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ABSTRACT 

Radial velocities from 1916.95 to 1991.95 and photometry from \9T9.25 to 1992.40, both published and 
new in this paper, are presented and analyzed. A new solution of the radial velocity curve reveals a new 
period of 80Í90 and an eccentricity of e=0.05 ±0.02, both very different from the 80Í17 and 0.35 found by 
Abt et al [ApJ,T57, 717 (1969)]. An alternative solution with e=0 is given because we cannot decide 
firmly whether or not the small eccentricity is real. We find V sin ¿ = 11.3 ±0.3 km/s from Maidanak and 10 
km/s from Kitt Peak. Fourier analysis of the V-band photometry shows the ellipticity effect with minima of 
unequal depth, 0?048 and 0?026. The orbital ephemeris for conjunction (K giant behind) is JD(hel.) 
2,448,111.1 (±0^4)4-80^898 (±0^004) E, consistent with both the radial velocities and the photometry. 
With the ellipticity effect removed, the light curve shows residual variability which we fit with a two-spot 
model. During the 13 years covered by photometry there were nine different starspots, the largest one 
producing a light loss of 0?19. Rotation periods for the nine spots ranged from 78<?6±0<?5 to 83<?7±0<?4, 
from which we concluded that the K giant does rotate synchronously but with a differential rotation 
coefficient of A:=0.06±0.01. Lifetimes for the nine spots ranged from 1.1 to >4.2 yr and were consistent 
with the empirical spot lifetime laws of Hall & Henry [IAPPP Comm. No. 55, 51 (1994) ]. Use of the mass 
function, the orbital period, the V sin i, the two different ellipticity effect amplitudes, and various logical 
constraints led to ranges of possible masses, radii, and inclinations. The most believable solution was 
around ¿=90°, R1=24 Æq, and ^2=0.6 • The Rossby number for the K giant is 0.48, 
small enough compared to the critical value of 0.65 to explain why, though rotating “slowly,” it does have 
large spots. 

1. INTRODUCTION 

The bright (V=6.1) star 12 BM Cam=HR 1623=HD 
32357 is an SB1 with an early K-type giant in an 80-day 
orbit. The first and only published spectroscopic orbit is that 
of Abt et al (1969), which showed the orbit to be eccentric 
(e =0.35±0.02). Photometric variability was discovered by 
Eaton et al (1980), who attributed the variability to rota- 
tional modulation of dark starspot regions on the K giant. 
The only spectral classification seems to be the K0 III of 
Bidelman (1964). Additional observational characteristics 
are given in the catalogue of Strassmeier et al (1993), where 
it appears as No. 48. 

Hall & Busby (1989) showed that the photometric behav- 
ior was puzzling in several ways and did not succeed in 
solving all of those puzzles. There were multiple periodici- 
ties in the 1979-1988 photometry they analyzed. One was 
79<?93±0<?05, which they identified with the orbital period 
and attributed to the ellipticity effect. There was more power 

deceased, October 7, 1994. 

at iP(orb.) than at P(orb.)/2, they concluded, because the two 
minima differed markedly in depth. 

One puzzle was that the 80?174469 orbital period found 
by Abt et al (1969) was inconsistent with the 79?93±0?05 
value, but they argued that the longer value could be in error, 
due to aliasing problems. 

They noted that the large e=0.35 eccentricity should be 
causing the star-to-star distance to vary more than a factor of 
2, (14-0.35)/(l-0.35)=2.1, during each orbital cycle, 
thereby modulating the amplitude of the ellipticity effect, 
and the value of o) near 90° should have resulted in equal 
maxima along with unequal minima, as observed. A second 
puzzle, however, was that the light variation predicted by 
such a periastron-apastron effect did not represent the actual 
shape of the light variation observed. 

Two other periodicities, 82d5 in the data up through 
1984.5 and 81?0 in the data after that, they attributed to 
rotational modulation of large dark starspot regions on the K 
giant at those epochs and used as measures of the K star's 
rotation period. The pseudosynchronous rotation period cor- 
responding to an eccentricity of e=0.35 ±0.02 would be 
45?2±2?5 (Hall 1986), so the K star was far from pseudo- 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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Table 1. Radial velocities. 

JD(hel.) Phase 
2400000+ 

21209.830 0.477 
21291.677 0.485 
21529.028 0.420 
39430.856 0.695 

.856 0.695 
39460.824 0.070 

.824 0.070 
39461.862 0.083 

.862 0.083 
39515.739 0.749 

.739 0.749 
39517.775 0.774 

.775 0.774 
39775.913 0.965 

.913 0.965 
39776.857 0.977 

.857 0.977 
39871.935 0.152 

.935 0.152 
39903.694 0.545 

.694 0.545 
39908.648 0.606 

.648 0.606 
45266.929 0.838 
45746.599 0.767 

'.599 0.767 
45760.583 0.940 

.583 0.940 
45769.602 0.052 

.602 0.052 
45783.622 0.225 

.622 0.225 
47624.684 0.982 
47627.704 0.019 
47932.130 0.782 
47937.185 0.844 
47940.243 0.882 
47943.261 0.920 
47947.163 0.968 
47950.193 0.005 
48162.987 0.636 
48167.972 0.697 
48346.603 0.905 
48506.009 0.876 
48507.020 0.888 
48508.993 0.912 
48576.997 0.753 
48604.826 0.097 
48605.945 0.111 

Vr 0-C wt. 
(km/s) (km/s) 

-6.6 -0.3 0.1 
-6.8 -2.0 0.1 
-9.2 3.7 0.1 
13.3 -3.2 0.1 
13.3 -3.2 0.0 

-12.6 -0.8 0.1 
-9.8 2.0 0.0 

-15.6 -2.3 0.1 
-12.0 1.3 0.0 

17.8 0.3 0.1 
13.4 -4.1 0.0 
20.0 2.8 0.1 
16.5 -0.7 0.0 
4.2 2.8 0.1 

-1.5 -2.9 0.0 
1.8 1.8 0.1 

-3,3 -3.2 0.0 
-19.1 0.7 0.1 
-21.7 -1.9 0.0 

3.4 0.8 0.1 
0.2 -2.4 0.0 

10.0 0.4 0.1 
11.9 2.3 0.0 
13.2 -1.2 0.1 
17.55 0.3 0.1 
17.61 0.3 0.0 
8.21 3.7 0.1 
7.60 3.1 0.0 

-7.08 2.4 0.1 
-7.90 1.6 0.0 

-23.63 -0.3 0.1 
-23.85 -0.5 0.0 
-0.3 0.3 1.0 
-6.0 -0.4 1.0 
16.81 -0.2 1.0 
13.82 -0.2 1.0 
11.43 0.6 1.0 
6.64 -0.3 1.0 

-0.04 -1.1 1.0 
-4.15 -0.5 1.0 
12.5 0.1 1.0 
15.6 -0.7 1.0 
8.0 -0.5 1.0 

12.0 0.6 1.0 
10.3 0.1 1.0 
8.1 0.4 1.0 

17.9 0.4 1.0 
-14.5 0.3 1.0 
-16.1 0.1 1.0 

Wavelength Source 
(A) 

blue 1 
blue 1 
blue 1 
blue 2 
Ca II H&K 2 
blue 2 
Ca II H&K 2 
blue 2 
Ca II H&K 2 
blue 2 
Ca II H&K 2 
blue 2 
Ca II H&K 2 
blue 2 
Ca II H&K 2 
blue 2 
Ca II H&K 2 
blue 2 
Ca II H&K 2 
blue 2 
Ca II H&K 2 
blue 2 
Ca II H&K 2 
blue 3 
6560 4 
Ha 4 
6560 4 
Ha 4 
6560 4 
Ha 4 
6560 4 
Ha 4 
6430 5 
6430 5 
3900-6900 6 
3900-6900 6 
3900-6900 6 
3900-6900 6 
3900-6900 6 
3900-6900 6 
6430 5 
6430 5 
6430 5 
6430 5 
6700 5 
6430 5 
6560 5 
6430 5 
6430 5 

1 = Adams and Joy (1923) 4 = Eker, this paper 
2 = Abt, Dukes, Weaver (1969) 5 = Fekel, this paper 
3 = Eitter (1991) 6 = Dadonas, this paper 

synchronism. Given asynchronous rotation in an eccentric 
orbit, a continuous range of rotation rates is possible, both 
faster and slower than the pseudosynchronous rate, and the 
value P(rot.)=P(orb.) is of no special significance. A third 
puzzle was the finding that, fortuitously, P(rot.)(orb.) af- 
terall. 

In this paper we bring additional radial velocity measures 
and photometry to bear on the problem. Some of this has 
been published elsewhere in the meantime, i.e., after the pa- 
per of Hall & Busby (1989), but most of it is presented for 
the first time here. The full set of radial velocity measures 
now extends from 1916.95 through 1991.95, and the avail- 
able photometry from 1979.25 through 1992.40. 

2. NEW SPECTROSCOPIC ORBIT AND CORRECT ORBITAL PERIOD 

Table 1 lists all of the radial velocity measures known for 
BM Cam. The first 24, previously published, are from Adams 

& Joy (1923), Abt et al (1969), and Eitter (1991). The last of 
these, a single observation originally appearing in Beavers & 
Eitter (1986), has been remeasured (Eitter 1991) and this 
new value is the one given in our table. The last 25 have 
been obtained by us and are given here for the first time. 

Eker made observations on four nights in 1984 at the Pine 
Bluff Observatory of the University of Wisconsin with the 
0.91 m reflector and an intensified Reticon detector attached 
to the echelle spectrograph. The spectra are of echelle order 
37, which contained Ha and a number of metal lines, and 
have a resolution of 0.16 Â. Velocities for the Ha and metal 
lines were computed separately. Additional information 
about the processing and analysis of these spectra is given in 
Eker (1986). 

From 1989 to 1991 Fekel obtained 11 observations at Kitt 
Peak National Observatory with the coudé feed telescope, 
coudé spectrograph, and a Texas Instruments CCD. The 
spectra had a wavelength range of 80 Á, a resolution of 0.2 
Á, and nearly all were centered at 6430 Â. One observation 
was obtained of the lithium region at 6707 Â and one was 
obtained at Ha. Most of the spectra have signal-to-noise ra- 
tios of 100:1 or better. The radial velocities were determined 
relative to several International Astronomical Union radial 
velocity standard stars (Pearce 1957). From the work of 
Scarfe et al (1990), we assumed velocities of 3.2 km/s for ß 
Gem, 4.4 km/s for ß Vir, and 27.9 km/s for 10 Tau. Details of 
the velocity reduction procedure have been given by Fekel 
et al (1978). The value V sin/= 10 km/s given in Strass- 
meier et al (1993) had been estimated from some of these 
spectra. 

On Mt. Maidanak in Pamir, Uzbekistan, Dadonas ob- 
tained six observations in 1990 February with the 1 m 
Lithuanian reflector and a photoelectric radial velocity scan- 
ner similar to CORAVEL (Tokovinin 1987). Each radial ve- 
locity is determined by cross correlation between the stellar 
spectrum and a mask of about 200 metal lines in the 3900- 
6900 Á region. The projected rotational velocity derived 
from the mean width of the cross-correlation profile was 
V sin / = 11.3 ±0.3 km/s. 

It was immediately apparent that the orbital period found 
by Abt et al (1969), 80? 174469 ±0^000003, did not fit the 
new velocities and must not be correct. A periodogram based 
on successive sinusoidal fits over a range of assumed peri- 
ods, seen in Fig. 1, shows that the correct period is 80?9, 
although the 80? 17 value does appear with much weaker 
power as an alias. The total variance is reduced to 1.5% with 
80?9 but only to 40% with 80?17. 

With the correct orbital period we determined a new spec- 
troscopic orbit. The velocities of Fekel and Dadonas were 
given unit weight, the Ha velocities of Eker and the Ca II H 
and K emission line velocities of Abt et al (1969) were 
given zero weight, and all other velocities were given a 
weight of 0.1. Because of the small number of velocities in 
most data sets and their relatively poor phase coverage, no 
attempt was made to shift the velocity zero point of any set. 
Since no large systematic velocity differences are evident, it 
appears that the various zero points are in reasonable accord. 
The resulting solution, with the correct period, resulted in an 
eccentricity of 0.05 ±0.02, considerably smaller than the 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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Fig. 1. Aperiodogram of the available radial velocities, based on successive 
sinusoidal fits over a range of assumed periods. This shows that the correct 
period is 80^9, although the 80?17 value of Abt et a/. (1969) does appear 
with much weaker power as an alias. 

Table 3. Orbital ephemeris. 

Period 

80.901 
±.003 

80.895 
±.004 

80.872 
±.052 

80.951 
±.054 

80.835 
±.048 

80.912 
±.053 

80.916 
±.012 

80.910 
±.009 

Conjunction 

2448111.5 
±.2 

2448110.7 
±.2 

2448109.24 
±.64 

2448110.69 
±.61 

2448108.12 
±.59 

2448109.81 
±.58 

2448110.12 
±.17 

2448109.97 
±.14 

Data source 

velocities 
weighted 

velocities 
weighted 

photometry 
AV 

photometry 
AV 

photometry 
AlV 

photometry 
AlV 

photometry 
As V 

photometry 
As V 

Method 

circular orbit 

eccentric orbit 

cos 2-0 

cos 20, cos © 

cos 20 

cos 20, cos © 

cos 20 

. cos 20, cos © 

e=0.35 value in the Abt et al. (1969) solution. In an attempt 
to determine if this small eccentricity is real, we applied the 
precepts of Lucy & Sweeney (1971), which were based on 
significance at the 5% level, equivalent to e=2.45 a. By this 
criterion, e= 0.05 ±0.02 is on the edge between accepting 
and rejecting. To decide definitively between the circular and 
the slightly eccentric, additional observations will be needed, 
especially in the large gap between phase 0.12 and 0.62 with 
no unit-weight observations. Because the reality of the small 
eccentricity is not certain, we provide an alternate solution 
forced to be circular. The phases (from conjunction, K giant 
behind) and residuals given in Table 1 pertain to this circular 
orbit. 

Table 2 lists the orbital elements for both the circular and 
the eccentric solutions. Comparison of the two center-of- 
mass velocities as well as the two semiamplitudes indicates 
differences slightly greater than the sum of their uncertain- 
ties. These modest differences may result from the previ- 
ously mentioned gap in the phase coverage. The orbital pe- 
riod was determined explicitly in both cases and the resulting 
values, along with the times of conjunction (K giant behind), 

Table 2. Orbital elements. 

T(peri) 

Ki (km/sec) 

V (km/sec) 

e 

OO (degrees) 

f(M) (M0) 

aisini (6m) 

circular 

20.5 ± 0.3 

-3.0 ± 0.3 

0.072 ± 0.003 

22.8 ± 0.3 

eccentric 

2448109.8 ± 4.3 

19.2 ± 0.6 

-2.0 ± 0.6 

0.05 ± 0.02 

86 ± 20 

0.060 ± 0.005 

21.4 ± 0.7 

are given in Table 3. Figure 2 is a plot of all 49 radial ve- 
locities, compared with the circular orbit shown as the solid 
curve. The Ha and Ca il H and K velocities, though given 
zero weight in the solution, appear to be consistent with the 
other velocities. 

For computing orbital phases in the rest of this paper, we 
adopt the ephemeris 

JD(hel.)=2,448, 111. 1+80^898£, 
±.4 ±.004 ^ 

the mean of the circular and the eccentric solution, where the 
initial epoch is conjunction with the K giant behind. 

3. PHOTOMETRIC DATA 

All photometry discussed in this paper was done differen- 
tially with respect to a comparison star, in almost every case 
HR 1688=HD 33618, corrected for differential atmospheric 
extinction, and transformed differentially to the appropriate 

Fig. 2. A plot of all 49 radial velocities given in Table 1 compared with the 
circular orbit given in Table 2 and shown here as the solid curve. Filled 
circles, open circles, and crosses indicate weights of 1.0, 0.1, and 0.0 used in 
the solution. The Ha and H&K velocities, though given zero weight in the 
solution, appear to be consistent with the other velocities. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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bandpass of the UBV system. We restrict our study to the V 
bandpass, the only bandpass used by all of the observers. In 
almost every case a single value of A F is actually a mean of 
about three differential magnitudes resulting from a C-V-C- 
V-C-V-C sequence of observation, where C is the compari- 
son star and V is the variable. 

The early 1979 and early 1980 photometry discussed by 
Eaton et al (1980) was not published in that paper but was 
available in our files. Archive file No. 121 described by 
Breger (1985) contained late 1980 photometry by J. A. Eaton 
at Kitt Peak National Observatory and Archive File No. 147 
described by Breger (1987) contained 1984 photometry also 
by Eaton at Kitt Peak. In the 1983 photometry by Fernandes 
(1983) 11 Cam=HR 1622 was used as a comparison star, but 
we compensated by adding — 0rî1995 to the A F magnitudes 
in his table. The extensive photometry obtained with the 10- 
in. automatic telescope between late 1983 and late 1987 was 
taken from Boyd et al (1990). The problem caused by the 
yellow filter dropping out in the summer of 1985, which they 
called Problem D, did not affect BM Cam, which is not 
observable during the summer. 

The observatories contributing new, i.e., not yet pub- 
lished, photometry are listed in Table 4. Descriptions of 
many of these observatories are given by Hall & Genet 
(1988, Table 8-1): Braeside, Dublin, E.T.S.U., Louth, Mould- 
sworth, Nielsen, Scuppernong, Shenandoah, Stelzer, and 
Sunset Hills. The Vanderbilt-Tennessee State 16-in. auto- 
matic telescope has been described most recently by Hall & 
Henry (1993) and by Henry & Hall (1994). This new pho- 
tometry has not yet been sent to the I.A.U. Commission 27 
Archive for Unpublished Observations of Variable Stars or 
other such archive but is available in digital form from this 
paper’s first author upon request. 

4. LONG-TERM LIGHT VARIATION 

Figure 3 is a plot of all of the A F magnitudes, which 
cover the 13-year span between 1979 March and 1992 May. 
Variability on a time scale of some years is apparent. A pe- 
riodogram shows power at a period of 2298 ±34 days=6.3 
±0.1 years. A sinusoidal fit at this period yields a full am- 
plitude of 0Iî1068±0Iî1004. The significance of this variation, 
if any, will be discussed later. The overall amplitude of the 
light curve in any given year, 0T15 to 0T20, results from the 
combined effect of ellipticity and starspots, as discussed in 
the next two sections. 

5. REMOVING THE ELLIPTICITY EFFECT 

The first analysis performed on the A F magnitudes was a 
period search in the vicinity of the orbital period, to see if the 
ellipticity effect was present. We did this by making succes- 
sive cos 26 fits. The resulting best period is listed in Table 3, 
along with a time of minimum light, which would corre- 
spond to a time of conjunction. We applied the period search 
again to the A F magnitudes after the long-term light varia- 
tion (found in Sec. 4) had been removed, by subtracting a 
sinusoid with a 6.3-year period and a 0Iî107 full amplitude. 
We call these the A¿F magnitudes. The resulting best period 

Table 4. New photometry. 

Observatory 

Barksdale 

Braeside 

Dublin 

Dyer 

E.T.S.U. 

Fortier 

Kitt Peak 

Kutztown 

Landis 

Louth 

McDonald 

Mouldsworth 

Mt. Hopkins 

Scuppernong 

Shenandoah 

Stelzer 

Summit 

Sunset Hills 

Tallinn 

Vilnius 

Robb 

Faun Lane 

Location 

Florida 

Arizona 

Delaware 

Tennessee 

Tennessee 

Quebec 

Arizona 

Pennsylvania 

Georgia 

Washington 

Texas 

England 

Arizona 

Wisconsin 

New York 

Illinois 

Iowa 

California 

Uzbekistan 

Uzbekistan 

Arizona 

California 

Aperture 

inch cm 

35 

40 

10 

60 

20 

12.5 32 

16 40 

15 

8 

11 

30 
36 

11 

16 

10 

14 

14 

8 

8 

10 

10 

38 

20 

28 

75 
90 

28 

40 

25 

35 

35 

20 

20 

48 

48 

25 

25 

Observers 

Barksdale 

Fried 

Nielsen 

Henry 

Powell 

Fortier 

Henry 

Chambliss 

Landis 

Louth 

Henry 
Henry 

Miles 

Hall,Henry 

Renner 

McFaul 

Stelzer 

Slauson 

Wasson 

Kalv 

Dadonas 

Robb 

Wood 

and corresponding time of minimum light are listed in Table 
3 as well. Both the periods and the implied times of conjunc- 
tion, as determined from the two data sets, are in agreement 
within their respective errors. 

Because Hall & Busby (1989) had found unequally deep 
minima when they detected the ellipticity effect, we repeated 
the period search with a truncated Fourier series containing 
terms in both cos 26 and cos 6. We did this to both the A F 
and the A¿F magnitudes. The resulting best periods and 
times of conjunction are listed in Table 3, where we see they 
are consistent with each other and with the values found by 
the cos 26 fits. 

Note that the photometry has yielded values for both the 
period and the time of conjunction which are very close to 
the corresponding values in Eq. (1) which came from the 
radial velocity curve solution. For the period, there is agree- 
ment within the respective uncertainties. For the times of 
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Fig. 3. A plot of all AV magnitudes, which cover the 13-year span between 
1979 March and 1992 May. Variability on a time scale of some years is 
apparent. A periodogram shows power at 2298 ±34 days=6.3 ±0.1 years 
and a sinusoidal fit at this period yields a full amplitude of 07068 ±07004. 
The amplitude of the light curve in any given year, 0715 to 0720, results 
from the combined effect of ellipticity and starspots. 

conjunction the agreement is not quite as good, with the 
photometric times being systematically earlier by a little 
more than 1 standard deviation. Given such agreement, we 
do not hesitate to conclude that our cos 26, cos 6 fit does 
represent the ellipticity effect. Because the orbital eccentric- 
ity is so small, it is doubtful that any sort of periastron- 
apastron effect can be producing the unequal minima in the 
ellipticity effect. We now know, however, that unequal 
minima can be understood most reasonably as a consequence 
of enhanced limb-darkening and gravity-darkening effects on 
the pointed end of the K giant, the “pointed and effect” 
discussed by Hall (1990a). 

We removed the ellipticity effect from the entire set of 
AV magnitudes by subtracting a light curve of the form 

Ay= — 0I?025 + 0rï1018cos 20+OTOllcos 0, (2) 

where the 0 is computed with the adopted orbital ephemeris 
in Eq. (1). The coefficients in Eq. (2) are those from the 
cos 20, cos 0 fit to the Ay magnitudes. In that curve the two 
minima have depths of 0T048 and 0?026, as measured from 
the two maxima, which are equal in height. The light curve 
thus cleaned of the ellipticity effect will be referred to as the 
A^y magnitudes. 

6. REPRESENTING THE STARSPOT VARIABILITY 

Experience with other spotted variables has shown (Hall 
& Busby 1990; Hall & Henry 1994) that starspots have life- 
times no longer than a few years and sometimes less than a 
year and, moreover, that the amplitude of the light variation 
produced by rotational modulation changes throughout a 
given spot’s lifetime. Therefore it was necessary to avoid 
analyzing a data set which spanned too long a time interval. 
On the other hand, it is obvious that a data set should span an 
appreciable fraction of the rotation period in order to be use- 
ful. The 33 data sets listed in Table 5 are the ones decided 
upon, after some trial and error, for analysis. The first col- 

Table 5. Data sets. 

Set Median epoch n At 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

1979.75 
1980.88 
1981.20 
1982.08 
1982.69 
1982.91 
1983.20 
1983.37 
1983.89 
1984.10 
1984.29 
1984.83 
1985.10 
1985.31 
1985.75 
1985.99 
1986.25 
1987.21 
1987.71 
1987.93 
1988.12 
1988.33 
1988.79 
1989.04 
1989.29 
1989.71 
1989.95 
1990.16 
1990.32 
1990.78 
1991.06 
1991.29 
1992.12 

31 
57 
62 
33 

2 
23 
67 
18 
94 
87 
48 
57 
39 
22 
56 
36 
23 
32 
12 
18 
32 
15 
53 
75 
45 
38 
85 

103 
23 
31 
24 
16 
32 

376 
127 

98 
160 

10 
121 

73 
37 
63 
77 
57 
94 
86 
69 
94 
78 
98 

107 
70 
72 
59 
59 
78 
90 
81 

105 
67 
78 
32 

119 
68 
83 

199 

umn is the data set’s identifying number, the second column 
is its median epoch, the third column is the number of 
magnitudes it contains, and the last column is the number of 
days it spans. 

Figure 4 is a plot of the A V magnitudes versus Julian 
date for the years 1980-81 through 1991-92. Some of them 
include more than one of the adopted data sets. Others con- 
sist entirely of one data set. 

We applied the two-spot light curve fitting procedure first 
devised by Hall et al. (1990) to study V478 Lyr. This proce- 
dure has since been applied productively to V1817 Cyg (Hall 
et al. 1990), V1149 Ori (Hall et al. 1991a), \ And (Hall et al. 
1991b), HU Vir (Hall & Henry 1992a), and HD 191262 and 
HD 191011 (Hall & Henry 1992b). Resulting parameters of 
the best fits, those resulting in the minimum value of the sum 
of the squares of the residuals, are listed in Table 6. The first 
column is the data set number. The second column is the 
Julian date of light minimum, a time when the spot faces 
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Fig. 4. Plots of the AEV magnitudes vs Julian date for the years 1980-81 through 1991-92. Some of these 12 panels include more than one of the adopted 
data sets listed in Table 5; others consist entirely of one data set. These light curves, from which the ellipticity effect hasjbeen removed, were fit with the 
two-spot model of Hall et al (1990). 

Earth, taken in the middle of the data set’s time span. The 
third column is the light loss produced by that spot. The 
fourth and fifth columns are the same, for the second spot. 
The sixth column is the value at maximum light, when 
neither of the two spots is visible. The seventh column is the 
slope of any gradual brightening or dimming which occurred 
throughout the data set, in units of magnitude per day, nega- 
tive for brightening, positive for dimming. The last column is 
the rms deviation from the best fit. 

Although the fitting procedure of Hall et al (1990) in- 
cluded the rotation periods of the two spots as two of the 
seven fitting parameters, we fixed the rotation period at 81 
days in a few cases where the phase coverage was not suffi- 
cient for an explicit determination. In some cases (data sets 
5, 6, 7, 8, 9, and 29) only one spot was required to represent 
the light curve. In one case, data set 5, a minimum was well 
defined but the coverage of the maximum was lacking, so we 

adopted a value of A^VOnax.) by interpolation between data 
sets 4 and 6. 

7. THE MIGRATION CURVE, SPOT PERIODS, AND SPOT 
LIFETIMES 

For each of the values of ID (min.) in Table 6 we com- 
puted phase with the adopted orbital ephemeris in Eq. (1). 
These are plotted in Fig. 5, with fractional phase, #(min.), on 
the vertical axis and whole phase, E, on the horizontal axis. 
Note that 0(min.) is equivalent to longitude on the K star, 
with 0=0.0 being the longitude facing the companion star, 
0=0.5 being the longitude away from the companion star, 
and 0=0.25 and 0=0.75 being the longitudes orthogonal to 
the major axis of the binary. E, of course, is equivalent to 
time. In such a plot, called a migration curve, a spot with a 
constant rotation period would have its points follow a 
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Table 6. Spot parameters. 

First Spot Second Spot 

Set 

1 

2 

3 

4 

5 

6 

7 

8 

9 ‘ 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

JD(min.) ampl. 
2440000+ (mag.) 

JD(min.) ampl. 
2440000+ (mag.) 

4289.0 

4602.8 

4683.0 

4917.4 

5328.1 

5408.1 

5847.3 

5637.7 

5718.7 

5798.5 

5952.4 

6096.5 

6169.8 

6339.0 

6414.9 

6497.4 

6898.3 

7035.8 

7114.7 

7201.2 

7284.4 

7445.8 

7526.5 

7622.2 

7784.2 

7863.0 

7934.4 

8025.7 

8180.3 

8262.4 

8334.4 

8648.9 

0.165 

0.133 

0.188 

0.161 

0.110 

0.112 

0.111 

0.029 

0.056 

0.082 

0.060 

0.027 

0.059 

0.074 

0.044 

0.052 

0.060 

0.072 

0.070 

0.046 

0.026 

0.064 

0.047 

0.056 

0.051 

0.041 

0.058 

0.082 

0.096 

0.100 

0.030 

0.064 

4326.0 

4488.0 

4658.0 

4976.7 

5220.3 

5759.6 

5844.3 

6004.6 

6117.8 

6195.2 

6355.9 

6437.8 

6516.3 

6914.9 

7067.4 

7150.8 

7227.2 

7308.0 

7471.5 

7553.1 

7645.8 

7810.3 

7893.7 

7959.0 

8206.9 

8291.6 

8350.8 

8669.0 

0.042 

0.055 

0.079 

0.035 

0.042 

0.034 

0.054 

0.036 

0.066 

0.095 

0.122 

0.141 

0.104 

0.082 

0.108 

0.125 

0.125 

0.106 

0.105 

0.077 

0.076 

0.027 

0.015 

0.026 

0.056 

0.062 

0.045 

0.056 

AEV(max.) 
(mag.) 

-0.038 

+0.004 

-0.035 

-0.023 

[-0.034] 

-0.039 

-0.037 

-0.037 

-0.014 

-0.028 

-0.031 

-0.041 

-0.047 

-0.058 

-0.058 

-0.045 

-0.022 

-0.012 

-0.028 

-0.054 

-0.049 

-0.029 

-0.039 

-0.035 

-0.057 

-0.033 

-0.045 

-0.062 

-0.058 

-0.088 

-0.107 

-0.084 

-0.093 

slope 
(mag./day) 

0.00000 

0.00000 

-0.00030 

0.00000 

0.00000 

0.00000 

0.00000 

0.00000 

0.00000 

0.00000 

0.00000 

-0.00026 

-0.00030 

0.00000 

+0.00025 

+0.00025 

+0.00025 

0.00000 

0.00000 

0.00000 

0.00000 

0.00000 

0.00000 

0.00000 

-0.00020 

0.00000 

-0.00030 

-0.00035 

0.00000 

0.00000 

0.00000 

0.00000 

0.00000 

rms 
(mag.) 

0.009 

0.010 

0.011 

0.011 

0.006 

0.013 

0.008 

0.009 

0.012 

0.010 

0.007 

0.009 

0.008 

0.009 

0.013 

0.008 

0.008 

0.007 

0.018 

0.012 

0.008 

0.014 

0.011 

0.013 

0.012 

0.010 

0.012 

0.014 

0.010 

0.008 

0.010 

0.012 
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Table 7. Spot periods, maximum amplitudes, and lifetimes. 

Spot 

A 

C 
D 

F 
G 
H 
I 

m Period 
(days) 

11 80.23 ± 0.19 
9 80.56 ± 0.38 

13 79.85 ± 0.12 
9 81.73 ± 0.38 
9 83.11 ± 0.40 

12 82.79 ± 0.34 
4 82.97 ± 0.52 
7 81.24 ± 0.52 
2 78.63 ± 0.50 

rms max.ampl. 
(days) (mag.) 
3.3 0.188 
4.4 0.079 
2.0 0.141 
3.4 0.074 
3.8 0.072 
4.0 0.125 
1.3 0.062 
4.0 0.100 

>0.070 

L(obsv.) L(calc.) 
(years) (years) 
>4.18 6.03 
>3.46 4.34 
3.54 6.84 
2.39 3.85 
2.43 3.62 
2.98 7.28 
1.10 2.69 

>2.34 7.43 
>1.22 >3.41 

Fig. 5. The JD(min.) values in Table 6 plotted as a migration curve, with the 
adopted orbital ephemeris in Eq. (1) used to compute phases. Fractional 
phase, Amin.), is the vertical axis and whole phase, E, is the horizontal axis; 
Amin.) is equivalent to longitude on the K star, with 0=0.0 being the lon- 
gitude facing the companion star. A spot with a constant rotation period 
would have its points follow a straight-line segment, sloping up if P(rot.) 
>P(orb.) and down if P(rot.)<P(orb.). The length of each line segment 
would represent the lifetime of that spot. There are more points here than 
there are values of JD(min.) in Table 6 because some of the data sets 
spanned more than one complete rotation cycle. 

straight-line segment, sloping up if P(rot.)>P(orb.) and 
down if P(rot.) <P(orb.). The length of each line segment 
would represent the lifetime of the corresponding spot. There 
are more points in Fig. 5 than there are values of ID (min.) in 
Table 6 because some of the data sets spanned more than one 
complete rotation cycle. The additional points are obtained 
simply by adding or subtracting one value of P(rot). 

The corresponding values of the spot amplitudes, from 
columns 3 and 5 of Table 6, are plotted in Fig. 6, again with 
E as the horizontal axis. Experience with other spotted vari- 
ables leads us to anticipate that a given spot's amplitude will 
evolve smoothly with time, generally rising to a maximum 
and then falling. Apparently this comes about as a spot 
comes into existence, grows in size, and then decays by a 
mechanism not yet known, possible mechanisms being de- 
creasing size, diminishing temperature contrast with the sur- 

rounding photosphere, or disruption by differential rotation 
(Hall & Busby 1990; Hall & Henry 1994). 

By applying the criteria of constancy of slope and conti- 
nuity of phase in Fig. 5, and smoothness of evolution in Fig. 
6, we identified nine spots that have been present on the 
surface of the K giant during the 13 years of our photometry. 
These are designated A through I. 

For the eight spots having more than two values of ID 
(min) available, those values were fit by linear least squares 
to determine each spot’s rotation period. These are tabulated 
in Table 7, where the second column gives the number of 
values of JD(min.) included in each fit, the third column is 
the rotation period itself, and the fourth column is the rms 
deviation from the fit. The average rms deviation is about 
±3<?3 or ±0^04. The period for the last spot, I, was based on 
only two values of JD(min.) so its uncertainty comes from 
the uncertainty of those two values. These 9 periods are rep- 
resented as the straight-line segments in Fig. 5. 

The lifetime of each spot, taken as the difference between 
the beginning date of the first data set in which it first ap- 
peared and the end of the last data set in which it was last 
seen, is entered in the next-to-last column of Table 7. Under- 
standably, lifetime estimates will be lower limits for those 
spots already present in data set 1'and those still present in 
data set 33. 

Fig. 6. The corresponding values of the spot amplitudes from Table 6, again 
with E as the horizontal axis. Note that most of these spot amplitudes evolve 
smoothly with time, rising to a maximum and then falling, presumably as a 
spot comes into existence, grows in size, and then decays. 

8. THE ELLIPTICITY EFFECT 

Although we made a preliminary determination of the 
light variation due to the ellipticity effect, that was done with 
the starspot variability still present in the light curve, with its 
greater amplitude. Now we are in a position to remove the 
spot variability, as represented by the parameters in Table 6, 
from the original A F magnitudes and thereby reveal the el- 
lipticity effect with superior definition. The light curve thus 
cleaned of the spot variability we call the ASV magnitudes. 
Period searches with both cos 26 and cos 26, cos 6 fits re- 
sulted in the periods and times of conjunction which appear 
as the last two entries in Table 3. They, too, are generally 
consistent with the values derived from the radial velocities, 
and their uncertainties are less than those from fits to the À V 
or AlV magnitudes. 

Figure 7 shows the ellipticity effect, as a plot of the ASF 
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Table 8. Possible masses and radii. 

V sin i = 11.3 km/s 
i F Ri 
(deg.) (Rq) 

19 1.00 55 
29 0.83 37 
31 0.79 31 
53 0.62 23 
90 0.54 18 

V sin i = 15 km/s 
i F Ri Mi Mz D Condition 
(deg.) (Rq ) (MQ) (Mq) (mag.) 

Mi 
(Mq) 

3.6 
1.9 
1.7 
0.9 
0.6 

(Mq) 

5.6 
2.2 
1.9 
0.7 
0.4 

D 
(mag.) 

0.000 -, F < 1 
0.000 —, AB > 2 mag. 
0.000 -, M2/M1 < 1.1 
0.000 -I Mi > 0.9 M© 
0.015 -J i < 90° 

Fig. 7. The ellipticity effect, shown as a plot of the ASV magnitudes vs 
orbital phase computed with the ephemeris in Eq. (1). The solid curve rep- 
resents the fit with a cos 26, cos 6 curve having coefficients of 0T0184 
±0T0004 and 0T0105±0T0Q04, respectively, which compares favorably 
with the corresponding preliminary values in Eq. (2). The two minima have 
depths of 0T049 and 0T027, as measured from the two maxima, which are 
equal in height. 

magnitudes versus orbital phase computed with the ephem- 
eris in Eq. (1). The coefficients of the cos 26 and cos 6 terms 
are 0T0184±01Î10004 and (T0105+0T0004, respectively, 
which can be compared with the corresponding preliminary 
values which appeared in Eq. (2). With these coefficients the 
two minima have depths of 0?049 and 0I?027, as measured 
from the two maxima, which are equal in height. The differ- 
ence in the depths is D =0?022, a quantity we will use later. 

9. THE RADIUS AND MASS OF THE K GIANT 

Although BM Cam is an SB1 and not known to be eclips- 
ing, we can use the known V sin i and our determination of 
the amplitude of the ellipticity effect, following generally the 
procedure outlined by Hall (1990a), to place useful con- 
straints on the masses of the two stars, the radius of the K 
giant, and the orbital inclination. Specifically, we take the 
mass function corresponding to the spectroscopic elements in 
Table 2, /(^f)=0.065 (a mean of the e=0 and the 
e=0.05 solutions), F sin ¿ = 15 ±3 km/s from Huisong & 
Xuefu (1987) or 11.3 ±0.3 from our paper, and the depth of 
the shallower of the two minima of the ellipticity effect, 
0T027. 

Alternative solutions are given in Table 8 for both values 
of V sin i. The column headings are orbital inclination i, 
Roche-lobe-filling fraction F, radius of the K giant i?!, mass 
of the K giant <Æ1, mass of the unseen secondary ,Æ2, and 
difference D between the two minima of the ellipticity effect 
resulting from the pointed-end effect. Each of these solutions 
represents an upper or lower limit imposed by one of five 
possible constraints. First, F<1, meaning the K giant cannot 
overfill its Roche lobe. Second, kB >2 mag, meaning the 
secondary star must be at least 2 mag fainter than the pri- 
mary in the blue spectral region so that it be unseen in the 
spectrum, which is the case. Third, ^2/ ^i<l.l, so that 
the evolved K giant be the originally more massive star, after 

20 1.00 69 6.6 6.8 0.000 -, F < 1 
32 0.79 45 3.2 2.5 0.000 AB > 2 mag. 
90 0.56 24 1.1 0.6 0.016 -I i < 90° 

having lost no more than about 10% of its mass during the 
enhanced stellar wind stage (Tout & Hall 1991). Fourth, 
^1>0.9 so that the K giant can have evolved within 
the age of the galaxy. Fifth, ¿<90°. 

The tightest limits are provided by the third and fourth 
constraints in the V sin i = 11.3 km/s case, and by the second 
and third constraints in the 15 km/s case. In both cases, how- 
ever, the extreme with the smallest radius is favored if one 
believes the K0 III classification of Bidelman (1964) was 
sufficiently precise to exclude KO III-II or KO II. Of those 
two favored solutions, the one based on 11.3 km/s is worri- 
some because it would predict D=0^000, incompatible with 
the JD=0T022±0T001 seen in Fig. 7. The one based on 15 
km/s, on the other hand, is much more nearly consistent. As 
an aside, we note that, even if the value e=0.05 in the ec- 
centric solution is considered real, the periastron-apastron 
effect discussed by Hall & Busby (1989) could produce 
Z)=0IÏ1005±0I?002 but no more. Thus we are led to argue 
that the most believable solution is the i=90°, F=0.56, 
R1=24Rq, solution based on 
V sin i = 15 km/s. This solution would imply BM Cam is an 
eclipsing system, but eclipses of or by a (presumed main- 
sequence) star of 0.6 would be less than 0T001 deep 
and not detectable in our photometry, so that is not a con- 
cern. It is, however, a little worrisome that we are led to 
favor a solution based on the V sin ¿ = 15 ±3 km/s value, 
which has the greater uncertainty and is formally inconsis- 
tent with the 11.3 ±0.3 km/s value. We can suggest that the 
dark regions present when the Dadonas spectra were taken 
might have distorted the line profile shapes in such a way as 
to diminish their effective widths. 

10. DIFFERENTIAL ROTATION 

A mean of the nine values in Table 7 is 81<?23±0<?14, an 
estimate of the K giant’s rotation period based on the motion 
of its spots. The full range of those nine values is 4?48 
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±0?64, i.e., AP/P=5.5%±0.8%. Presuming that these dif- 
fering rotation periods result from differential rotation as a 
function of latitude on the K giant, we can estimate the co- 
efficient k as it appears in the equation 

jP(</>)/P(<£=0o) = 1/(1 —& sin2 (/>) (3) 

commonly used to describe such differential rotation. Fol- 
lowing the procedure of Hall & Henry (1994) to adjust for 
the fact that those nine spots probably do not sample the 
entire 90° latitude range, we get fc=0.058±0.008. The Sun, 
for comparison, has £=0.18. 

11. UNDERSTANDING THE STARSPOT LIFETIMES 

Hall & Henry (1994) found that the lifetimes of starspots 
observed to date could be represented by a two-part law, the 
first being a function of the star’s rotation period and differ- 
ential rotation coefficient and the spot’s angular diameter, the 
second being a function of the star’s absolute radius and the 
spot’s angular radius. A given spot’s angular diameter can be 
determined from the amplitude of the light variation it pro- 
duces. We have all of the quantities needed to see if the 
lifetimes of the nine spots listed in Table 7 are in accord with 
this two-part law. For the K giant’s radius we use 24 P0 • 

The calculated values are entered in the last column of 
Table 7. The four observed lifetimes that were lower limits 
are consistent with the theoretically expected values; those 
which were not just lower limits are systematically shorter 
but only by a factor of 2. Hall & Henry (1994) had found 
systematically good agreement between observed and calcu- 
lated with an rms deviation of about 0.3 in the log, or a factor 
of 2. The two-part law is such that a spot’s lifetime is sup- 
posed to be the lesser of the two times calculated with the 
two parts of the law, the first part applying generally to larger 
spots and the second part generally to smaller spots. In this 
case, spots B, D, E, G, H, and I proved to be “small” 
whereas A, C, and F proved to be “large.” 

12. CONCLUDING DISCUSSION 

The 6.3-year periodicity found in the mean brightness 
probably is not manifestation of a long-period magnetic 
cycle such as discussed by Hall (1990b) but rather just a 
reflection of the fact that the starspot amplitudes generally 
rise to a maximum and fall and that the two spots generally 
present at any given epoch tend to emerge and die in concert. 
A periodogram of the quantity which is the sum of the am- 
plitudes of the two spots present in each of the 33 data sets 
yields a period which is virtually identical (6.4±0.3 yr vs 
6.3 ±0.1 yr), a full amplitude which is comparable (0?12 vs 
0T07), and a time of minimum brightness which is nearly in 
phase (1980.63±0.15 vs 1981.25±0.05). This interpretation 

is confirmed by the absence of any significant periodicity in 
the magnitude at maximum light, the quantity A£(max.) of 
Table 6. The magnitude at maximum does, however, show a 
much slower secular trend, which might be a manifestation 
of a magnetic cycle several decades in length. The median 
magnetic cycle length found by Hall (1990b; Table 1) in a 
sample of 12 different types of convective stars was 30 
years. 

Because the large eccentricity originally suspected by Abt 
et al (1969) has proven not to be real, the coincidence of 
P(rot.)(orb.) which puzzled Hall & Busby (1989) is no 
longer a puzzle. The K giant is simply rotating synchro- 
nously or, if the small eccentricity we find is real, pseudo- 
synchronously. If 6=0 and the rotation is synchronous, then 
the two quantities 81<?23±0<?14 and 80?901±0f003 should 
be nearly equal, which they are. If 6 =0.05 ±0.02 and the 
rotation is pseudosynchronous, then the two quantities 81?23 
±0<?14 and 79?5±1<?0 should be nearly equal, which they 
are. 

Hall & Henry (1990, Fig. 2) showed that orbital eccen- 
tricity in binaries containing an evolved late-type star can be 
understood very well by application of circularization time 
scale theory developed by Tassoul (1988). They demon- 
strated that, if the evolved star has expanded beyond some 
critical radius, which is a function of that star’s mass and the 
binary’s orbital period, then the orbit will have become cir- 
cular. Conversely, all eccentric orbits are found in binaries 
whose evolved star is less than that critical radius. The K 
giant in BM Cam has a critical radius somewhere between 
10 P0 and 16 P0 f°r a mass between 1.0 and 3.0 , 
respectively. Because its radius today is considerably larger 
than this, between 24 P0 and 45 Rq, respectively, we expect 
the orbit to have become well circularized. This consider- 
ation would suggest that the value 6=0.05 ±0.02 in Table 2 
may be regarded as not significantly different from zero. 

Heavy starspot coverage is now known to occur on stars 
which experience strong dynamo action due to rapid rotation, 
but is a rotation period of 81 days “rapid”? Strong dynamo 
action is specified more completely by Rossby number, Ro, 
defined as the ratio of the rotation period to the convective 
turnover time, and the critical value Ro=0.65 is the thresh- 
old segregating the heavily spotted (strongly variable) stars 
from the unspotted or minimally spotted (nonvariable) stars 
(Hall 1991, 1994). The 80^9 rotation period along with the 
convective turnover time of a K0 III star (Hall 1991, 1994) 
implies Ro=0.48, small enough to account for the large star- 
spots observed. 

This work was supported in part by NASA Grants Nos. 
NAG 8-111 and NAG 8-1014 and by NSF Grant No. HRD- 
9104484. 
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