error of log g

42- 46 I5 km/s Vsini Projected equatorial velocity

47- 53 F7.3  dex log g_polar

54- 61 F8.3 dex log(e/e_solar) [He4026] Helium abundance from the He I 4026 line (1)

62- 69 F8.3 dex log(e/e_solar) [He4387] Helium abundance from the He I 4387 line (1)

70- 77 F8.3 dex log(e/e_solar) [He4471] Helium abundance from the He I 4471 line (1)

78- 85 F8.3 dex <log(e/e_solar)> Average of Helium abundance from 3 He lines

86- 92 F7.3 dex d<log(e/e_solar)> Measuring error of Helium abundance
Note (1): "..." means that it is not measurable or measurements are not reliable
Ber86 1 26878 406 3.841 0.035 185 3.936 -0.023 -0.048 0.222 0.050 0.122
Ber86 12 15440 232 4.048 0.040 309 4.291 -0.298 -0.089 -0.386 -0.258 0.124
Ber86 13 28711 191 3.590 0.023 183 3.723 -0.112 -0.194 0.259 -0.016 0.197
Ber86 15 23049 316 4.099 0.034 23 4.105 0.035 0.014 0.097 0.048 0.035
Ber86 17 26357 415 4.084 0.038 79 4.105 -0.032 -0.036 0.108 0.013 0.067
Ber86 30 16513 322 3.922 0.053 104 3.998 0.318 0.461 0.403 0.394 0.059
Ber86 149 20354 241 4.207 0.032 181 4.302 -0.402 -0.321 -0.362 -0.362 0.033
Ber86 214 15737 405 4.003 0.064 276 4.225 -0.147 0.069 -0.347 -0.142 0.170
Ber86 235 17487 310 3.831 0.042 325 4.137 0.096 0.265 0.195 0.182 0.065
Ber86 261 17241 250 3.970 0.037 251 4.171 0.111 0.232 0.2561 0.198 0.062
Ber86 288 17393 232 4.038 0.032 184 4.172 -0.020 0.163 0.080 0.074 0.075
Ber86 291 18561 251 3.961 0.035 87 4.013 0.184 0.240 0.279 0.234 0.039
IC1805 72 21999 607 3.930 0.074 266 4.114 -0.034 0.075 0.081 0.041 0.053
IC1805 82 21759 584 3.911 0.057 191 4.037 -0.050 0.021 0.030 0.000 0.036
IC1805 111 24630 388 4.093 0.041 160 4.166 0.142 0.077 0.195 0.138 0.048
IC1805 118 20838 531 3.193 0.062 19 3.202 0.171 -0.204 0.192 0.053 0.182
IC1805 121 25750 510 4.323 0.048 61 4.333 -0.061 -0.057 0.094 -0.008 0.072
IC1805 130 16250 272 3.958 0.046 134 4.060 0.070 0.278 0.105 0.151 0.091
IC1805 143 24605 392 4.044 0.038 320 4.231 0.015 0.007 0.214 0.079 0.095
IC1805 149 21930 248 4.187 0.029 87 4.219 -0.104 -0.095 -0.054 -0.084 0.022
IC1805 167 18134 424 3.954 0.068 51 3.977 -0.2556 -0.215 -0.259 -0.243 0.020
IC1805 168 22142 565 4.049 0.073 162 4.139 0.062 -0.076 0.105 0.030 0.077
IC1805 161 22297 280 4.307 0.035 178 4.381 -0.425 -0.363 -0.366 -0.385 0.028
IC1805 166 19398 384 4.060 0.049 108 4.120 -0.132 -0.030 -0.025 -0.062 0.049
IC1805 167 18459 398 4.040 0.056 247 4.216 0.2056 0.138 0.074 0.139 0.0563
IC1805 169 21638 297 4.162 0.029 76 4.191 -0.086 -0.077 -0.075 -0.079 0.004
IC1805 174 22286 240 4.245 0.031 190 4.332 -0.347 -0.298 -0.234 -0.293 0.046
IC1805 188 19196 441 4.109 0.056 29 4.120 0.064 0.150 0.142 0.119 0.039
IC1805 260 17873 274 3.984 0.036 102 4.050 0.094 0.114 0.063 0.090 0.021
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IC2395
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IC2395
IC2395
IC2395
IC2395
IC2944
IC2944
IC2944
IC2944
IC2944
IC2944
1C2944
IC2944
I1C2944
I1C2944
IC2944
I1C2944
I1C2944
IC2944
I1C2944
IC2944
IC2944
IC2944
IC2944
IC2944
IC2944
I1C2944
IC2944
IC2944
I1C2944
IC2944
IC2944
I1C2944
IC2944

219

13
14
16
19
20
23
25
27
29
33
34
36
41
48
71
88
90
91
93
96
98
102
105
106
109
110
112

16217
24342
23202
17364
13059
13406
17905
18772
18326
19286
19349
15563
16322
15756
13507
27049
12797
11731
11719
18811
14253
24397
12745
17260
21591
18998
17700
23070
23284
20883
25704
25459
23230
25700
19956
12851
26280
27130
22334
24229
18356
18511
15223
17909
16617
25555
15592
25144
24471
14077
29132
18712
20308
14964
15506

389
312
357
438
111
72
568
429
240
484
426
96
143
176
48
625
90
65
66
439
57
431
20
220
1325
894
427
289
462
283
724
229
819
404
373
30
303
622
423
166
304
201
130
151
206
5562
189
274
453
201
375
278
357
181
140

W D DWW WwWw DD DD DD WD DWW DWW WD DWW DD WD D DWW DWW WD DD

.145
.242
.062
.619
.025
.942
.100
.763
.075
.070
.744
.753
.013
.169
.263
.621
.115
.448
.508
.098
.604
.010
.062
.886
.424
.387
.044
.208
.410
.984
774
.027
.139
.196
.902
.671
.145
.109
.141
.535
.216
.003
.332
.204
.030
.016
.247
.064
.420
.122
.556
.983
.143
.335
.958

O O O O O O O O O O O O O OO O O O O O O O O O OO OO OO OO O OO O OO OO0 OO0 OO OO OO O OO OO OO oo

.074
.034
.039
.059
.029
.015
.075
.056
.036
.061
.048
.014
.026
.029
.010
.0565
.024
.022
.023
.060
.012
.046
.005
.030
.133
.116
.063
.030
.044
.031
.059
.021
.074
.035
.045
.007
.029
.051
.052
.016
.044
.028
.023
.023
.033
.047
.033
.026
.040
.040
.039
.036
.047
.035
.022

157
204
172
68
295
26
289
229
35
41
48
97
169
137
106
91
49
80
147
109
51
21
250
60

25
135
64
31
215
82
149
232
179
133
53
85

70
196
251
225
153
123
196
187

92

55

93
86
99
80
181
316

B DR W WwWw DD DWW DWW DWW DD DWW DWW WD

.242
.328
.152
.673
.281
.956
.296
.970
.089
.085
.766
.839
.138
.251
.322
.664
.137
.493
.bb4
.159
.642
.016
.265
.921
.457
.395
.136
.226
.420
.127
.810
.093
.2568
.266
.995
.713
.166
.109
.165
.706
.362
.168
.402
.270
.174
.106
.299
077
.420
.258
.589
.043
177
.413
.231

.049
.0565
.035
.076
.052
.208
.043
.078
.295
.068
.037
.019
.048
.078
.382
.040
.602
.167

.036
.110
.292
.599

.089
.182
.124
.024
.072
.107
.037
.116
.334
.078
.064
.100
.106
.600
.159
.450
.352
.015
.022
.617
.061
.190
.038
.110
.143
.3560
.560
.105

177
.126
.051
.028
.197
.184
.042

0.049

.142
.009
.107
.085
.242
.052
.140
.030
.485

.644
.014
.016

.003
.154
.150
.010
.194
.075
.099
.089
.374
.247
.073
.079
011
.096
.3562
.061
.227
.123
.103
.014
.428
.010
.0565
.104
.084
.037
.247
.014
.075

.114
.011
.133
.145
.018
.345
.125
.006
.134
.046
.051
.029
.258
.035
.387
.323
.602
.3565
.322
.012
.126
.263

.000
.044
.304
.076
.160
.159
.275
.187
.542
.316
.265
.245
.091
.338
.481
.007
.565
.193
.043
.259
.619
.187
.438
.0567
.183
.025
.184
.331
.042

.114
.057
.016
.064
.089
.246
.042
.040
.191
.035
.065
.032
.183
.003
.303
.104
.563
.256
.322
.644
.003
.000
.272
.599

.031
.127
.093
.030
.035
.008
.137
.006
.458
.299
.139
.034
.007
.116
.478
.076
.414
.223
.044
.074
.555
.046
.228
.003
.004
.052
.260
.292
.024

O O O O O O O O O O O O O © O o o oo

.052
.056
.083
.071
.078
071
.068
.035
.074
.032
.030
.042
.095
.0568
.115
.167
.0565
.099

0.023

O O O O O O O O O O O O O OO O O O O OO O OO O OO o oo

.097
.020

.041
.059
.186
.035
.147
.119
.101
.137
.084
.038
.089
.149
.078
177
.101
.063
.140
.096
.049
.131
.090
.104
.159
.072
.132
.070
.068
.236
.075
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IC2944
IC2944
IC2944
IC2944
I1C2944
IC2944
I1C2944
I1C2944
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC457
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869

115
119
120
122
134
178

19

33

37

54
109
120
128
129
135
140
143
149
151
174
198
215

63

90
133
260
289
323
339
350
487
496
530
551
566
572
590
622
670
678
717
731
748
768
782
789
803
834
839
843
847
864
922

15995
16881
26288
22919
15490
27232
15946
18104
23982
20575
20376
20636
102563
22384
22184
14199
15589
14663
12606
14394
16940
15547
22371
17413
21623
22251
15511
27980
18127
19536
26627
17925
19870
23295
22707
19562
25229
21542
22975
20303
21270
23033
25929
20561
11040
16605
22681
15392
24838
18860
26117
22090
27857
22155
26411

190
238
5565
364
150
611
128
330
570
202
236
332

13
333
366
161
294
237

48

60
214
313
158
262
173
232
195
394
204
180
443
319
176
341
299
324
332
216
206
175
241
284
344
328

22
138
377
204
354
283
644
207
375
370
435

W W W wd bW WwWwWwWWWhdWW WD PDWDWWWWW W WW W WD DDPDWWWWWWWD WD WD

.062
.221
.292
.921
.004
.961
.183
.165
.770
.556
.464
.690
.895
.319
.321
.273
.126
.221
.003
.940
.340
.738
.430
.685
.067
.871
.989
.969
.884
911
.871
.050
.865
.115
.034
.757
.817
.041
.892
.036
.893
.838
.064
.944
.735
.494
.658
.005
.891
.029
.022
.657
.914
.882
.846

O O O O O O O O O O O O O OO O OO O O O O O O OO OO OO OO O OO O OO OO0 OO0 OO0 OO OO O OO OO OO oo

.030
.037
.056
.037
.026
.046
.018
.050
.067
.010
.030
.041
.007
.038
.031
.038
.049
.047
.012
.012
.031
.048
.049
.035
.017
.029
.032
.056
.029
.020
.040
.044
.020
.036
.033
.037
.028
.021
.021
.022
.024
.031
.034
.040
.008
.020
.043
.035
.033
.039
.063
.025
.039
.047
.042

311
118
22
271
199
155
29
33
15
103
103
130
79
22
204
100
113
165
279
242
58
49
182
292
153
31
327
163
48

48
152
111

31

51
228
295

80
120

45

96

68

69
163
277

10

28
185
249
110

27
100

66
145
268

B W wWwwd DD DWW DWW W DWW DWW WD W RWW WD DD PRWWWWWWWR DR DD DD

.300
.285
.294
.103
.151
.025
.194
177
.773
.643
.558
.792
.964
.327
.541
.335
.198
.311
.246
.144
.361
.768
.606
.981
.152
.881
.265
.033
.906
.913
.878
.155
.940
.123
.049
.957
.015
.076
.960
.052
.948
.867
.083
.054
.014
.501
.667
.142
.045
.096
.027
727
.930
.975
.008

.618
.243
.069
.032
.101
.029
.475
.294
.076
.100
.037
.059
.478
.242
.202
.421
.632
.5627
.364
.174
.615
.286
.184
.189
.028
.013
.073
.308
.024
.012
.050
.104
.183
.110
.091
.022
.047
.002
.103
.042
.046
.068
.014
.332
.086
.299
.048
.174

0.205

.092
.079
.036
.074

.244
.079
077
.098
277
.089
.240
.105
.029
.065
.067
.063
.288
.184
.280
.414
.687
.438
.052
.475
.194
.338
.229
.091
.081
.078
.218
.014
.022
.039
.038
.166
.157
.038
.035
.049
.044
.106
.005
.064
.066
.049
.319
.038
.260
.0565
.145

0.239

.013
.013
.127
.126

.565
.095
.210
.245
.267
.227
.3564
.073
.147
.073
.011
.036
.514
.232
.144
.365
.667
.602
.327
.198
.645
.243
.197
.185
.028
.082
.219
.259
.011
.189
.050
.106
.075
.074
.130
.153
.044
.060
.123
.102
.088
.131
.020
.295
.104
.214
.164
.116
.327
.096
.204
.019
.179

.473
.139
.119
.104
.212
.115
.356
.158
.084
.079
.013
.011
.427
.219
.209
.400
.629
.564
.376
.141
.578
.241
.240
.201
.031
.005
.023
.262
.016
.060
.020
.083
.141
.114
.086
.032
.017
.006
L1111
.046
.024
.001
.019
.315
.076
.2567
.089
.145
.2567
.067
.099
.061
.007

O O O O O O O O O O O OO O O O OO OO O O O O O OO O O O o O O O O O O O O O © © ©

O O O O O O O ©o o o

.164
.073
.065
.113
.079
.083
.096
.097
.049
.015
.043
.063
.099
.025
.056
.025
.032
.038
.046
.064
.074
.038
.070
.020
.049
.067
.139
.037
.005
.093
.042
.031
.047
.034
.038
.086
.043
.042
.009
.044
.064
.093
.026
.015
.028
.035
.063
.024
.051
.038
.079
.047
.133
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NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC869
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884
NGC884

980
1015
1067
1078
1085
1116
1141
1196
1226
1252
1268
1352
1364
1387
1391
1439
1516
1539
1566
1586
1590
1770
1873
1901
1924
1960
1983
2014
2048
2049
2051
2085
2112
2139
2140
2165
2185
2190
2191
2232
2255
2299
2336
2392
2402
2433
2444
2468
2488
2513
2540
2541
2601
2603
2605

21600
12500
21107
23881
23096
24433
22475
21615
20692
17418
25904
23525
21186
19202
23193
20312
20886
19518
21876
25972
18884
16652
20599
25937
22544
21617
22127
19078
18007
23227
19000
19135
22172
19297
14912
26571
16520
24259
16041
21023
20360
25931
18399
20494
28238
20469
24900
10305
24478
21163
20453
24729
23836
19002
25920

257

54
254
219
280
469
157
185
372
131
418
224
280
296
244
186
234
322
296
344
304
119
140
401
249
197
192
298
198
256
195
123
216
248
324
485
176
239
116
250
178
419
222
228
449
221
362

15
256
206
264
580
243
187
511

B Wb W W W W RDWWwWWWWWW WD W REWWWWW W WD WWWWW WD DWWWRWWWWW W W W W W

.712
.083
.937
.736
.856
.652
.626
.930
.841
.813
.819
.059
.658
.925
.924
.017
.066
.823
.883
.903
.725
.859
.946
.160
.897
.028
.875
.828
.944
.405
.968
.865
.097
.858
.230
.003
.001
.901
.793
.970
.560
.853
.984
.931
.730
.102
.032
.076
.890
.946
.803
.750
.010
.885
.062

O O O O O O O O O O O O O OO O OO O O O O OO OO OO OO OO O OO O OO OO0 OO0 OO0 OO0 OO O OO OO OO oo

.025
.015
.028
.022
.029
.045
.017
.017
.046
.016
.043
.021
.031
.035
.025
.024
.026
.037
.032
.035
.037
.018
.016
.041
.030
.019
.022
.037
.027
.024
.024
.014
.025
.028
.0563
.038
.030
.024
.020
.027
.022
.045
.033
.029
.069
.027
.035
.008
.026
.021
.033
.065
.024
.023
.052

24
46
33
197
71
119
227
123
54
21
131
147
212
47
153
41
153
12
137
236
34
221
168
69
58
97
56
273
126
381
20
269
74
136
164
79
195
304
269

318
116
172
54
141
44
144
183
132
52
244
67
78
89
18

B WD WD WwWw DWW DWW DD DWW DWW RDWRDWWD DWW DWWW R WWWW WD W

.721
.104
.948
.875
.888
.731
.824
.003
.864
.825
.888
.131
.841
.944
.013
.032
.1865
.829
971
.036
.742
.0568
.060
.176
.919
.073
.897
.060
.036
.870
.976
.086
.125
.961
.318
.025
.149
.102
.054
.033
.901
.908
.109
.9563
.807
.116
.098
.185
.960
.965
.003
777
.039
.943
.066

.085
.0567
.116
.002
.031
.186
.118
.071
.081
.039
.022
.041
.066
.024
.038
.108
.237
.164
.061
.058
.244
.162
.073
.147
.030
.067
.082
.109
.110
.176
L0901
.001
.142
.107
.266
.002
.167
.033
.236
.043
.059
.011
.199
.063
.049
.162
.043
.037
.088
.033
.096
.063
.125
.065

.021
.093
.161
.020
.003
.051
.016
.132
.043
.002
.000
.059
.037
.008
.031
.097
.202
.128
.018
.041
.332
.259
.076
117
.064
.079
.005
.170
.140
.002
.135
.020
.132
.122

0.119

.007
.052
.005
.358
077
L1111
.014
.121
.005
.063
.150
.114
.017
.095
.014
.025
.049
.152
.052

.081
.033
.105
L1114
.049
.243
.112
.036
.127
.040
.237
.037
.084
.078
.129
.110
.071
.167
.052
.150
.134
.242
.007
.018
.024
.041
.050
.112
.164
.203
.147
.071
.084
.142
.137
.033
.078
.075
.323
.085
.107
.208
.210
.079

0.011

.161
.111
.154
.074
.083
.198
.032

.215
.073

.062
.001
.127
.029
.025
.160
.071
.080
.084
.026
.086
.021
.062
.037
.045
.105
.170
.153
.043
.017
.237
.221
.047
.082
.023
.062
.046
.130
.138
.126
.124
.030
.119
.124
.095
.014
.061
.016
.306
.040
.092
.061
177
.046
.034
.158
.015
.058
.086
.034
.106
.045
.164
.015

O O O O O O O O O O O OO O O O OO O O OO OO O OO O OO O OO OO0 OO OO0 O OO O O O oo

O O O © © © ©

.029
.066
.025
.0568
.022
.081
.062
.040
.034
.020
.107
.042
.019
.030
.066
.006
.072
.018
.019
.094
.081
.042
.039
.072
.036
.016
.031
.028
.022
.091
.024
.030
.025
.014
.160
.014
.086
.044
.052
.059
.024
.104
.040
.031
.032
.005
.094
071
.009
.040
071
.009
.037
.062
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NGC884

NGC884

NGC884

NGC884

NGC884

NGC884

NGC884

NGC884

NGC884

NGC884

NGC884

NGC884

NGC884

NGC884

NGC884

NGC1502
NGC1502
NGC1502
NGC1502
NGC1502
NGC1502
NGC1502
NGC1502
NGC1502
NGC1502
NGC1502
NGC1502
NGC1502
NGC1502
NGC1502
NGC1502
NGC1502
NGC1502
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244

2612
2622
2628
2656
2716
2729
2731
2794
2809
2826
2837
2851
2907
2910
2949

10
12
16
23
26
30
33
37
40
43
44
49
61
70
T4
78
1233
59
62
80
88
116
119
123
128
130
133
167
172
192
193
194
201
206
231
241
253
260
274

16482
19250
12297
16540
19483
10639
21251
21624
21463
19669
19094
16663
13968
27117
18240
14411
17514
24398
14073
15286
24026
24481
12128
23403
16175
15628
16935
18199
20282
13041
10832
15986
23347
13263
17872
25727
12902
12797
14284
14142
24239
16578
12219
20179
18001
135633
18937
15669
25742
16386
12649
14024
14781
13146
19922

168
393

64
148
201

55
290
201
368
378
320
228

40
781
308
174
278
230
133
113
230
218
139
823
144
201
154
210
250
100

40
133
356

81
514
188

79

95
111
106
164
183

90
115
196
134
186
191
408
226

56

80
244

120

B W b DWW DWW DD WD DWW DWW W W W W W WD WRDWRWWW DWW W W W WW W WW

.932
.900
.974
.868
.891
.028
776
.611
.815
.680
.874
.136
.963
.819
.816
.320
.979
.082
.153
.951
.120
.087
.053
.221
.925
.060
.921
.893
.974
.987
.907
.947
.921
.032
.161
.222
.862
.109
.218
.986
.181
.066
.347
.036
.951
.938
.016
.022
.185
.935
.946
.099
.194
.991
.058

O O O O O O O O O O O O O O O O O O O O O O OO OO OO OO OO O OO O OO OO0 OO0 OO0 OO OO O OO OO OO oo

.029
.048
.020
.023
.033
.026
.030
.027
.038
.041
.041
.038
.008
.062
.048
.040
.038
.025
.031
.019
.024
.023
.046
.083
.027
.035
.023
.033
.032
.024
.017
.024
.038
.018
.065
.016
.019
.025
.025
.033
.018
.024
.032
.014
.031
.029
.025
.032
.037
.039
.022
.016
.018
.024
.014

69
360
150

34
181
248
165

80

36
222
183

66
229

23
169

55
124
170
125
149
175
128
181

37
195
203

69
195
307
142
332
297
213

67

11
248

43
302

175
188
78
183
119
260
70
66
344
25
306
165
214
167
198
71
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.975
.212
.089
.886
.029
.227
.901
.664
.828
.882
.017
.169
.147
.822
.959
.340
.067
.163
.233
.067
.202
.141
.170
.230
.085
.201
.964
.051
.196
.096
.201
.197
.052
.075
.170
.326
.889
.361
.219
.116
.264
L1111
411
.104
.157
.988
.049
.304
.189
.196
.074
.240
.288
.131
L0091

.251
.118
.072
.426
L1117
.084
.075
.042
.154
.049
.004
.142
.006
.103
.368
.216
.004
411
.227
.062
.003
.440
.051
.203
.134
.526
.185
.084
.638
.584
.083
.039
.413
.090
.427
.238
.044
.455
.057
.305
.160
.070
.086
.283
.099
.093
.010
.219
.289
.634
.245
.472
.570

O O ©O O ©

.363
.017
.060
.560
.047
.041
.073
.016
.074
.041
.119
.011
.007
.173
.193
.231
.045
.175
.389
.104
.011
.361
.041
.260
.223
.551
.224
.066
.492
.602
.230
.063
.565
.103
.382
.171
.570
.061
.333
.096
.146
.047
.105
.054
.064
.108
.419
.378

.644

.390
.078
.060
.574
.108
.106
.087
.052
.149
.034
.148
.224
.174

0.157

.562
.232
.137
.568
.309
.076
.117
.138
.120
.310
.207
.514
.197
.058
.560
.602
.215
.163
.408
.075
.596
.391
.124
.528
.110
.375
.226
.124
.109
.458
.127
.129
.222
.386
.503
.673
.323
.472
.574

.331
.008
.024
.520
L0901
077
.030
.026
.126
.041
.088

.118
.057

0.144

.371
.226
.029
.381
.308
.030
.036
.313
.037
.258
.188
.530
.202
.013
.563
.596
.176
.050
.459
.040
.469
.315
.113
.517
.002
.338
.193
.097
.114
.262
.110
.056
.099
.238
.396
.575
.315
472
.596

© O © O ©

O O O O O O O O OO O O O OO O O OO OO O O O O o oo

O O O O O O O O O O O O O O O O O O O o oo

.059
.082
.060
.067
.031
.027
.073
.030
.037
.006
.066
.097
.083
.030
.151
.007
.078
.168
.066
077
.068
.128
.070
.043
.039
.015
.016
.069
.059
.009
.066
.089
.068
.081
.092
077
.052
.047
.080
.029
.033
.022
.025
.169
.012
.079
.090
.114
.107
.112
.054
.000
.034
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NGC2244
NGC2244
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NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
NGC2244
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NGC2362
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NGC2384
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NGC2384
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298
319
331
337
345
353
391
392
1034
1134
1147
1209
1254
1259
1262
1607
1616

12
17
23
37
44
62
77
88
102

14305
13886
12279
12543
14398
20626
16671
18276
13604
13039
18773
10561
12262
12477
14354
17213
12001
14503
13478
11726
15192
15943
18593
24223
13986
14846
17174
19778
16654
17431
13887
17457
18671
22489
16719
15026
15455
19006
11751
15939
16266
11641
11905
14807
21549
26832
23848
23943
24673
23173
20786
19951
15167
21311
11726

228
131
113
57
172
310
133
219
59
45
211
17
60
162
92
216
82
138
58
117
156
208
197
343
105
89
117
267
160
218
48
252
222
210
211
151
172
386
76
75
232
104
81
149
2123
560
2713
330
316
398
311
368
87
519
89
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.276
.239
.983
.035
.042
.850
.530
.068
L7197
.080
.621
.050
.840
.917
.103
.169
977
.266
.180
.369
.188
.211
.984
.188
.305
.022
.289
.030
.419
.030
.210
.947
.793
.043
.954
977
.376
.401
.187
.449
.692
.444
.476
.372
.254
.612
.903
.915
.920
.123
.019
.938
.853
.824
.816
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.042
.026
.041
.015
.036
.038
.022
.036
.012
.011
.030
.008
.019
.047
.019
.033
.031
.029
.012
.040
.030
.036
.028
.040
.025
.017
.017
.031
.028
.030
.011
.035
.030
.025
.034
.027
.031
.047
.024
.011
.045
.036
.028
.031
.1901
.050
.373
.035
.032
.041
.036
.044
.014
.056
.027

135
286
299
321
228
222
349
137

257
257

41
283
151
109
137
193
310
127
173
107
229
101
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72
202

87
157
197

73
136
194
293

95
225

94
213

48
190

35
217
187
200
245

105
67

78
12
158
151
262
99
31
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.348
.443
.255
.300
.210
.020
.972
.156
.800
.280
.881
071
.112
.040
.179
.250
.113
.470
.260
.428
.254
.351
.046
.198
.341
.165
.329
.131
.496
071
.290
.101
.052
.084
.140
.046
.468
.428
.280
.476
.731
.485
.509
.500
.258
.669
.928
.917
.950
.126
.117
.042
.095
.885
.838

.347
.096
.244
.330
.0568
.066
.091
.104
.365
.053
.072
.368
.222
.069
.190
.633
.261
.078
.032
.015
.096
.136
.068
.116
.010
474
.186
.611
.060
.044
.294
.130
.031
.120
.033
.033
.635
.190
.427
.634

.059
.019
.005
.136
.175

.167
.103

.238

.236

.232
.063
.036
.057
.021

.109

.217
.099
.097
.5569
.137
.012
.239
.195

.319
.630

0.220

.065
.063
.252
.271
.360
.270
.110
.276
.322

0.197

.154
.070
.547
.376
.004
.009
.021
.063
.133
.112

.054
.648
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.675
.205
.412
.668
.128
.144
.025
.050
.457
.020
.114
.602
.235
.014
.274
.285
.126
.006
.139
.2562
.492
.227
.087
.129
.505
.340
.599
.286
.165
.378
.327
.011
.129
.126
.005
.247
.424
.667

.323
.127
.237
.077
.084

.015
.065

.069

.419
.1561
.328
.410
.080
.058
.003
.059
.406
.061
.093
.392
.186
.014
.232
.596
.228
.102
.009
.121
.181
.316
.630
.171
.012
.061
.410
.265
.524
.206
.106
.316
.260
.059
.134
.047
.036
.591
.218
.426
.559

.089
.039
.088
.001
.131
.098
.035

.648
.154
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.186
.054
.084
.187
.034
.074
.063
.034
.051
.037
.021
.159
.061
.068
.042
.037
.065
.024
.018
.104
.064
.146
.073
.091
.057
.113
.063
.116
.103
.049
.044
.092
.099
.014
.080
.027
.044
.029
.002
.130

.167
.063
.106
.097
.037

.063
.066

.084
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NGC2384
NGC2384
NGC2422
NGC2422
NGC2422
NGC2422
NGC2422
NGC2422
NGC2422
NGC2422
NGC2422
NGC2422
NGC2422
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NGC2422
NGC2422
NGC2467
NGC2467
NGC2467
NGC2467
NGC2467
NGC2467
NGC2467
NGC2467
NGC2467
NGC2467
NGC2467
NGC2467
NGC2467
NGC2467
NGC3293
NGC3293
NGC3293
NGC3293
NGC3293
NGC3293
NGC3293
NGC3293
NGC3293
NGC3293
NGC3293
NGC3293
NGC3293
NGC3293
NGC3293
NGC3293
NGC3293
NGC3293
NGC3293
NGC3293
NGC3293
NGC3293
NGC4755
NGC4755
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126
160
32
42
65
67
70
77
78
89
123
125
180
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30
33
39
43
47
54
59
61
65
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13
14
16
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25
27
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29
65
79
83
85
89
92
299
534

20137
15499
112567
12826
11618
11541
10689
11280
11644
13542
13868
13858
11750
13560
12720
13182
11878
10731
12345
17993
14757
12811
24662
21848
13669
20483
20186
13391
24660
15111
26584
25538
27898
22643
24279
23085
25214
25721
25986
26516
26965
25165
21279
20550
23626
22610
18331
17671
20277
18243
18769
27956
26264
24103
23932

367
236
122
60
50
24
21
81
28
53
95
262
54
19
62
81
60
20
84
218
222
70
843
379
76
550
538
44
448
137
600
623
490
356
276
297
482
700
654
480
545
561
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320
402
398
299
312
374
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662
447
403
390
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.948
.140
.895
.891
.978
.035
.055
.951
.047
.764
.585
.514
.746
.938
.336
.595
.879
.229
.398
.829
.989
.781
.071
.212
.307
.179
.560
.067
.829
LATT
.070
.822
.756
.964
.846
.957
.910
.908
.489
.618
.623
.891
.524
.770
.783
.833
.859
.905
.868
.171
.030
.854
.728
.780
.885
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.050
.040
.045
.011
.016
.009
.005
.014
.009
.016
.018
.051
.016
.014
.016
.009
.019
.009
.025
.031
.044
.017
.081
.034
.013
.061
.060
.009
.046
.022
.054
.052
.064
.041
.029
.031
.037
.063
.105
.048
.047
.052
.041
.036
.039
.046
.044
.041
.049
.045
.072
.069
.047
.044
.039

37
25
114
45
107
241
181
221
108
94

205
316

176
74
78

192

114

163

164

174
195
32
319
229
166
136
23
102
116
32
141
108
29
113
18
295
73
186
62
358
360
230
362
320
265
81
57
376
262
40
88
23
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.962
.150
.997
.917
.070
.222
.168
.122
.134
.854
.587
.7585
.069
.944
.594
.670
.944
.309
.568
.966
L111
.890
.1563
.435
.339
.363
.786
.178
.908
.495
.101
.881
.759
.044
.902
.966
.962
911
.752
.648
.759
.910
.933
.108
.948
.134
.143
.127
.914
.194
.318
.997
.735
.825
.891

.015
.312
.093
.138
.009

.169
.634
.027
.590
.157
.1566
.178
.054
.313
.560
.131
.260
.400
.282
.116
.466
.570
.536
.549
.068
.3568
.095
.109
171
.285
.213
.334
.064
.069
.091
.075
.272
.238
.187
.024
L171
.492
.217
.425

.368

.076
.149

.108

.632
077
.095
.070
.184
.346
.116
.024
.187
.223
.033
.415
.373
.535
.069
.2569
.078
.046
.005
.105
.004
.027
.000
.026
.160
.008
.028
.052
.131
.079
.014
.006
.035
.071
.062
.187
.371
.165
.008

.007
.017

.081
.1901
.063
.154
.138

.126
677
.015
.672
.132
.202
.184
.119
.325
.467
.103
.151
.427
.128
.309
.481
.572
.637
.5566
.140
.365
.158
.279
.198
.055
.209
.113
.246
.254
.386
.344
.327
.176
.123
.069
.207
.082
.018
.051
.131
.137
.596
.256
.250
.211
.121

.047
.217
.088
.146
.065

.148
.648
.021
.631
.144
.1561
.181
.081
.274
.458
.117
.129
.338
.211
.153
.454
.505
.536
.5563
.001
.328
.005
.072
.007
.112
.003
.083
.060
.070
.212
.087
.028
.038
.127
.013
.057
.032
.008
.123
.008
.240
.484
.092
.129
.102
.069
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.044
.069
.019
.008
.074

.021
.021
.043
.041
.012
.044
.003
.028
.064
.087
.012
117
.108
.063
.116
.028
.093
.001
.003
.099
.048
.116
.159
.151
.139
.172
.186
.134
.135
.126
.184
.244
.170
.004
.123
.107
.105
.026
.261
.150
.131
.113
.260
.121
.109
.052
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NGC4755
NGC4755
NGC4755
NGC4755
NGC4755
NGC4755
NGC4755
NGC4755
NGC4755
NGC4755
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NGC4755
NGC4755
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10
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115
122
129
136
137
139
150
157
202
209
210
238
270
332
408
414
418
433
449
452
462

1309
1804
3312
3602
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18
20
21
25
26
27
1175
1291
1614
1620
1648
1695
1696
1702
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13
18
32

19050
22747
20678
17932
12267
15199
15005
18072
12101
21687
20437
18968
21216
17451
25870
16930
17090
19722
23290
14262
19737
18726
16714
19597
15436
17251
19535
19757
19281
21036
25856
21275
20999
18173
15320
16488
17825
18628
18254
15116
18097
14430
14370
17985
16734
21467
18034
24534
18018
17549
15797
13303
11596
10654
13728

372
790
279
437
136
254
304
317
89
384
232
288
331
260
566
186
320
316
468
130
338
232
179
396
262
457
1306
365
221
295
511
330
431
222
229
250
232
340
183
338
296
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270
408
175
246
261
198
226
192
107
33
43
24
54
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.783
.022
.743
.922
.163
.991
.902
.948
.164
.985
.579
.986
.654
.917
.822
.064
.958
.920
.845
.965
.897
.814
.995
.800
.126
.986
.900
.202
.001
.723
.160
.015
.356
.037
.833
.042
911
.182
.054
.182
.973
.020
.980
.876
.021
.955
.079
.159
.042
.821
.822
.073
.142
.062
.013
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.045
.071
.030
.061
.043
.044
.0565
.042
.028
.035
.023
.035
.032
.035
.058
.026
.045
.038
.049
.028
.033
.030
.030
.041
.044
.063
.137
.041
.026
.031
.049
.036
.043
.034
.033
.042
.029
.045
.028
.063
.044
.031
.047
.063
.025
.023
.041
.021
.032
.025
.017
.007
.015
.011
.011

150

118
64
216
190
178
372
150
55
278
90
299
68
33
108
261
27
209
157
19
121
222
212
109
219
16
65

296
61
74
84

129
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275

175
89

133
63
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138

216
31
95

143

219
67
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.905
.024
.830
.958
.282
.133
.049
.266
.2564
.005
.857
.037
.927
.957
.829
.132
.170
.931
.983
.086
.904
.907
.169
977
.196
.157
.907
.226
.094
.980
.173
.049
.429
.123
.040
.292
.138
.284
.104
.262
.005
.128
.196
.138
.119
.099
.092
.188
.139
.018
.869
.233
.244
.183
.104

0.
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058

.135
.168
.401
.105
.017
.686
.048
.585
.366
.158
.201
.033

.062
.630
.013
.189
.140
.011
.069
.130
.168
.024

.182
.075

.211

.134
.526
.161
.645
.309
.475
.067
.030
.010
L1111
.136
.034
.228
.004
.007
.000
.127
.076
.307
.032
.063
.096
.025
.366
.644
.565
.027
.051
.5566
.0568
.023
.562
L1111
.562
.119
.079
.156
.018
.638
.110
.636
.384
.031
.146
.039
.073
.102
.309
.046

.311

.213
.630
.289
.607
.430
.304
.657
.103
.518
.037
.109
.096
.193
.2561
.2563
.065
.112
.042
.155
.240
.206
.135
.108
.119
.465
.622
.289
.009
.007
.578
.283
.056
.690
.187
.563
.240
.076
.140
.067
.660
.116
.667
.667
.233
.024
.007
.158
.042
.054
.212
.179
.199
.135

.200

.173
.603
.225
.626
.430
.306
.566
.085
.274
.024
.110
.116
.114
.240
.124
.036
.056
.076
.039
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.119
.094
.102
.047
.416
.633
.422
.057
.071
.512
.149
.032
.643
.115
.567
.242
.105
.196
.017
.649
.096
.652
.649
.201
.045
.098
.062
.033
.095
.226
.052
.191
.105
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.040
.0565
.064
.019
.003
.091
.018
.244
.013
.001
.020
.080
.012
.128
.029
.056
.037
.116
.033
.087
.041
.006
.072
.050
.011
.133
.056
.073
.079
.097
.017
.064
.0567
.013
.101
.038
.067
.041
.011
.024
.015
.019
.163
.102
.064
071
.0563
.031
.062
.094
.008
.030

.050
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NGC7160
NGC7160
NGC7160
NGC7160
NGC7160
NGC7160
NGC7160
NGC7160
TR14
TR14
TR14
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
TR16
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TR16
TR16
TR16
TR16
TR16

424
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529
741
903
940
955
118
149
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11
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14
15
16
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20
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23
24
25
28
29
47
48
80
94
138
158
242
246
258
283
1075
1400
1462
1591
1641
1657
1658

12134
11384
14292
12457
12756
14891
11638
23859
23042
20844
18695
26639
22822
27526
25917
24412
24617
22791
26468
25983
25626
23739
25579
17574
24434
20183
21018
19123
24357
21364
21090
19544
22633
22317
21977
25481
11061
24390
15047
28222
22128
20744
15723
15572
13726
10749
22510

45
23
40
27
25
82
28
219
716
2098
771
891
609
848
613
790
369
376
639
762
771
468
592
237
680
258
362
389
5563
590
1010
610
689
665
676
492
103
598
178
474
1113
943
156
330
202
121
517
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.381
.191
.639
.223
.236
.085
.272
.875
.663
.102
.100
.989
.328
.201
.037
.700
.819
.905
.201
.318
.782
.128
.936
L7111
.657
.935
.840
.046
.108
.012
.919
.838
.029
.035
.922
.415
.664
.596
.710
.223
.512
.301
.851
.006
.543
.432
.636
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.014
.009
.008
.007
.007
.017
.007
.021
.067
.213
.097
.069
.063
.061
.059
.073
.031
.032
.050
.071
.056
.040
.044
.029
.066
.028
.033
.046
.056
.055
.096
.0568
.069
.070
.071
.034
.034
.050
.028
.054
.132
.100
.023
.0565
.039
.045
.052

83
283
100
145
316
282
313
148
207

73
150
228

21

96
350

93
153
293

55
106

133
234

51

90
234
199
156

47

25
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203
205
119
141
107
134
120
138
113

117
69
133
55
37
212
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.431
.423
.743
.305
.461
.303
.714
.962
.829
.133
.193
.102
.336
.220
.243
.752
.911
.107
.210
.340
.782
.186
.067
.740
.613
277
.987
.148
.119
.021
.219
.000
.146
.094
.009
.494
.824
.682
.845
.247
.514
.346
.899
.104
.566
.474
.816

.458
.078
.124
.536
.346
.049
.160
.047

.193
.149
.051
.013
.102
.017
.019
.150
.023
.089
.104
.122
.049
.168
.089
.512
.216
077
.036
.061
.237
.402
.214
.122
.136
.601
.183
.057
.466
.196

.639

.235

.144
.229
.028
.499
.370
.103
.030
.150
.120
.069
.214
.018
.074
.132
.030
.041
.032
.068
.215
.226
.439
.57
.130
.080
.005
.168
.128
.163
.181
.148
.081
.054
.248
.176
.330
.251
.344
.641
.419
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.545
.042
.096
.530
.365
.115
.102
.172
.563
.386
.210
.290
.304
.455
.162
.136
.197
.001
.205
.006
.114
.075
277
.226
.165
.025
.661
.135
.125
.067
.038
.097
.063
.247
.096
.464
.182
.470
.426
.110
.361
.355
.651
.678

.202

.501
.018
.121
.533
.351
.131
.131
.064
.531
.378
L1587
.042
.101
.209
.072
.060
.054
.062
.162
.020
.022
.020
.111
.163
.036
.108
.677
.160
.094
.012
.103
.096
.1561
277
.010
.168
.003
.440
.262
.165
.359
.298
.646
.579
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O O O O © © O ©

.044
.060
.019
.003
.005
.074
.029
.083
.032
.008
.054
.198
.188
.176
071
.146
.101
.031
.031
.010
.084
.074
.141
.081
.185
.235
.063
.039
.022
.042
.065
.027
.075
.093
.160
.225
.135
.146
.116
.118
.088
.073
.005
.114

.113
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