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Chapter 5: The spectra were taken by both the candidate and P. R. Wood, as
part of a long-term monitoring project instigated by P. R. Wood. The candidate
reduced the data, calculated the radial velocities, modelled the systems using the
Wilson-Devinney code, and did the analysis. P. R. Wood contributed some text to
Section 5.3.1. The rest of the paper was written by the candidate.

Further acknowledgements are given at the end of each chapter.

Christine Nicholls
September 2011
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Figure 1.2: The period-Luminosity diagram for LMC AGB stars from Fraser et al. (2008)
(blue points), and models of the first six radial pulsation modes calculated using modified
mixing length theory (magenta lines). Solid lines represent unstable modes and dotted
lines represent stable modes. Periods are in days.

The period-luminosity relations of LPVs show little dependence on metallicity.
Ita et al. (2004) claimed their data showed that LMC Miras were fainter than (lower-
metallicity) SMC Miras of the same period. However Glass et al. (2009) found no
difference between the slopes of red giant period-luminosity relations in the LMC
and the Galaxy, and Tabur et al. (2010) found that the zero points of LPV period
luminosity relations for the LMC, the SMC and the Galaxy were no different, despite
the known metallicity differences between these populations.

Several authors have commented on the differences between the period-
luminosity relations for O-rich and C-rich red giants (Feast et al., 1989). Fraser
et al. (2005) noted that most carbon stars were found at the high-luminosity ends of
sequences C and C'. Riebel et al. (2010) divided the MACHO sequence C variables
into O-rich, C-rich, and highly reddened ‘extreme’ AGB stars, and examined the
period-luminosity relations in several infrared (IR) bands from 2MASS (the Two
Micron All Sky Survey) and SAGE (Surveying the Agents of a Galaxy's Evolution).
They found that in a given band, the period-luminosity relation is steepest for the
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Figure 1.3: A cartoon representation of an ellipsoidal red giant binary. In most cases
the distortion of the red giant is less pronounced than the exaggerated shape shown here,
Figure provided by P. Wood.

systems, and at many stages in between. All known ellipsoidal systems were circular
or had low eccentricities, with Beech’s sample showing a mean eccentricity of 0.05.
Hall (1990) studied 13 ellipsoidal variables with longer periods, in which the pri-
maries were mostly early K giants. They noted the common presence of minima of
unequal depths in ellipsoidal light curves, and suggested it was caused by increased
limb darkening and gravity darkening on the ‘pointed end’ of the giant.

Wood et al. (1999) classified sequence E stars as contact binaries lying mostly
on the RGB. Soszynski et al. (2004b) suggested they were more likely ellipsoidal
variables, not vet overflowing their Roche Lobes, due to the presence of minima
of unequal depths in many sequence E light curves. Soszynski et al. (2004b) also
discovered some sequence E stars have eclipses superimposed on their ellipsoidal
variations. while another subset showed light curves of curious shapes which they
suggested were the result of eccentric orbits.

Neither Wood et al. (1999) nor Soszynski et al. (2004b) had radial velocity curves
for sequence E stars, so no confirmation was available that stars on sequence E were
in fact ellipsoidal variables. Adams et al. (2006) presented preliminary velocity
curves for three of the sequence E stars presented in Chapter 4, in which doubling
of the light curve with respect to the velocity curve was discernible. They repeated
the assertion of Wood et al. (1999), that sequence E appeared to be populated by
red giant binaries filling their Roche Lobes. At the time of the commencement of
this thesis project, there was no unambiguous evidence that sequence E stars were

ellipsoidal variables.
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Figure 2.1: Sample spectra from the VLT. 7Top panel: The spectrum of an O-rich
program star with no TiO bands. Second panel: A program star with weak TiO bands.
Third panel: A program star with strong TiO bands. Fourth panel: A C-rich program star.
Bottom panel: A telluric star. Program stars are identified by their MACHO numbers.
Note the different scale of the y-axis in the lower two panels.

was performed in the wavelength region 7160-7220 A, as it has a large concentration
of telluric lines (see Figure 2.1).

For most dates of observation, the relative telluric radial velocities were found
to be not significantly different from zero, and so no systematic correction was
applied to the spectra for those nights. However observations from two nights, with
Heliocentric Julian Dates (HJD) of 2453377 and 2453643, consistently showed a
positive velocity offset from zero, so a zero-point correction for the velocities on
these dates was included for all stars. The velocity corrections for these dates were
~2.061 kms™! and —0.729km s~ respectively.
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Figure 2.2: My, M, My, R/Rg, Teg and v, plotted against time in a model red giant
variable pulsating in the first overtone mode. The radius R is defined at optical depth %
and v, is the radial velocity seen by a distant observer. It is defined as —v/1.4, where v
is the pulsation velocity, relative to the centre of the star, of matter near optical depth %
The factor 1.4 is the correction factor from observed to pulsation velocities for red giant
pulsators (Scholz & Wood, 2000).

2.2.5 Obtaining LSP Parameters and Narrowing the Sample

Following the corrections described above, we were now in a position to analyse the
light and velocity variations associated with the Long Secondary Period. A binary
fit was made to the corrected velocity data of the LSP using a Fortran program,
FITALL, to obtain the parameters of the velocity curve. FITALL also made a Fourier
series fit (with a frequency f and one harmonic 2f) to the MACHO Mg, My and
OGLE [ light curves, and to (Mg — Mpg). Some examples of the fits to the light and
velocity data made by FITALL can be seen in Figure 2.3.

Due to the poor quality of the data for some stars, the original sample of 58
sequence D stars had to be reduced. Some stars had large velocity errors due to
poor-quality or few spectra, or no OGLE light curve, so they were excluded from
the sample. A few stars had LSPs near 365 days leading to a large unfilled gap in
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Figure 2.3: Light and velocity curves plotted against phase for four sequence D stars.
The blue velocity points without error bars are the radial velocities without corrections
and the red points with error bars are the radial velocities that have been corrected for
pulsation and had specific date corrections. Also shown are the Fourier fits to the light
data (black lines), and the Binary fits to the velocity data (cyan lines), both made by
FiTAaLL. Plots for the entire sample can be found in Appendix C.
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Figure 2.4: A histogram of the observed full velocity amplitude is plotted in red (forward
shading). Note the clustering around 3.5kms™!. Overplotted in blue is the modified
histogram to account for the observational detection probability calculated in our Monte
Carlo simulation (see text for details).

The percentages can be seen in Figure 2.5. This tells us that we should be able
to detect velocity amplitudes < 3.0kms™'. Using our simulated percentages, we
can estimate the true number of stars at each velocity amplitude by dividing the
observed histogram by the observable percentage. The resulting modified velocity
amplitude histogram is shown overplotted on the observed histogram in Figure 2.4.

The fact that we do not observe many sequence D stars with velocity amplitudes
< 3.0kms™" suggests there are not many to be observed. We conclude that the true
distribution of sequence D velocity amplitudes, represented in Figure 2.4, shows a
strong peak near 3.5kms™!

2.3.2 Correlation of Light and Velocity Amplitudes

Light amplitude is plotted against velocity amplitude in Figure 2.6. There is no
obvious correlation between light and velocity amplitudes in either Mg, Mpg, or
I. As noted previously the velocity amplitude has a small spread, and peaks at
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Figure 2.5: Fraction of simulated velocity curves which pass our data reduction process,
for different velocity amplitudes.

the small value of 3.5kms™!. In particular, stars with small light amplitudes have
velocity amplitudes as large as those stars with the largest light amplitudes.

2.3.3 Correlation of Velocity Amplitude with Magnitude
and Period

Velocity amplitude is plotted against K magnitude in Figure 2.7, which shows a
suggestion that velocity amplitude increases slowly with luminosity. A similar cor-
relation is seen in Figure 2.8 between velocity amplitude and LSP. However these
possible correlations are disrupted by the presence of a few stars with larger velocity
amplitudes, that fall apart from the general relation.

2.4 Testing and Constraining Models

Here we examine some of the more plausible and popular models of LSPs, in the
light of our new data.
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Figure 2.6: Light amplitude plotted against velocity amplitude for Mg, Mg, and I.

2.4.1 The Binary Model

The model of binary motion as an explanation for LSPs has been much debated
since its proposal by Wood et al. (1999). In its favour, binary motion may be able to
explain the sequence D velocity curves, and the light variation was originally thought
by Wood et al. to resemble an eclipse of the star by a dusty cloud surrounding a
small, orbiting companion. However when this model was further examined by
Hinkle et al. (2002) and Wood et al. (2004), two main problems were found: the
companion mass was calculated to be always ~ 0.1 M, and the characteristic shape
of sequence D stars’ velocity curves was shown to imply that the angle of periastron
is not uniformly distributed between 0 and 2x. With our larger sample we can place
tighter constraints on these properties.

2.4.1.1 The Companion Mass

In a binary system, the velocity amplitude and period give an estimate of the mass
of the companion. For a typical sequence D star with an LSP of 500 days, a typical
velocity amplitude of 3.5kms™', and an assumed total system mass of M = 1.5 M,
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Figure 2.7: Velocity amplitude plotted against K magnitude.

the orbital separation is of the order of 1.4 AU and the companion has a mass of
0.09Mg. This means it is a very low mass main sequence star or a brown dwarf.
There is an observed deficit of brown dwarf companions to main sequence stars,
compared to both more massive stellar companions and less massive planetary com-
panions. This is known as the ‘Brown Dwarf Desert’ (McCarthy & Zuckerman, 2004;
Grether & Lineweaver, 2006). The range of likely companion masses can be found
by calculating the companion mass for velocity amplitudes within one sigma of the
mean of 3.5kms~'. We find a companion mass range of 0.06 to 0.12M.,. Using the
fits to the data in Figure 8 of Grether & Lineweaver (2006), we find that only 0.86%
of low mass main sequence stars have companions with masses in this range. Thus
binarity is an unlikely model, when we remember that ~30% of low mass stars will
exhibit LSPs when they pass through the AGB stage.

2.4.1.2 Correlation of Velocity Amplitude with Light Amplitude, Mag-
nitude and Period

We would not expect the velocity and light amplitudes to be related in a binary
model where the light variation is due to an eclipse phenomenon (by a cloud in the
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Figure 2.8: Velocity amplitude plotted against LSP.

Wood et al., 1999, model). However, these amplitudes may be related if the light
variations were caused by distortion of the red giant by its unseen companion (see
Section 2.4.1.5).

As noted in Section 2.3.3, only a hint of a correlation is seen between velocity

amplitude and K magnitude (Figure 2.7), and with LSP (Figure 2.8). We cannot
draw any conclusions from this in the context of a binary model.

2.4.1.3 The Distribution of the Angle of Periastron

One of the most conclusive ways to test the plausibility of the binary model as
a cause for the LSPs is to examine the distribution of the angle of periastron, w.
The angle of periastron is a measure of the orientation of a binary’s orbit, and is
defined as the angle at which periastron (the closest approach of the two stars)
occurs relative to the line of intersection of the orbital plane and the plane of the
sky, measured in the direction of orbit. A visual representation is shown in Fig. 2.9.
As Hinkle et al. (2002) and Wood et al. (2004) note, the observed distribution of

w should be uniform over the whole range of angles, since one would expect binary
orbits to be randomly aligned in space.
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Figure 2.10: The distribution of the angle of periastron, w. This study’s sample is
plotted in red (forward shading). The combined sample of Hinkle et al. (2002) and Wood
et al. (2004) is shown in blue (back shading). Two stars have been dropped from Hinkle
et al.’s sample and one from Wood et al.’s, due to overly large errors for w.

of periastron to the uniform distribution. We find that the probability that our
distribution of w is consistent with the uniform distribution is 1.4 x 10~2. In other
words, the probability that the sequence D stars are binaries is extremely small.
This is a major result from this study.

An angle of periastron between 180° and 360° means that at periastron, the red
giant is closest to the observer, with the smaller companion further away. It is hard
to see what selection effects could cause an LSP to be observed only in these binary
orientations.

2.4.1.4 The Distribution of the Eccentricity

A histogram showing the distribution of the eccentricity is shown in Figure 2.11.
The eccentricity was calculated by FITALL as one of the orbital parameters of the
binary fit to the velocity data.

The plot shows that if the sequence D stars are caused by binary motion, then
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Figure 2.11: The distribution of the eccentricity.

they are in eccentric orbits. This confirms the suggestion of Hinkle et al. (2002) and
Wood et al. (2004). The median eccentricity of the sample is 0.3.

2.4.1.5 Ellipsoidal Variables

An ellipsoidal variable is a binary star which is tidally distorted by an orbiting com-
panion into an ellipsoidal shape. Light variability is caused mostly by the variation
of the apparent surface area of the star seen by the observer as the star rotates. Its
velocity curve is dominated by orbital motion, with a small contribution from the
rotation of the limb-darkened ellipsoid.

The light curve for an ellipsoidal variable is expected to have two maxima and
minima per orbit, due to the star’s shape. However, the velocity curve is expected
to have only one maximum and minimum per orbit. We can use this characteristic
to investigate the plausibility of ellipsoidal variability as an explanation for the LSP
variation.

Soszynski et al. (2004b) show that the light curves of sequence E variables are
satisfactorily explained by ellipsoidal variability. Their data show a partial overlap
of sequences D and E in the P-L diagram, and so they suggest that the Long
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Figure 2.12: Histograms of the difference between the phase of LSP minimum light and
the phase of mean rising LSP radial velocity. The top panel shows the phase difference
for MACHO My, the middle panel Mg, and the bottom panel OGLE I. Radial velocity
is defined with respect to the observer: a positive radial velocity corresponds to matter
moving away from the observer i.e. infalling to the centre of the star in a radial pulsation
model.

curves. Each panel shows a strong peak of phase differences lying between 0 and
0.2 and there is little spread in phase.

Lebzelter et al. (2000) and Lebzelter & Hinkle (2002) find that for radially pul-
sating SRVs, the light lags the radial velocity by roughly 0.5 in phase, which means
that minimum light occurs ~0.25 in phase after the time of mean rising velocity.
Our model SRV (Figure 2.2) shows that minimum light occurs close to 0.23 in phase
after mean rising velocity. Our sequence D stars are significantly different. Taking
the main peak of light-velocity phase differences in Figure 2.12 (values between —(.1
and 0.3), the mean phase shift is 0.1, and the standard deviation is 0.08. More sim-
ply, minimum light usually occurs ~0.1 in phase after mean rising velocity. Radial
pulsation therefore may not be consistent with this aspect of the LSP phenomenon,
although this is not a strong conclusion.
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Figure 2.13: Different properties of four typical sequence D stars plotted against Julian
Date. Solid symbols denote values plotted at the date of measurement while open symbols
are values that have been shifted forward or backward by one or more periods. Top panel:
MACHO Red light curve. Second panel: MACHO Blue light curve. Third panel: OGLE I
light curve. Fourth panel: Variation of Ry, (small black points), variation of Ry (cyan
curve) and variation of Repec (large magenta points). Fifth panel: Variation of Tetiphot)
(small black points), variation of Teg(spec) (large magenta points) and variation of Tetivel)
(cyan curve). Bottom panel: Observed radial velocity. See text for details. Plots for the
entire sample are available in the online version of this paper and in Appendix D.
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Figure 2.14: Distribution of median values of Ry (solid red line) and Ry, (dashed
blue line).

2.4.2.5 The Variation of Effective Temperature

The variation of T.g was calculated from the photometry, from the spectra and from
the velocity fit.

The variation in the photometric Teg (Tephor)), Whose derivation is described
in Appendix A, is shown in Figure 2.13.

Teqr was also calculated using the depth of the TiO bandhead at 7054 A (Tespec))-
The depth was calculated as the ratio of the mean count level of a 4 A band longward
of the bandhead to the mean count level of a 4 A band shortward of the bandhead,
taking into account the fact that the LMC has an average velocity of 270 kms™',
leading to a longwards wavelength shift of 6.3 A in the spectra.

In order to calculate the effective temperature from the TiO depth we calculated
the depth of the TiO bandhead for 9 Wing Spectral Standard stars (private com-
munication to Mike Bessell from Robert Wing). Then a quadratic fit was made to
the TiO Depth-Spectral Type data. This quadratic fit was used to calculate the
spectral types of our sequence D stars from their TiO depths, and the effective tem-
peratures were then calculated using the Ridgway et al. (1980) T.g-Spectral type
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Figure 2.15: Distribution of radial amplitude/period for Ry, (solid red line, forward
shading), Repec (dashed blue line) and Ry (dot-dashed green line, back shading).

relation. An example of the typical variation of Tegpec) in these stars can be seen
in Figure 2.13.

Some of the warmer sequence D stars in our sample showed little to no evidence
of TiO in their spectra, and so we were unable to include these in the Tegspec)
calculation. However, good-quality velocity curves were not necessary for calculat-
ing Tem(spec) S0 @ number of stars previously discounted from the velocity studies
were added in where consideration of radius and effective temperature was required.
Overall there was a net increase in sample size from 30 to 37 (the stars added in
were excluded only from the velocity amplitude, angle of periastron, eccentricity
and velocity phase parts of this work).

We also calculated the effective temperature variation expected for radial pulsa-
tion, Tegver). This was calculated from the radius change computed for pulsation in
Section 2.4.2.4, the luminosity calculated from the fits to the photometry, and the
Stefan-Boltzmann equation. The variation of Teg.) can be seen in Figure 2.13.

The distributions of the median values for each star of Tegphot) and Tegrspec) are
shown in Figure 2.18. Most stars have median effective temperatures lying between
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3300 and 3800 K. The median values for the entire sample for Tegpnot) and Tegepec)
are 3662.9 and 3725.2 K. Ty is not shown, as it is calculated from R,q. which is
normalised to Rypo-

Figure 2.19 shows the distribution of T.g amplitude for the three variations. The
amplitude distributions of Tegphoty and Tegrpec) are both strongly peaked at lower
values, but ATy shows a much wider distribution, and tends towards much
larger amplitudes. The amplitudes of Tegphor) and Tegspec) mostly lie between 20
and 200K, but T amplitudes tend to lie between 200 and 800 K. The median
amplitudes of the sample are 42.3, 72.56, and 582.78 K for ATegphot)s ATesrispec) and
ATevery respectively. Tegiven, like Tegphor), 18 a predicted temperature, whereas
Teff(spec) 15 measured from our data. Ty has very large amplitudes in the context
of radial pulsation. Adding this to the fact that Tegyer) does not agree with Tegepec)
suggests that radial pulsation cannot explain the LSPs.

Figure 2.20 shows the relation of light amplitude to T, amplitude for both
Tesitphot) aNd Tegispec). The graph shows that Teq amplitude increases with increasing
My amplitude, for both Tegpho) and Tegspecy. This is consistent with pulsation,
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Figure 2.17: Distribution of phase of minimum light - phase of minimum radius for R0
(solid red line, forward shading), Repec (dashed blue line) and R, (dot-dashed green line,
back shading).

where a larger physical amplitude leads to larger luminosity variations and larger
changes in effective temperature.

2.5 Discussion and Conclusions

2.5.1 The Movement of the Visible Surface of a Sequence
D Star during its LSP

Possibly the most remarkable feature of the sequence D stars is the large change in
the radial distance to the visible surface of a sequence D star as it passes through
one LSP. By integrating the radial velocity with respect to time, we calculated
in Section 2.4.2 a radius change for radial pulsation of between 3 and 60 R, with
the typical radius full amplitude being ~ 41 R.. The typical median radius of a
sequence D star is around 135 R,

We can use this property to demonstrate just how unlikely radial pulsation is in
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Figure 2.18: Distribution of median values of Tegphor) (solid red line) and Togispec)
(dashed blue line).

these stars. An amplitude of 41 R;, in a 135 R, radially pulsating star corresponds
to a fractional radius change of over 30% from minimum to maximum radius. These
radial amplitudes are very large in the context of radial pulsation: fundamental-
mode Mira variables pulsate with radius changes of the order of 50 R, (Ireland
et al., 2004), but they have visible light amplitudes of ~6 magnitudes, while typical
sequence D stars have light amplitudes of AMgr < 0.8 mag. It seems unlikely
that such a modest light change could be associated with so large a radius change,
suggesting that radial pulsation is not the cause of LSPs.

This comparative analysis backs up a huge problem with the radial pulsation
model which was raised in Section 2.4.2: the changes in radius would lead to changes
in T that are vastly greater than the directly observed changes from spectra or
photometric colour.

In addition to the problems with radial pulsation raised by our own data, there
are also other problems raised by Wood et al. (2004): the length of the primary
period does not vary during the LSP as expected; and to date there is no known
mode of radial pulsation that has the required periods.
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Figure 2.19: Distribution of amplitude of effective temperature variation for Teghot)
(solid red line, forward shading), Tegspec) (dashed blue line) and Tgyye1) (dot-dashed green
line, back shading). The higher end of the AT g, distribution has been cut off, in order
to show greater detail at the peaks of AT oty and AT egpispec)-

Wood et al. (2004) proposed nonradial pulsation as a possible cause for the LSPs.
They showed that the best match to the observed periods is given by the g mode
with n = 2 and | = 2. In this case, the nett apparent radial velocity arises from
some parts of the visible surface approaching while other parts are receding. Thus
at a given position on the stellar surface, the velocity amplitudes and overall radial
motions will need to be even larger than in the radial pulsation case. Given the large
amplitudes calculated in this work for radial pulsation, nonradial pulsation would
lead to distortions of the star that appear far too large to be credible, especially
since g modes have significant amplitudes only in radiative regions (Wood et al.,
2004).

It would therefore seem that the only way to generate the observed change in ra-
dial distance to the visible surface of a sequence D star is to have the star itself move,

i.e. it must be in a binary system. Binary models, however, are inconsistent with
various observational results described above. Most particularly, the non-uniform
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Figure 2.20: Top Panel: AT o) plotted against AMpg. Bottom Panel: AT ggpec)
plotted against AMpg.

distribution of the angle of periastron and the low companion masses of these stars
appear incompatible with a binary system model. The problem of the companion
mass might be overcome if the companions were initially planets in eccentric or-
bits whose mass has been increased via accretion of material from the red giant.
This would mean that although the companions currently have masses in the Brown
Dwarf range, they were not born as Brown Dwarfs. To remove the problem of the
non-uniform distribution of angle of periastron we would need to have an observa-
tional selection effect that rejects angles of periastron in the range 0°-180°, i.e. we
would need an effect that masks the sequence D variation when periastron occurs
with the smaller companion in front of the red giant. An effect which could produce
this bias is difficult to imagine.

2.5.2 Attributes of the Long Secondary Period

As with past studies, we are unable to find definitive evidence for any model which
explains the Long Secondary Periods in sequence D stars. To conclude, we therefore
list all the currently known properties of LSPs. Any proposed model for LSPs should
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Figure 3.2: K and J - K plotted against K — [8] for the P5 samples of LSPVs (small red
points, panels 1 and 3 from the bottom) and SRVs (small black points, panels 2 and 4 from
the bottom). Stars on sequence 1 are shown as small grey points. The large amplitude
Mira variables belonging to sequence 1 are shown as larger points that are a darker shade
of grey. The magenta crosses are the 10 RV Tauri stars in the LMC studied by Alcock
et al. (1998) that have J, K and [8] magnitudes while the blue plus signs are the 11 RCB
stars in the LMC studied by Alcock et al. (2001). The lines in the bottom two panels are
model AGB stars with spherical dust shells of increasing optical depth (see text). The top
panel shows the fraction of the O-rich (J - K < 1.4) SRVs and LSPVs stars brighter
than K = 12 which lie in K — [8] color bins of width 0.2 magnitudes: one-sigma error bars
are given. Also shown in the top panel is the distribution of sequence 1 stars, both C and
O-rich.
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Figure 3.3: The same as Figure 3.2 but using the K — [24] color rather than the K — (8]
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LSPVs (red histogram) and SRVs (black histogram) detected at 24 um as a function of
K magnitude. The histograms of LSPVs and SRVs in the top panel include both C and
O-rich stars.
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samples.
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Figure 3.6: The K — [24] color plotted against the MACHO blue amplitude of the LSP
for LSPVs with K < 12 (bottom panel). Black dots show stars in the complete sample
while stars also in the P5 sample are surrounded by red circles. The histogram in the top
panel shows the fraction of all LSPVs which have K < 12 and a detected 24 um flux in
the P5 sample (red line) and the complete sample (black dotted line).

a spherically symmetric distribution, and is perhaps in a disk.

Although dust is associated with the LSP phenomenon, it is still not clear what
causes the LSP in the first place. In a binary model, where the velocity curves
indicate predominantly eccentric orbits (Nicholls et al., 2009), mass transfer from the
red giant near periastron could lead to a circumbinary disk. A non-radial pulsation
mode of low degree could also produce non-spherical mass loss and a non-spherical
dust distribution. The semi-periodic dust ejection events predicted by Winters et al.
(1994) and Hoefner et al. (1995) produce, and indeed require, circumstellar dust.
However, this phenomenon has not been found to occur in theoretical models at the
low luminosities where many of the LSPs are observed (even below the tip of the
FGB). Furthermore, it is also not clear why the photospheric velocity should vary
with the LSP for this purely circumstellar process.

One additional characteristic of LSPVs is that they have a chromosphere which
varies with the LSP (Wood et al., 2004). It is likely that both the chromosphere
and the excess circumstellar dust are manifestations of the influence of the LSP
phenomenon on matter above the stellar photosphere. Magnetic effects are a possible
source of the chromosphere, but a search for magnetic fields in two solar-vicinity
LSPVs has put an upper limit of 100 Gauss on magnetic fields covering more than
about 10% of the surface of these stars (Wood et al., 2009). Currently there is no
evidence that magnetic fields are the source of the chromosphere.

In summary, we have shown here that the LSP phenomenon produces excess
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Figure 4.1: Phased MACHO blue (Mp) and red (Mg) light curves and phased radial
velocity curves for our sequence E stars. The blue line shows the binary fit to the velocity
curve.
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Table 4.2: Orbital Elements for Sequence E Stars

Star ¥ K e w 1 P asini f(m) M* m

(kms™) (kms™') (deg) (HJD) (days) (Ro) (Mg) (Mg) (Mo)

77.7429.189 281.40 25.99 0.05 27538 3332.5 110.34 56.58 0.2003 1.07 0.93
+10.57 = (L8300 == 0.03° £ 28:52° " -8’8 + 1.75 =+ 0.0186

77.7548.68 247.20 8.54 0.07 170.67 3502.6 442.83  74.55 0.0285 1.52 0.48
+ 0.19 +0.24 £ 0.03 =L 25.63 = 32.9 + 2.22 + 0.0024

77.7672.98 250.71 B2 0.06 38.99 2989.4 156.13 100.92 0.5679 2.27 2.27
+ 0.75 =SB TOR=E00:080 5 4=220 10 ===81 2.3 =342 S 0:0575

77.7673.79 252.37 24.01 0.02 236.49 3064.4 131.35 62.30 0.1887 1.09 0.91
+ 0.41 == (050 9NN =R OI02 ==E6 IR R TN=E 2256 + 1.55 =+ 0.0140

77.7789.152 255.04 14.03 0.05 198.55 3024.2 157.73° 43.67 0.0451 144 0.56
+ 0.74 + 097 +£0.08 =+ 90.81 £ 40.5 + 3.05 =+ 0.0094

77.7790.72 275.00 15.35 0.19 262.20 3326.7 328.79 97.85 0.1167 1.22 0.78
+ 0.83 =8 (192880 () 0 6 R =T=1 S NI RIR==11 ()2 + 6.02 =+ 0.0214

77.7791.115 350.88 21.47 0.03 275.04 3032.0 139.18 59.02 0.1429 1.17 0.83
+ 0.30 =E0235 S =R (10 28==A () S 1=8 653 + 0.97 4 0.0070

77.7910.41 238.06 20.41 0.08 10.03 3075.8 191.46  76.94 0.1673 1.13 0.87
=+ (.95 £10.66" =£=0:04 5= 21.82° = 11.8 4=:2:53) = 00163

77.7910.77 255.34 44.35 0.08 279.65 2987.6 65.72  57.38 0.5890 2.36 2.36
=ENIR6T = 2.83 £0.04 £ 38.55 £ 7.1 == SO == NN 3!

77.7912.111 231.16 14.76 0.06 223.73 3075.1 128.89 37.50 0.0428 1.44 0.56
+ 0.45 + 062 +£0.04 +41.73 &£ 14.7 + 1.57 = 0.0054

77.7914.74 305.31 16.33 0.02 27280 3271.8 28224 91.04 0.1276  1.20  0.80
== 18] + 0.14 £ 0.01 =+ 24.26 4+ 18.9 + 0.79 =+ 0.0033

%Here we assume sinz = 1.
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Figure 4.3: A histogram of the velocity amplitude for our sample.

For comparison, the time a 1M, Z = 0.008 red giant takes to double its radius
when R ~ 30R; is ~ 2 x 107 yr (using the evolutionary tracks of Girardi et al.,
2000). The value of 30 R, was chosen as a typical Roche Lobe radius for these stars
(see the velocity amplitude calculations given later in this Section). A doubling of
the radius is an estimate of the evolution time over which the tides have had time to
act. Ten of the eleven stars in our sample have ¢ < 0.1, and the mean eccentricity
of the sample is 0.07. Therefore the majority of our sample of red giant binaries
have fairly circular orbits, as expected. However some sequence E stars do show
confoundingly high eccentricities (see Soszynski et al., 2004b), and this is a problem
that must be solved in the future.

The relation between velocity amplitude and period for our sample and for the
sequence D sample of Nicholls et al. (2009) is plotted in Figure 4.4. In a binary
system, for given masses, a longer period means a wider orbit, and thus a smaller
amplitude in velocity variation. Figure 4.4 shows velocity amplitude decreases with
increasing period for the sequence E stars, as expected. However the sequence
D stars show the same velocity amplitudes for all periods and do not follow the
expected binary relation. A vivid demonstration of the disparity between these two
samples is found in the region where their periods overlap. At periods between
200 and 450 days, the difference in velocity amplitude between the sequence D and
sequence E samples is as much as 30 kms™.

Ellipsoidal variability is only visible once a star has substantially filled its Roche
Lobe. Stars in wider orbits (with lower velocity amplitudes) will fill their Roche
Lobes when they are further up the giant branch, and thus will be more luminous
than stars in closer orbits. For a given luminosity (and radius) there is a range
of velocity amplitudes the star may have, the maximum of which is dictated by
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Figure 4.4: Full velocity amplitude plotted against orbital period for our sequence E
sample (blue points) and the sequence D sample of Nicholls et al. (2009) (red crosses).

the size of the closest possible orbit the companion can occupy. Therefore, for our
ellipsoidal variables we expect that the maximum velocity amplitude should decrease
with increasing luminosity, but that stars may occupy velocity amplitudes below the
maximum for a given luminosity. This is shown in Figure 4.5 which gives a plot of K
magnitude against velocity amplitude for our sequence E stars. In order to define the
upper limit of velocity amplitude for a given luminosity, we calculated the minimum
orbital separation for a theoretical sample of binaries with equal mass components
(mass ratios of ¢ = 1) in which the red giant is filling its Roche Lobe. Using the
approximation given in Eggleton (1983), we calculated the Roche Lobe radius ry, to
be 0.37, in units of orbital separation. Therefore the minimum orbital separation for
a Roche-Lobe filling binary with ¢ = 1 is a = 7% = 2.7r;. We substitute for r; the
radius expected for a given luminosity in these stars, calculated from a fit made to
the radius-K magnitude data for our sample. Finally we calculated the maximum
velocity amplitude assuming a circular orbit and components of mass 1 M. This
velocity amplitude upper limit is shown by the solid blue line in Figure 4.5.

Most stars lie where expected in Figure 4.5 but two stars lie above the upper limit
line. These are the two systems with higher mass components, mentioned earlier.
As both these systems have components of around 2.3 M, we also calculated the
maximum velocity amplitude for stars of this mass, and this is shown by the green
dashed line in Figure 4.5. One star lies above this limit. It appears somewhat
atypical, as it has a significantly higher effective temperature than the rest of the
sample (~ 5200 K compared to the median 4200K) and hence a smaller radius. It
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Figure 4.5: K magnitude (from 2MASS) plotted against velocity amplitude for our
sequence E stars. The point size shows relative light amplitude in MACHO red. The
solid blue curve gives the upper velocity limit for equal-mass components of 1M, and
the dashed green curve gives the upper limit for equal-mass components of 2.3M;,. See
text for details.

binary companions. Such stars are the normal, non-varying field red giants in the
LMC. Since the sequence E stars that were detected at 8 um have 125 < K < 14
and 0.6 < J— K < 14, we selected comparison sources from the SAGE survey
with these characteristics along with the requirement of an 8 um detection. An
examination of this sample of ~40000 objects showed that sources fainter than
K = 13.5 were near the 8 um faint detection limit and that this significantly biased
the population of detected stars in favour of objects with a higher K — [8] colour.
We therefore omitted such stars and we compared sequence E stars and non-varying
field red giants only in the interval 125 < K < 13.5. Finally, all variable stars
in the catalogue of Fraser et al. (2008) were removed from the list of comparison
sources. This left 144 sequence E stars and ~33000 non-varying field red giants.
The K — [8] colour distributions of these two samples were then examined to search
for an 8 um mid-infrared excess. A two sample K-S test gives a probability of up to
0.89 that the sequence E stars and non-varying field red giants come from the same
underlying distribution in K — [8] colour. In other words, there is no evidence that
sequence E variability generally leads to a significant amount of circumstellar dust
and a mid-infrared excess.
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OGLEDS2013.51 P = 452,47 days

25

Figure 5.1: Observed OGLE I light curve and observed radial velocity curve for
OGLE052013.51 (red points) and modelled light and velocity curves (blue lines) at an
inclination of 60°.

for a compact secondary is at ¢ = 60°. This solution was further refined by obtaining
more accurate estimates of the MS companion’s properties. At ¢ = 60°, the red
giant has a mass of 1.4 M, and a radius of 66.3 R;,. From the colour temperature of
4220 K, we calculate the luminosity as 1252 L. Using the evolutionary track data of
Girardi et al. (2000), a red giant of this mass and luminosity and of LMC metallicity
should have an age of ~ 3 x 10? yr and be on the RGB. At the same age, the 1.1 M
MS companion should have L = 2.4L;, Tey = 6490K, and R = 1.2R.. We re-
solved the system at i = 60° with T.g, increased to 6490K and the companion’s
surface potential, €2,, altered so R; = 1.2 R,,. This more accurate solution is shown
in the last row of Table 5.3 and in Figure 5.1. Increasing the accuracy of the
companion parameters caused no significant changes in the solution.

5.3.2.2 OGLE052438.40

From Figure 5.2 it is clear that this variable displays equal maxima and unequal
minima. However, the most notable property of this star’s light curve is that the
deeper minimum occurs at a different place with respect to the velocity curve than
expected. Instead of being dimmer towards the companion as gravity darkening
dictates, the red giant is dimmer at its other light minimum (inferior conjunction,
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Table 5.5: Simultaneous light and velocity solutions for OGLE052812.41

i a(Rep) e w (radians) O q M, (Mg) M;(Mg) R;(Ro) Xr?(I)
90° 225.4124+4.920 0.237£0.007 3.758 £ 0.022 4.985 £ 0.145 0.652 £+ 0.045 1.39 0.91 55.65 D182 = 1T
80° 225.634 £4.906 0.236 £0.007 3.752 4+ 0.022 5.025+ 0.147 0.675 £ 0.047 1.38 0.93 55.60  0.183 x 1071°
70° 226.185+4.633 0.236 + 0.007 3.741 £0.022 5.148 +£0.145 0.750 £ 0.049 1833 1.00 55.44  0.184 x 10715
60° 223.762+4.280 0.234+£0.007 3.712+ 0.023 5.257 £ 0.141 0.849 £ 0.052 1022 1.03 8517 0:191 x 10
50° 221.307 £4.066 0.225+ 0.008 3.663 +0.025 5.466 + 0.145 1.023 £ 0.059 1.08 1.10 54.76.  0:215 % 1015
90° 224.800£4.926 0.236 £ 0.007 3.755 +0.022 4.965 + 0.144 0.644 £+ 0.045 1.39 0.89 55.64  0.183 x 10~
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Figure 5.2: Observed OGLE [ light curve and observed radial velocity curve for
OGLE052438.40 (red points) and modelled light and velocity curves (blue lines) at an
inclination of 70°.

5.3.2.4 OGLE052850.12

The observed light and radial velocity curves are shown in Figure 5.4. The light
curve shows unequal maxima and minima of almost equal depths.

The angle of periastron is ~ 188°, so periastron occurs almost concurrently with
the brighter light maximum, at a phase of ~ 0.27. The narrower maximum is again
due to the star moving quickly at periastron during this part of its orbit. The
slight asymmetry of the dimmer maximum, and the fact that the fit was unable to
reproduce this, is likely due to a non-standard temperature distribution across the
ellipsoidal red giant’s surface.

The results are shown in Table 5.6. Semimajor axis, e, w, and 2, vary slowly
with 7, while ¢ changes rapidly with 7, particularly at low inclinations, and exceeds
unity at ¢ = 40°.

According to the sum of the squares of residuals of the light curve, the best
solution is at ¢ = 50°. This solution was further refined by obtaining more accurate
estimates of the MS companion’s properties. At i = 50°, the red giant has a mass
of 4.3M,, and a radius of 176 R;. From the colour temperature of 3720 K, we
calculate the luminosity as 5325L;. A red giant of this mass and luminosity and
at LMC metallicity should have an age of ~ 1.5 x 10° yr and be on the AGB. At
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Figure 5.3: Observed OGLE I light curve and observed radial velocity curve for
OGLE052812.41 (red points) and modelled light and velocity curves (blue lines) at an
inclination of 90°.

the same age, the 3.4 M, MS companion should have L = 242L,, T = 13430K,
and R = 2.88 R;. We re-solved this solution with T.g, increased to 13430 K and 2,
altered so R, = 2.88 R;. This solution is shown in the last row of Table 5.6 and in
Figure 5.4.

5.3.2.5 OGLE053033.55

The observed light and velocity curves are depicted in Figure 5.5. This star also
shows unequal maxima and minima, with the deeper minimum of the light curve at
inferior conjunction.

The angle of periastron is ~ 290°, with periastron occuring between inferior
conjunction and the following light maximum, at a phase of ~ (0.55.

The solutions for all modelled inclinations and a compact secondary are shown
in Table 5.7. Semimajor axis, e, w, {; and q all vary significantly with i. The mass
ratio exceeded unity at 2 = 30°, and we did not make solutions at lower inclinations.

According to the sum of squares of residuals of the light curve, the best solution
is at 60°. We further refined this solution by obtaining more accurate estimates of
the MS companion’s properties. At i = 60°, the red giant has a mass of 5.8 M, and
a radius of 123 R, The colour temperature of 4180 K gives a luminosity of 41;17 Lo.
Using the data of Girardi et al. (2000), a red giant of this mass and luminosity and
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Figure 5.4: Observed OGLE I light curve and observed radial velocity curve for
OGLE052850.12 (red points) and modelled light and velocity curves (blue lines) at an
inclination of 60°.

at LMC metallicity should have an age of ~ 7 x 107 yr, and lie on the RGB. At
the same age, the 3.2 M., MS companion should have L = 99L;, T = 13310K, and
R = 1.9R,;. We re-solved at 1 = 60° with Ty, increased to 13310 K and 2, altered
so Ry = 1.9R;. This solution is shown in the last row of Table 5.7 and in Figure 5.5.
The masses in this system are again higher than the typical LMC field population.

5.3.2.6 OGLE053124.49

The observed light and velocity curves are shown in Figure 5.6, from which it is
clear that this star also shows unequal maxima and minima in its light curve. At
superior conjunction, the relevant minimum of the light curve is deeper, i.e. the star
is dimmer on the end nearest the companion, as expected due to gravity darkening.

The angle of periastron is ~ 1767, so periastron occurs around the same time as
the brighter maximum, at a phase of ~ 0.24. Again the narrow maximum can be
attributed to the star moving fast at periastron in a highly eccentric orbit, but this
does not explain why this maximum is brighter than the other.

The results of the WD modelling are shown in Table 5.8. Semimajor axis, e, and
w all vary slightly with decreasing 7, while €, and ¢ vary more significantly with i.

The best solution with a compact secondary is at 90°, according to the sum
of squares of residuals of the light curve. However using the Girardi et al. (2000)






96 Eccentric Ellipsoidal Variables in the LMC

OGLE053033.55 P = 390.17 days
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Figure 5.5: Observed OGLE I light curve and observed radial velocity curve for
OGLE053033.55 (red points) and modelled light and velocity curves (blue lines) at an
inclination of 60°.

evolutionary tracks as above to find the temperature and radius of the MS companion
resulted in eclipses of the light curve at 90° and 80°. The eclipses disappeared at
i = 70°, where the red giant has a mass of 2.0M;, and a radius of 92R.. From
the colour temperature of 3880 K, the luminosity is 1722 L.. From Girardi et al.
(2000), a red giant of this mass and luminosity and at LMC metallicity has an age
of ~ 1.3 x 10? yr, and is an AGB star around the time of its first thermal pulse. At
the same age, the 1 M, MS companion should have L = 1.19L., T = 6120K, and
R = 0.97R;. We re-ran the code at i = 70° with T, increased to 6120 K and €,
altered so R, = 0.97 R. This solution is shown in the last row of Table 5.8 and in
Figure 5.6.

5.3.2.7 OGLE053159.96

The observed light and velocity curves are shown in Figure 5.7. This star has a
light curve with unequal maxima and minima, and again its deeper light minimum
occurs at inferior conjunction.

The angle of periastron is ~ 280°, so periastron occurs between inferior conjunc-
tion and the subsequent light maximum, at a phase of ~ 0.53. In this case, periastron
has squeezed the deeper minimum in phase, rather than one of the maxima.

The solutions are shown in Table 5.9. Semimajor axis, ¢, and w all vary slowly
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Figure 5.6: Observed OGLE I light curve and observed radial velocity curve for
OGLE053124.49 (red points) and modelled light and velocity curves (blue lines) at an
inclination of 70°.

with 7. Primary potential and q vary significantly with i. The stepping down of i
for successive solutions was halted before ¢ exceeded unity, as at i = 40° pc was
unable to fit the full amplitude of the light curve.

According to the sum of squares of residuals of the light curve, the best solution
is at 2 = 80°. However using a more accurate temperature and radius for the MS
companion results in eclipses at 80° and 70°, due to the increased radius of the
MS star. The eclipses disappeared at ¢ = 60°, where the red giant has a mass of
4.8 M, and a radius of 125 R;,. With a colour temperature of 3880 K, the red giant’s
luminosity is 3179 L. Using the data of Girardi et al. (2000), a red giant of this
mass and luminosity and LMC metallicity should have an age of ~ 1.05 x 10® yr, and
be at or near the RGB tip. At the same age, the 2.1 M, MS companion should have
L =235L,, T =10590K, and R = 1.76 R;. We further refined our best solution
(i = 60°) with T.q, increased to 10590K and €, altered so R, = 1.76R,,. This
solution is shown in the last row of Table 5.9 and in Figure 5.7. This star also has
higher mass than expected for the general LMC field population.






100 Eccentric Ellipsoidal Variables in the LMC

OGLE053159.96 P = 501.10 days

25

Figure 5.7: Observed OGLE I light curve and observed radial velocity curve for
OGLE053159.96 (red points) and modelled light and velocity curves (blue lines) at an
inclination of 60°.

5.4 Discussion

All the stars in our sample clearly show the doubling of the light curve with respect
to the velocity curve that is the hallmark of ellipsoidal variation. All the light curves
display minima of unequal depths, another common property of ellipsoidal variables.
In variables with circular orbits, the deeper minimum is caused by gravity darkening
on the inner end of the ellipsoidal red giant. In that case the deeper minimum
should be found at superior conjunction, however for most of our eccentric sample
the opposite is true.

The majority of stars in our sample also show maxima of unequal heights in
their light curves, a phenomenon that was not seen in ellipsoidal variables with
small or zero eccentricity (Nicholls et al., 2010). A possible explanation for the
unequal maxima and the unexpected placement of the deeper minimum in eccentric
ellipsoidal variables is presented in Section 5.4.1.

Many stars in our sample are more massive and more luminous than the average
LMC red giant. According to the evolutionary tracks of Girardi et al. (2000), two
are AGB stars. This is likely to be mostly due to a luminosity selection effect, as
we selected the brightest eccentric candidates from the OGLE database to obtain
targets suitable for our observing facilities. Selecting variables with high eccentricity






102 Eccentric Ellipsoidal Variables in the LMC

o8,
x
07
x x
06
.
l -
05, x
4 X

04 7\

~ x

+
1 TR
A X " x
02 s + x
A% & x
X &
01 =
o." x* : x
00| x ox x x
EES 30 s 30 3s a0 is
log P

Figure 5.8: Eccentricity vs. period for the current sample of eccentric ellipsoidal variables
(red triangles): the low-e ellipsoidal sample of Nicholls et al. (2010) (blue circles); post-
AGB stars from Waters et al. (1993); Van Winckel et al. (1995, 1998, 1999); Pollard &
Cottrell (1995); and Gonzalez & Wallerstein (1996) (green pluses); and M giant binaries
from Famaey et al. (2009) (black crosses).

in our sample. According to the evolutionary tracks of Girardi et al. (2000) it is an
AGB star, which explains the obvious pulsations in its light curve. There is a very
real possibility that this object will fill its Roche Lobe before it reaches the AGB tip
and become a PN, possibly of asymmetric shape, with a close binary central star.

OGLE053124.49 is the most evolved star in our sample, and according to the
evolutionary tracks is an AGB star near the time of its first thermal pulse. It has
one of the smallest light amplitudes in our sample, suggesting a low fractional lobe
filling (as its inclination is similar to that of OGLE052850.12). Given its advanced
evolutionary state and low fractional lobe filling, it is possible that this star may
not fill its Roche Lobe before it reaches the AGB tip and may lose its envelope via
the superwind as single AGB stars do, leaving a remnant PN with a wide binary
companion.

5.4.1 Increased Distortion in High Eccentricity Orbits

It has been noted above that many of the eccentric ellipsoidal variables in our sample
show unequal maxima as well as unequal minima in their light curves. As Nicholls
et al. (2010) showed, in normal circumstances the deeper minimum is caused by
gravity darkening of the red giant on the side nearest its companion and should
therefore occur at superior conjunction. In this regime there is also no reason why
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soidal variables (magenta pluses), the mostly circular ellipsoidal sample of Nicholls et al.
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the light maxima should be unequal.

From a glance at the phased light and velocity curves of the current sample, it is
clear that for many stars, the deeper light minimum occurs at inferior, not superior,
conjunction. This suggests that when the ‘outer end’ of the ellipsoidal red giant
is facing us, the star appears dimmer due to some effect outweighing the gravity
darkening of the ‘inner end’.

A related phenomenon occurs with maxima. For 6 of the 7 stars, one of the light
maxima is narrower and brighter than the other. The narrowness of this maximum
- its shorter span in phase - can be explained by its proximity to periastron and
the eccentricity of the orbit. At periastron in a highly eccentric orbit, the star
moves significantly faster than at apastron, so that part of the light curve appears
‘squashed’ in phase. But what causes a maximum to be brighter as well as narrower
when it lies close to periastron?

The results of our modelling show that the deeper light minimum and the brighter
maximum are always close to periastron. Given the high eccentricity of these orbits,
here we suggest that the cause of these unequal maxima and minima, and the effect
that can outweigh gravity darkening of the inner end of the ellipsoid, is increased
distortion of the red giant at periastron.

Due to small periastron separations resulting from highly eccentric orbits, at pe-
riastron the greater influence of the companion causes the red giant to become more
distorted, its ellipsoidal shape more pronounced. As the major axis of the ellipsoid
lengthens and the minor axes contract, the apparent surface area of the ellipsoid
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Table B.3: Heliocentric Radial Velocities of Sequence D Stars (kms™!)

HJD 77.7550.44 77.7551.20 77.7551.26 77.7552.111 77.7667.918 77.7669.1027 77.7669.1028 77.7669.973 77.7669.974
2954.85 249.43 250.75 286.10 271.38 262.37 270.99 222.05 2270 285.44
3005.86 247.88 250.69 285.55 270.24 262.20 267.56 221.26 21571 285.20
3067.60 246.83 250.30 287.32 271.98 261.98 267.17 220.02 271.43 285.20
3091.56 246.53 250.67 286.09 273.46 262.54 265.10 220.66 270.38 286.83
3280.86 247.89 249.27 285.40 276.34 261.99 270.07 219.32 273.92 -
3324.76 249.77 249.29 286.44 27097 262.21 268.14 219.05 270.69 -
3344.80 249.62 248.27 286.06 271.61 263.53 268.00 21939 272.26 -
3376.58 250.10 249.86 287.12 274.78 261.37 265.60 221.26 271.15 -
3418.69 248.39 249.30 287.18 269.93 261.34 266.14 221.65 270.15 -
3471.51 247.71 250.68 286.26 271.14 255.78 272.16 22119 271.50 -
3623.88 - - - - = - - - -
3642.83 246.66 248.33 284.60 27491 263.41 266.07 220.65 273:99 -
3644.82 246.41 248.05 284.53 274.28 262579 265.72 220.03 273.74 -
3663.86 247.87 249.67 286.85 273123 262.07 265.81 220.20 272.82 -
3664.86 247.83 249.63 287.10 273.68 261.66 265.89 220.23 272.78 -
3685.67 248.45 250.19 285.08 274.49 261.43 267.55 221.18 272.65 -
3709.79 248.12 249.63 286.42 275.24 261.56 271.28 219.85 272.80 -
3741.60 249.23 251.43 285.98 274.35 260.44 274.26 220.69 271.41 -
3768.62 248.75 250.37 28 1.3 273.59 259.74 271.39 217.63 271.57 -
3819.50 248.55 249.74 288.28 273.15 258.39 270.38 218.62 27161 -
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Table B.5: Heliocentric Radial Velocities of Sequence D Stars (kms™!)

HJD 77.7790.50 77.7791.53 T77.7793.38 77.7794.13 77.7910.50 77.7910.59 77.7911.22 77.7911.29 77.7912.33
2954.85 225.81 - 266.45 - 262.04 318.14 224.64 264.45 322.26
3005.86 228.20 - 266.01 - 261.84 318.63 223.68 266.40 32276
3067.60 228.92 - 267.08 - 261.13 ST 221.67 267.11 318.95
3091.56 228.94 - 267.45 - 260.77 317.15 22172 21579 321.38
3280.86 - 242.02 267.21 234.80 262.02 321.77 224.86 264.13 323.15
3324.76 - 243.54 266.79 235.89 262.20 320.79 225.02 265.92 322:22
3344.80 - 244.16 268.20 235.82 262.58 319.71 225.35 266.84 321.84
3376.58 - 244.80 267.03 236.07 263.02 320.57 226.03 266.85 320.90
3418.69 - 243.47 266.97 237.04 262.20 319.49 222181 267.55 32122
3471.51 - 243.58 267.67 238.33 262.54 318.81 223.78 268.82 323.44
3623.88 - 243.33 - - - - - - -
3642.83 - 244.73 267.85 237.90 260.21 319.84 225.58 265.25 32212
3644.82 - 244.23 267.52 237.44 259.74 319187 225.25 265.03 321.03
3663.86 - 242.74 268.19 237.87 259.14 319.40 223191 265.44 321.45
3664.86 - 242.76 268.42 238.10 259.17 319.62 224.40 266.36 322211
3685.67 - 243.68 267.64 238.80 259.21 320.88 225.42 266.77 321.53
3709.79 - 243.72 269.37 240.32 261.13 321.67 224.90 265.98 322.04
3741.60 - 241.87 268.12 238.80 261.98 320.69 223551 269.26 321.26
3768.62 - 244.38 268.39 236.10 264.18 318.66 225.39 265.78 321181
3819.50 - 243.37 268.99 238.56 - - 224.58 264.83 323.58
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Table B.7: Heliocentric Radial Velocities of Sequence D Stars (kms™!)

HJD 77.8033.48 77.8034.380 77.8035.48 77.8155.377
2954.85 264.79 240.97 304.24 276.05
3005.86 264.47 238.96 305.20 274.92
3067.60 264.63 237.81 304.21 277.00
3091.56 265.08 238.24 304.09 275.35
3280.86 265.34 236.61 300.89 274.06
3324.76 267.17 237.85 300.54 274.67
3344.80 267.09 238.60 301.70 273.24
3376.58 267.34 239.58 300.92 273.29
3418.69 266.57 238.09 301.45 274.14
3471.51 266.34 237.15 302.33 275.06
3623.88 - - - -
3642.83 266.63 236.33 303.03 275.44
3644.82 265.54 236.30 S02572, 275.00
3663.86 266.76 234.75 303.97 275.19
3664.86 267.31 235.30 304.08 275.37
3685.67 267.41 235.83 306.23 275.09
3709:79 267.41 236.96 304.83 274.69
3741.60 266.64 236.63 303.03 274.68
3768.62 266.94 239.52 304.64 275.27
3819.50 266.04 239.10 303.73 274.97
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Figure C.1: Light and velocity curves plotted against phase for four sequence D stars.
The blue velocity points without error bars are the radial velocities without corrections
and the red points with error bars are the radial velocities that have been corrected for
pulsation and had specific date corrections. Also shown are the Fourier fits to the light
data (black lines), and the Binary fits to the velocity data (cyan lines), both made by

FITALL.
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Figure C.2: Same as Figure C.1.
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Figure C.3: Same as Figure C.1.
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Figure C.4: Same as Figure C.1.



126

Light and Velocity Curves of LSPVs

77.7669.1027 ks

631.92 days

b i weef =1 :
(ive 1 Faf AT LH
i £ ] ) O
Ll . t BN x i 1A
=K i} L RS 3 218 a2 !l - B
0.5 1 1.6 0 0.5 1 1.5
Phase (Rel to JD245) Phase (Rel to JD245)
77.7660.973 P = 367.77 days 77.7669.991

P = 24177 days

T 1

e i : 1 Eaoaf i il ‘l ]
o'm‘“‘lo; ];i’“l‘“‘]f.s fggf,fl | ﬂ&bﬂ‘m l,‘A Al k

Phase (Rel to JD245) Phase (Rel to JD245)

Figure C.5: Same as Figure C.1.
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Figure C.7: Same as Figure C.1.
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Variation of LSPV Properties
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Figure D.1: Different properties of four typical sequence D stars plotted against Julian
Date. Solid symbols denote values plotted at the date of measurement while open symbols
are values that have been shifted forward or backward by one or more periods. Top panel:
MACHO Red light curve. Second panel: MACHO Blue light curve. Third panel: OGLE [
light curve. Fourth panel: Variation of Ryho (small black points), variation of R, (cyan

curve) and variation of Repee (large magenta points). Fifth panel: Variation of T

eff(phot)

(small black points), variation of Tegspec) (large magenta points) and variation of Tefi(vel)
(cyan curve). Bottomn panel: Observed radial velocity. See text for details. Plots for the
entire sample are available in the online version of this paper and in Appendix D.
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Figure D.2: Same as Figure D.1.
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Figure D.3: Same as Figure D.1.
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Figure D.4: Same as Figure D.1.
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Variation of LSPV Properties
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Figure D.5: Same as Figure D.1.
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Figure D.6: Same as Figure D.1.
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Figure D.7: Same as Figure D.1.
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77.7910.59 P = 473.72 days 77.7912.38 P = 519.20 days
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Figure D.8: Same as Figure D.1.
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Figure D.9: Same as Figure D.1.
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Sequence E Radial Velocities
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Table E.1: Radial Velocities of Sequence E Stars. Stars are identified by their MACHO numbers.

HJD 77.7429.189 77.7548.68 77.7672.98 77.7673.79 77.7789.152 77.7790.72 77.7791.115 77.7910.41
2954.8508 - 2471836  270.6885  265.7394 264.8166  264.1844 356.8785  223.2234
3005.8604 - 2425239  260.0903  258.5819 244.1860  283.2686 331.3213  226.0166
3067.6028 - 237.8895  225.7872  239.5893 261.6783  287.9880 371.4359  258.7258
3091.5571 - 2384238  251.1337  265.9271 264.8372  286.9947 357.3706  253.2406
3280.8611 272.6101 255.7782  284.0382  244.0299 263.2472  257.8580 330.5905  251.8091
3324.7628 272.0463  254.7833  248.7445  238.53%4 241.6445  276.6594 365.3466  227.1988
3344.7984 302.7444  253.7506  225.3991 257.7310 238.5994  282.1365 372.2146  218.0657
3376.5812 295.7283  252.7720  224.5430  278.4379 261.5258  291.0966 353.8562  223.5168
3418.6897 - 246.9255  273.1978  240.5749 267.5428  288.0772 330.7243  244.1709
3471.5142 303.0329  239.1471 254.4088  254.8756 244.7359  274.5388 368.5684  255.4173
3623.8802 - - - - - - 372.9120 -
3642.8325 2589770  250.1424  241.6792  273.5545 235.1525  263.4145 362.9371 262.6712
3644.8250 258.4105  249.5308  235.0394  272.9405 244.7821 265.5790 358.7911 260.0475
3663.8573 284.0890  252.1868  223.0708  256.5612 246.9317  272.1664 345.3893  255.6085
3664.8628 286.2583  251.7897  220.0198  254.8093 244.0158  273.3994 343.0513  257.7978
3685.6662 308.1716  253.2069  221.2945  233.6169 253.0680  280.7574 328.8674  242.0641
3709.7882 293.3139  253.5271 246.5306  229.0378 268.4498  288.4092 335.0521 226.0995
3741.6017 256.1898  254.0319  277.9376  262.7681 267.7674  290.1118 366.7603  219.5844
3768.6218 273.2713  254.5472  283.0213  275.6599 250.7668  289.7850 371.1483  227.4145
3819.5023 - 250.5555  222.8380  231.9888 256.7875  278.0466 331.9900 -







