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Abstract

V523 Cas is an “end of the line” W UMa binary; one of the most rapidly-rotating and hence magnetically active non-degenerate binaries that can exist.  Determining the timescales of the resultant, rapidly changing photometric light-curve asymmetries is our primary science driver.  We are also able, with considerable precision, to determine small changes in rotational periods from one season to the next.  Such period changes can be caused by mass loss, the transfer of mass from one star to the other, or the Applegate effect.  Third bodies can also induce changes in eclipse epoch due to the light-travel-time effect resulting from the system’s shifting barycenter.  Jupiter shifts our own solar system’s barycenter some five seconds peak-to-peak, and detecting a planet orbiting V523 Cas may be within our reach.  We are also looking for planetary transits across the binary pair which, unlike those across single stars, are complex and quasi-periodic. © 2005 Society for Astronomical Science. 

1. End-of-the-Line W UMa Binaries

From the standpoint of stellar structure and evolutionary modeling, overcontact binary stars (Wilson, 2001) are fascinating objects, wonderful laboratories for studying structural processes that have implications far beyond understanding these binaries themselves.  In them we find pairs of very dissimilar stars that are forced to coexist in physical contact.  Sharing a common envelope of material, they manage to coexist with remarkable stability.  Overcontact binaries are found across almost the entire range of stellar spectral types, from the hot and massive O stars to the K stars which have temperatures and masses less than the Sun.
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Figure 1.   W UMa schematic with Roche lobes

The most common type of overcontact binary is the W Ursae Majoris (W UMa) class where the dominant energy transport mechanism within the common envelope is convection—similar to the situation in the outer layers of the Sun.  In these binaries, significant energy is transferred from the higher mass star to the lower mass star, resulting in a near equalization of the surface temperatures, with differences usually not more than a few percent.  We deduce this from the fact that, in eclipsing W UMa systems, the two eclipse depths are very nearly equal.  This is a rather remarkable circumstance, given that the two stars frequently have very different masses and thus would normally have very different temperatures.  Although a handful of W UMa systems have mass ratios near unity (e.g., V753 Mon at 0.97), the vast majority of them have mass ratios of 0.1 to 0.5, with the current record holder being SX Crv with a mass ratio of only 0.066.  Orbital periods range from 0.22 to slightly more than one day. 

We have chosen to concentrate our observations on a few of the very shortest-period W UMa systems.  These include V523 Cas at 0.23 days,  RW Com at 0.23 days, and CC Com at 0.22 days (the short-period record holder which we added to our program in 2005).  Not only do these binaries have the shortest periods and least angular momentum of any non-degenerate binaries, they are also the coolest, as the period-color diagram in Fig. 2 reveals (Rucinski, 1993).  This period-color relationship was first noted by Eggen (1961). [image: image2.png]onape [
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Figure 2.   W UMa Period-Color Diagram

All three binaries we are observing are positioned at “the end of the line.”  This short-period limit is due to the primary components having reached full convection where, constrained by their Roche-lobe geometry, the Hayashi limit does not permit “dynamically stable contact binaries with effective temperatures lower or orbital periods longer than the Hayashi limit” (Rucinski, 1992, 1994).  Not only do the binaries we observe have the shortest orbital periods and coolest temperatures of any contact binaries, but they are less evolved.  The have had insufficient time to consume significant amounts of their nuclear fuel as contrasted with some of their slower-orbiting, more massive (bluer) and rapidly evolving cousins whose periods, as can be see from Fig. 2, are more spread out.

2. Short-Term Photometric Variability

The short-period W UMa binaries we observe are also rather unique in their high degree of magnetic activity.  This is due to both their rapid rotation (dynamo effect) and their low temperature and hence deep convective envelopes with long convective turnover times (Rucinski 1993).  Most late, single stars are slow rotators, and are not very active, magnetically.  The late and very fast rotating W UMa binaries we are observing, on the other hand, are ideal laboratories for observing magnetic activity which can reveal itself through changes in the shapes and symmetries of the photometric light curves.  Determining the degree to which these changes take place over days, weeks, and months is the primary goal of our investigation.

 W UMa systems are frequently classified as either A-types or W-types.  In the A-types, the more massive star is eclipsed at primary minimum while the reverse is true for the W-types.  The A-types tend to be somewhat evolved, have higher total masses, and thicker common envelopes (Wilson, 1978).  The W-types are unevolved objects which cannot achieve equilibrium.  They are thought to undergo thermal relaxation oscillations about a state of marginal contact (Lucy, 1976; Flannery, 1976; Robertson & Eggleton, 1977).  Observationally, the W-types exhibit period changes and light curve variability, as would be expected of objects that cannot achieve equilibrium.  All of our observational targets are W-type W UMa systems.  See the Appendix for a listing of W-type W UMa systems with periods less than 0.30 days.
Our understanding of the internal structure of over-contact binaries is surprisingly poor.  Since an initial flurry of activity from the late 1960’s until the early 1980’s, very little progress has been made in understanding the structure and evolution of these stars.  This lack of progress stems from both observational and theoretical difficulties.  On the theoretical side, simple one-dimensional modeling (viz., Lucy, 1976; Robertson & Eggleton, 1977), necessitated by computational resource constraints, has been pushed about as far as it can go.  It is clear that some very hefty three dimensional hydrodynamic (and perhaps even magnetohydrodynamic) computations are needed.  This is a daunting computational task, requiring hundreds or even thousands of CPUs.  Such codes are only now being developed.

On the observational side, it has long been known that W UMa systems have light curve asymmetries that are time variable.  Our understanding of the sources of these asymmetries (starspots, faculae, matter streams and, perhaps, other phenomena) and the nature of their variability are poorly understood, primarily because probing them requires large telescopes for high resolution spectroscopy or large amounts of telescope time to follow them photometrically.

While time on 2-4m class telescopes for time-intensive spectroscopy is very difficult to obtain, the task of securing high-quality photometry is much less arduous because it does not require large telescopes.  Setups that can achieve millimagnitude precision photometry are even within the economic reach of serious amateur astronomers.  It then becomes possible to answer the question: “What are the timescales for changes in the asymmetries of W UMa light curves?”

Answering this question is the primary science driver for our program of intensive photometry on a handful of systems over the course of an observing season.   We observe a system every clear night over several months, obtaining complete light curves each night.  Therefore, we can look for and adequately follow the changes in the light curves of these systems on timescales ranging from days to months.  We believe that these data will prove invaluable when three dimensional models reach a maturity where they can be constrained by such observations.  This time is not far off.  Rather than disjointed “snapshots” of W UMa systems, we can provide “movies” of their behavior over daily, monthly and yearly timescales, enabling a more powerful feedback to the theoretical models and, ultimately, a better understanding of overcontact binary structure and evolution.

3. Intrinsic Period Changes

Three effects, intrinsic to contact binaries themselves, can cause changes in the binary’s orbital period.  The first is angular momentum loss, which can be due to gravitational radiation, mass loss, or magnetic breaking.  The second is mass transfer between the stars, most often from the less to more massive component.  Martin and Davey (1995) suggested, based on hydrodynamic simulations, that mass might be transferred simultaneously through the neck in both directions, flowing from the hotter primary to cooler secondary in the outer portion of the connecting neck and returning, after cooling and sinking in the secondary’s atmosphere, in the inner potion of the neck.

The third is the Applegate effect.  It had been noted for quite some time, that the orbital periods of a number of close binaries change directions in a nearly but not strictly periodic manner.  Hall (1991) pointed out that these changes in period were correlated with changes in magnetic activity.  Applegate (1991) then suggested that these orbital period modulations could be explained as “the gravitational coupling of the orbit to variations in the shape of a magnetically active star in the system.”  His suggestion has, subsequently, been supported by the modeling and analysis of a sizeable group of close binaries by Lanza and Rodono (1999).

Separating the effects of real period changes from the apparent period changes can, due to the distortion of light curves by starspots, be a real challenge.  Kalimeris, Rovithis-Livaniou, and Rovithis (2002) suggested how, with sufficiently densely-populated O-C curves, this distinction can be made.

4. Third-Body Induced Period Changes

It has long been known that a third star in orbit around an eclipsing binary system will produce a periodic variation in the eclipse minima timing (independent of other period-changing effects).  This is caused by the movement of the binary system about the third-star / binary barycenter and the consequent light travel-time difference.  That this  effect could be extended to the detection of circumbinary planets was first pointed out by Schneider and Doyle (1995), and by Doyle et al. (1998) and applied to the M4-dwarf binary CM Draconis (Deeg et al. 2000).  The relationship is linear, and the timing offset due to an external planet will be: 
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 is the mass of the planet, [image: image5.png]


 is the planet’s orbital semi-major axis, [image: image6.png]


 is the combined mass of the binary star system, and 
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c

 is the speed of light.

Through a simple propagation of errors (and assuming a triangular eclipse shape) this relationship can be reduced to observables (Doyle and Deeg 2004) and approximated by: 
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 is the error in brightness measurement, [image: image10.png]


 is the duration time of the eclipse, [image: image11.png]AT



 is the fractional drop in total brightness during eclipse, and 
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n

 is the number of observational data points taken during the eclipse duration [image: image13.png]


.

As an example, this method has been applied to constrain the possible presence of a third body candidate to less than 3 Jovian masses with a period of about 1000 days around the non-contact eclipsing binary CM Draconis (Deeg et al. 2000).  The total binary mass of CM Dra is about 0.444 solar masses.  In this system, eclipses last for about 80 minutes, and reach a depth (primary eclipse) of about 46%.  The photometric precision was conservatively taken as 1%, and the number of data points per binary eclipse event was about 960 points (cadence of about 5 seconds).  This gave a theoretical precision of about 1.7 seconds, with a rough 3-sigma detection constraining the precision in this case to about 6 seconds. 

Although W Ursae Majoris systems can cause complications due to mass transfer through the first Lagrange point (the transfer of mass away from equal mass stars causing, for example, an increase in binary orbital period), this effect may not generally be expected to have a periodicity in the range of  expected long-period planetary orbits.  The short-period W UMa systems do have the advantage of many eclipses (the root-n term), and fractional drops might also be expected to be quite close to 50%.  A disadvantage is that the duration of W UMa eclipses will be shorter, and the triangular eclipse approximation in the equation above will, in general, not be a good approximation to the shape of the eclipse minima.

5. Third-Body Transits

Planetary transits across eclipsing binary systems are particularly interesting as they produce quasi-periodic variations in the brightness of the stars, and thus are unlikely to be recognized as transit features.  This is not so much because the planet is transiting the two binary stars, as the stars are orbiting “behind” the planet as it enters what one might call the “transit window.”  A whole family of quasi-periodic drops in brightness can be recorded, with from one to several transit features being possible during each planet pass, depending on the orbital phase of the binaries when the planet transits.  Some of these shapes are modeled in Brandmeier and Doyle (1996), including the W UMa system, XY Leo.  Deeg et al. (1998) modeled shapes for CM Draconis.
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 Figure 3.  Light curve for planetary transits at an initial binary phase of 90 degrees. One transit light curve event is slightly wider (at left) since the star and planet are traveling in the same direction across the line-of-sight.  In the second transit event the star is traveling in the opposite direction from the planet.
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Figure 4.  Light curve for planetary transits at an initial binary phase of  0 degrees. The effect of the binary eclipse itself has been removed. Because stars are in eclipse (one stellar disc area) transit depths will be twice as deep for any given size planet at this binary phase. 

Such quasi-periodic features in the light curves can be found by using a matching filter (Jenkins et al. 1996, Doyle et al. 2000).  In this process—knowing the orbital phases of the eclipsing binary that are  in the observational light curve—models of all possible planetary orbital phases and periods can be “matched” (in a cross-correlation sense) with the light curves to obtain a transit detection statistic of correlation.  This is the optimum way to detect such quasi-periodic features, since a straightforward power spectrum will not work with quasi-periodic signals.  For CM Draconis, with a period of about 1.26 days and over 1000 hours of light curve data, a correlation of over 400 million possible planet models was necessary to constrain the absence  of planets of size 2.3-Earth radii or larger with periods up to 60 days with a detection  probability of greater than 80% (Doyle et al, 2000)
It should be noted, as pointed out by Schneider and Doyle (1995), that planets, whose orbits are non-planar with the binary orbit but have short enough periods, will eventually have their orbital nodes precess across the line-of-sight, causing transit events that come and go.  They will, that is, have transit seasons not dissimilar to the Saros cycles for lunar and solar eclipses when the Moon’s orbital nodes are aligned with the Earth’s orbital plane. 
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Figure 5.  Light curve for planetary transits at an initial binary phase of  170 degrees. The dotted portion of the light curve is not as deep as the solid lines due to limb-darkening; the planet does not quite transit the center of the star as it leaves the transit window (i.e., the star does not quite “catch up” to the planet).

Examples of the quasi-periodic transits produced across eclipsing binaries are shown in Figures 4 through 6. These include the two-event type of transits where  one event is longer—as the star will be moving in back of the planet in the same direction—and one shorter transit event as the other star will be moving in the opposite direction from the motion of the planet (Fig. 3).  Another  type of transit event occurs during stellar eclipse when one star “hands off” the planet to the other star continuing the transit event (Fig. 4).  This latter eclipse-transit event can last many times longer than the double transit or even multiple transits, when the first star “catches up” with the planet before it has left the transit window entirely (Fig. 5).  These drops in brightness (1% for Jovian-sized planets around solar type stars) will also vary due to limb-darkening of the stellar discs and—in the case of W Ursae Majoris eclipsing binaries—with the distribution of stellar flux across the Lagrange point between the two stars as it too is transited by the planet.  

6. Observations of V523 Cas

Prior to our 2004 observations, the most recently reported V523 Cas observations were those of Samec et al (2004).  Other recently reported observations include those of Zhang and Zhang (2004), Gurol et al (2003), Nelson (2001) and Lister, McDermid, and Hilditch (2000)

Samec et al (2004) described V523 Cas as having an under-luminous K0 dwarf primary and sufficiently over-luminous M2 dwarf secondary to make this a W-type system  The mass ratio, they suggested, is about 0.5 although there remains some disagreement between the mass ratios as determined by photometry and spectroscopy.
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Figure 6.  Dark Ridge light curve. [image: image18.png]


 Figure 7.  Orion Observatory light curve.

Some 27 complete light curves were obtained at the Dark Ridge and Orion Observatories between JD 2453253 and 2453359.  (Several additional light curves were obtained prior to JD 2453253 but were discarded due to timing difficulties.)  Some 14 of the 27 light curves were obtained with a 14-inch Meade LX-200GPS telescope at the Dark Ridge Observatory, while 13 light curves were obtained with a 10-inch Meade LX 200 telescope at the Orion Observatory.    Both sets of observations were made with SBIG ST7XE cameras through Rc filters.  Dark Ridge made 30-second integrations, while Orion, with half the glass area, made 60-second integrations.  V523 Cas was observed simultaneously by both observatories on 8 nights.  As somewhat more than complete orbital cycles were observed each night, a total of 32 primary minima were included within the 27 light curves. 

7. Preliminary Reduction and Analysis

Our analysis, so far, has been based on very preliminary reduction procedures; hence the reduction and analysis will have to be redone once final procedures have been established.  Our preliminary reduction corrected the observational times from the beginning of the integrations to their middle (a 15 second correction for Dark Ridge and 30 second for Orion), and transformed these times to heliocentric JDs.

Our photometric reduction has not yet included multiple comparison stars.  Corrections for differential airmass have not been made yet, nor have the observations been transformed from our instrumental to the standard system, although observations of the secondary standards in M67 were made to facilitate such transformations.

The standard deviation of the differential C-K magnitudes, taken over the entire night at the Dark Ridge Observatory as shown in Fig. 6, was 4.9 millmagnitudes (with 30 second integrations), while the standard deviation of the best series of 20 sequential C-K differentials was 2.7 millimagnitudes.  Similar values for the entire night and best series of 20 for the Orion Observatory light curve, as shown in Fig. 7, were 4.2 and 2.8 millimagnitudes respectively (with 60 second integrations).  These precisions compare favorably with theoretical predictions of photometric precision (Howell, 2000).

Times of both primary and secondary minima (and maxima) were determined with Minima-23, a program kindly supplied by Robert Nelson.  The effect of changing the “cutting score” (the portion of the primary eclipse “U” included in the determination) was investigated and found to change the resulting minima by a second or two, a sizeable effect from our point of view.

Thirty two times of primary minima were used to determine a seasonal ephemeris which was determined to be:

HJD Min I= 2453234.63551606 + 0.23369537E

Calculated values (C), using the above ephemeris, were compared with observed values (O), and are shown in the O-C scatter plot below.  The 1σ standard deviation of these O-C values was 4.4 seconds, while the standard error of the seasonal mean was slightly less than 0.8 seconds.  
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Figure 8.  Seasonal O-C plot for V523 Cas.

We note that it would be inappropriate to use an already-established, multi-seasonal ephemeris to analyze our seasonal data and then, just because it showed some linear O-C slope, conclude there was a change in period within our short observing season.  We could only draw this conclusion if there was a significant within-season curve to the O-C residuals which, as can be seen from the plot above, was not, at least in this instance, the case.

8. Further Reduction

To get the lay of the land, we quickly ran through our reduction and preliminary analysis as reported herein.  We are now, in a more leisurely manner, refining our reduction procedures and expanding our analysis, and will report these results in subsequent papers.

One important (for us) refinement is transforming our observational times to barycentric as opposed to heliocentric time; BJD instead of HJD.  The difference between these two, due to the effects of Jupiter and the other giant planets, can be as large as 5 seconds.

We are devoted to refining our approach to ensemble photometry.  Ensemble photometry has been shown by Gilliland and Brown (1988, 1992), Honeycutt (1992), and Everett and Howell (2001), among others, to significantly improve photometric precision.  Since we repeatedly observe the same field all night long, night-after-night, month-after-month and, we hope, year-after-year, we can afford to invest considerable effort in empirically determining, for each of our fields, the most appropriate stars to use as our comparison ensemble, and how, perhaps even under varying conditions, they might best be weighted.

There are many questions with respect to ensemble photometry we would like to investigate.  Can stars of significantly different color be used to advantage if, for instance, they are the only stars of comparable brightness to the variable under study?  Should all non-variable stars above some minimal brightness threshold be used in the ensemble, properly weighted to account for their noise?  On long time scales, most stars are variable to some degree (Henry, 1999), but as we are primarily interested in isolating within-night light-curve changes, should we allow nightly zeropoint adjustment in our analysis and perhaps accept, as comparisons, stars which change significantly within a season but not within a night?

9. Further Analysis (Non-Parametric)

We are taking two, hopefully complimentary, approaches to our analysis.  One is to fit an astrophysically-meaningful model to the observational data (see the following section), while the other is to statistically search, non-parmetrically, for both regularities and changes (this section).

A portion of our analysis obtains times of primary and secondary minima as well as maxima before and after primary minima.  Robert Nelson is kindly automating his Minima23 program to solve, given cutting scores and the minimum nuber of observational points in a determination, an entire season of light curves in one fell swoop.  Such automation will allow us to explore, parametrically, the effects, for instance, of various cutting scores on the dispersion of the O-C residuals in our seasonal ephemeris.  We will also be able to make a direct comparison between Kwee van Woerden (1956), Fourier low-pass, and other minima-determination techniques.  With Nelson, we also plan to evaluate different approaches to estimating binary brightness (differential magnitudes) at the various times of minima and maxima.

Besides separately determining the various minima and maxima within a given light curve, we are also investigating approaches that treat entire light curves as entities.  Various whole-curve nonparametric approaches have been utilized by Hertzsprung (1923), Tsesevich (1971), and Berdnikov (1992), and also by Turner (1999) who first suggested we consider this general approach.

Our situation is somewhat unique in that we have obtained many light curves of the same system in the course of just a few months.  Not expecting any significant real within-season period changes, we can treat our observations as a homogenous data set within phase space.

In our pilot season, we gathered over 10,000 points on V523 Cas, and subsequent seasons should garner many more.   One analytic approach we are taking is to construct a “seasonal master” that incorporates all these points.  We can then compare individual nights with this low-noise seasonal master.  In another approach, we are comparing the differences between light curves, taken two nights at a time, as a function of elapsed time (orbital cycles) between the nights.

Various weighting schemes are being tried in conjunction with the above, including weights based on error estimates of individual observations and, as suggested by Ray Weymann, on the slope of the light curves in the vicinity of the individual points in question.  Stetson’s (1996) suggestion with respect to alternatives to least-squares minimization is also being investigated.  

10. Further Analysis (Parametric)

We intend to analyze our observations with the widely used Wilson-Devinney (WD) program (Wilson & Devinney, 1971; Wilson, 1979; Wilson, 1990). WD is a physical model rather than a geometrical one, meaning that the stellar surfaces are modeled as gravitational equipotentials rather than, say, ellipsoids. WD can model the stellar radiation fields using Kurucz atmospheres (Kurucz, 1993), simultaneously solve light and radial velocity curves, and solve for the ephemeris parameters (HJD0, P and dP/dT) without the need to resort to any time-of-minimum analysis. A version under development (Wilson, 2005) will even allow for discontinuous period changes as seen in timing diagrams of certain binaries.

For W UMa binaries of the type we are observing, typical adjusted parameters in the light curve solutions include the mean effective temperature of the secondary (T2), common envelope modified surface potential ((1), orbital inclination (i), mass ratio (q), and the bandpass luminosities of star 1 (L1). For partially eclipsing systems, radial velocities are necessary to determine the mass ratio, but in totally eclipsing systems the mass ratio can be determined from the photometry (Terrell & Wilson, 2005). We will model light curve asymmetries as circular spots, and determine whether there is any systematic behavior in the spots over time, i.e., can we detect any migration of the spots in longitude and/or latitude?

11. Future Observations

Last year, in 2004, most of our observations of V523 Cas were made from September 4th to 27th, with the addition of three nights in late December.  During 2005, we hope to start our observations of V523 Cas in August and continue through December.  Thus we should obtain many more nights during 2005 than we did in 2004.

During 2004, our observations were made through just one filter, R (Cousins).  During 2005 we plan to observe V523 Cas in two filters.  As the filters are employed sequentially, the number of points obtained through any given filter per night in 2005 will only be half of what they were in 2004.  However, we plan to initiate simultaneous two-color photometry, starting at the Orion Observatory as part of a summer 2005 project with Chrissy Heather, a physics major at California Polytechnic State University.  Whether or not this dichroic beam-splitter, two-camera system will be ready in time for V523 Cas observations in 2005 remains to be seen.

In 2004, we focused the telescope at the start of a night’s run and rarely refocused during the night.  This often resulted in significant defocus by night’s end.  Although this did not appear to have a significant effect on our photometric precision (we used sufficiently large apertures in our reduction to accommodate such defocus), we hope to implement automated focus control this season with, on our brighter stars, a small degree of purposeful defocus as suggested in these proceedings by Sturm (2005).

12. Conclusions

As a class, the “end of the line” W UMa binaries are the shortest period, coolest, and most active of any of the non-degenerate binaries.  As such, they offer a potentially rewarding opportunity for programs of dedicated photometry.
Our pilot program has, thus far, established that many complete light curves of these short-period systems can be gathered over an observing season in a semi-automated fashion.  Preliminary and rather simplified reduction and analysis procedures have demonstrated we can routinely achieve a photometric precision of at least 3-5 millimagnitudes, and an eclipse time-of-minima determination precision of about 4 seconds per determination (1 sigma), and better than 1 second for our seasonal estimate.
As we start our second observational season, much remains to be done with our first season’s observations.  We hope that ensemble reduction methods will improve our photometric precision, while the application of both parametric and nonparametric analysis techniques will reveal subtle within-season changes in the shapes and symmetries of our light curves.

We are also hopeful that refinements in our reduction and analysis will further improve the precision of our time-of-minima determinations.  Although the photometric detection of a planet around V523 Cas (or any of the other short-period W UMa binaries we are observing) via either the light-time effect or transits would surprise us, we do expect to place useful limits on the presence of any such circumbinary planets.

Finally, we welcome other observers to join us in our campaign to unravel some of the mysteries of the “end of the line” W UMa contact binaries.  The primary requirements are high timing accuracy (to within 0.1 seconds), good photometric precision (2-5 millimagnitudes), and compatible reduction: times transformed to barycentric JDs and differential magnitudes to the standard Johnson/Cousins system.
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Name Type Period Inclination Spectral Type RA.

The Short-Period W UMa Binaries

Dec V Mag (max)

cCCom WT
V523 Cas WP
RWCom WP
YZPhe |WT
Blvu WP
V803 Adl WP
FSCA W
44iBoo WP
EKCom WT
VDra  WP?
FGSct  WT
BMUMa WT
BPVel W
ADCnc WP
VW Cep WP
V1005 Her |WT
XYleo WP
BXPeg WT
V743Sgr |WT
V676 Cen |WP
ERCep WP
V700Cyg W
RWDor WP
BWDra WP
V902 Sgr | WT
TZBoo WA
EHHya  WT
ouser WP

0221
0229
0235
0243
0253
0256
0258
0268
0.269
0270
0271
0272
0273
0277
0278
0280
0283
0284
0284
0285
0.286
0290
0290
0292
0294
0297
0297
0297

879 K5V
838 K5V
752 KOV
824 K3V
788 K3
829 K3
86.5 K3
728 G2V
885 GV
69.0 G6
899 K2v
895 KOV
821 K1V
649 KOV
636 GV
850 WT
658 K2V
87.5 F8V.
829 G8/KovV.
820 K2v
781 GV
803 G2V
766 K1V
744 F8V
GV
G2v
819 G7V.
743 FIIGOV

Extracted from Pribulla, Kreiner. and Tremko (2002).
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