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ABSTRACT

Context. BL Cam is an extreme field multiperiodic short-period low-metallicity high-amplitude SX Phe-type variable where its
probably complex pulsational content is subject of controversies.

Aims. A comprehensive study has been carried out to investigate the nature and pulsational properties of this object.

Methods. The analysis is based on new photometric data collected during the last few years at different sites, as well as on all available
previously published data. Frequency analyses have been performed on a number of reliable data sets to analyse the pulsational
content. In addition, the classical O—C method was used to study the behaviour of the main period.

Results. Our frequency analysis confirms some aspects on the multiperiodicity of BL Cam, previously found by other authors,
showing a number of secondary modes close to the main frequency fy = 25.5769 cd~!. The secondary modes present eventual
amplitude variations. However, the main frequency exhibits no significant changes in its amplitude and seems to correspond to the
fundamental mode of radial pulsation. Abrupt changes sometimes observed in the light curves could be due to spurious activity on or
close to the star’s photosphere. We confirm the existence of a secondary frequency at 31.6 or 32.6 cd™!, with variable amplitude, and
with the possibility of both frequencies being intrinsic to the star. More than one hundred of new times of light maxima have been
determined in the present work. These together with those available in the literature allow us a more discriminating analysis of the
O-C diagram. This shows that the observed variations of the main period can be described by two terms: (i) a secular increase of the
main period at a rate of dP/Pdt = 117(x3) x 10~° yr™!; and (ii) a perturbation from a companion star in a rather eccentric orbit with a

period of 10.5(+0.2) yr causing a light time semi-amplitude of 148(+12) s.

Key words. stars: variables: delta Sct — stars: individual: BL Cam - stars: oscillations — techniques: photometric

1. Introduction

BL Cam (=GD 428, @ = 3"47™19%, § = +63°22’08", 12000.0,
(Vy = 131, AV = 0733) is classified among the dozen field
SX Phe-type pulsators known to date (Rodriguez & Breger
2001). SX Phe stars are detected among field stars, globular clus-
ters and nearby dwarf galaxies (Rodriguez & Loépez-Gonzilez
2000). Most display visual peak-to-peak amplitudes larger than
~0™3 with short periods ($0¢08) and some belong to double or
multiple systems. SX Phe stars have typical Population II char-
acteristics, i.e. they belong to the halo and old disk populations
of the Galaxy with low metallicities and high spatial motions.
However, they show surprisingly large masses (~1.0—1.2 M)
and relatively young ages (~2-5 Gyr) (see e.g., Nemec &
Mateo 1990), characteristics which are still not fully explained
by stellar evolution theory. The field SX Phe stars are pulsat-
ing variables located in the Lower Instability Strip, mixed with

http://www.edpsciences.org/aa

Population I § Sct-type variables. Recent reviews for the high-
amplitude members of this class can be found in Rodriguez
(2003, 2004).

The discovery in the 1980’s of three SX Phe variables in
the globular cluster w Cen (Rodriguez & Lépez-Gonzalez 2000)
confirmed that SX Phe and Population I ¢ Sct variables are dif-
ferent. At present, we know that the majority of the SX Phe
variables located in globular clusters belong to their blue strag-
gler (BS) population. These stars are bluer and brighter than
the main sequence turn-off of the cluster (e.g., Mateo 1993) and
their origin is still unclear with various hypotheses having been
proposed in the literature: internal mixing in the atmosphere of
single stars or mergers of two stars via mass transfer or direct
collisions (Livio 1993; Stryker 1993). The connection between
SX Phe stars and the BS phenomenon has been analysed by sev-
eral authors (e.g. Eggen & Iben 1989; Nemec & Mateo 1990).
Indeed, the investigation of the SX Phe-type variability can

http://dx.doi.org/10.1051/0004-6361:20053841
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provide valuable advances in understanding the BS phenomenon
and the history of the globular clusters themselves.

Additionally, as field high-amplitude SX Phe and ¢ Sct stars
are known to be mostly monoperiodic or double-mode pul-
sators, their simple frequency spectra allow reliable mode iden-
tifications allowing the opportunity to use these pulsators to
check the evolutionary tracks predicted by stellar evolution mod-
els (e.g., Hgg & Petersen 1997). Period-luminosity relations
(Nemec et al. 1994; McNamara 1995) provide new distance
scales independent of those derived from other methods, e.g.,
classical Cepheids or RR Lyr stars. This is of particular interest
in globular clusters when a significant number of SX Phe vari-
ables are detected in the same cluster allowing precise period-
luminosity relations to be determined and used as distance indi-
cators (e.g., Pych et al. 2001; Mazur et al. 2003; Jeon et al. 2003,
2004).

BL Cam presents the second shortest period (P = 000391)
among the known field SX Phe variables (the shortest one corre-
sponds to PL43 = CS22966-043 (Preston & Landolt 1998) with
P = 0%0374) and the shortest one among the high-amplitude
objects of this type. BL. Cam was originally reported by Giclas
et al. (1970) as a possible white dwarf star. The variability of
this object was discovered during a series of observations of
white dwarf stars by Berg & Duthie (1977). These authors also
noted a recurrence of the light curve during 6 cycles over 5 days,
a configuration that later turned out to be more complex than
suggested by those preliminary results. An investigation of the
basic parameters of BL Cam was carried out by McNamara
& Feltz (1978). In particular, their spectroscopic observations
showed “an extreme weakness of the K line and the absence of
other metal lines”. The extreme metal-poor nature of this star
([Fe/H] = —2.4) was later confirmed by McNamara (1997).

Besides the main pulsation, a secondary periodicity was
first identified by Hintz et al. (1997). Their photometric data
suggested a radial double-mode pulsation nature with a pri-
mary (fy) to secondary (f; = 32.6443 cd™') frequency ratio of
fo/fi = 0.783. This ratio fits the observed period-ratio versus
metallicity relation established for the known fundamental/first-
overtone double-mode high-amplitude radial pulsators in the
Lower Instability Strip. However, different values for f; were
determined by different authors using subsequent observations
(fi =31.5912 cd™! by Zhou et al. (1999) and f; = 32.3182cd™!
by Kim et al. (2003) which lead to frequency ratios of fy/fi =
0.810 and 0.791, respectively). The reason of such different val-
ues for fj is still unknown and may be due to observational errors
or to true changes in the pulsational content of BL Cam. Hence,
it is important to solve this question as different frequency ra-
tios have consequences in interpreting its double-mode nature.
Furthermore, the data set collected by Zhou et al. (1999) revealed
some additional modes of non-radial nature close to the main
frequency fy. If confirmed by new observations, BL Cam would
have the most complex pulsation spectra among the field high-
amplitude SX Phe-type variables, and one of the most complex
among the general population of SX Phe variables.

Hintz et al. (1997) were the first to detect a secular increase
in BL Cam’s primary frequency using the classical O—C method.
A more detailed analysis of their O—C diagram, by Breger &
Pamyatnykh (1998), revealed a 0.02 s increase over the last
20 years. This gives dP/Pdt = 290 x 10™° y~!, which is the
largest period change detected in any high-amplitude § Sct or
SX Phe variable and cannot be explained by stellar evolutionary
models. Nevertheless, Kim et al. (2003) pointed out a reversed
trend of the O—C diagram since 1999, leading to a possible si-
nusoidal behaviour, suggesting that BL Cam might be part of a
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binary system (with an orbital period of ~25 yr, Rodriguez
2003). These controversies make the study of BL Cam even
more compelling.

In this paper, new photometric observations of BL. Cam have
been carried out in order to perform a comprehensive study the
behaviour of the main period, making use of the classical O—C
method, as well as investigating the nature and pulsation proper-
ties of this extreme object.

2. Observations

The new photometric observations of BL Cam presented in this
work were carried out at six observatories in 1996 and from 2003
to 2005. The summary and journal of new observations are given
in Table 1. All observations were obtained with CCDs using var-
ious filters, including some observations without any filter.

Most of the data have been obtained with the 0.62 m tele-
scope at the Chateau-Renard Observatory (2930 m altitude,
Saint-Véran, French Alps), a facility operated by the Paris-
Meudon Observatory and AstroQueyras, an amateur association,
and also with the 0.85 m telescope at the Xinglong Station,
Beijing Astronomical Observatory (China). Some additional
observations have been collected at Mo i Rana Observatory
(Norway) with a 0.20 m telescope, at McDonald Observatory
(USA) using the 2.10 m Otto Struve telescope, and at Sulphur
Flats and Rockville observatories (USA) with 0.40 and 0.45 m
telescopes, respectively. In total, more than 100 h of useful data
were obtained on 28 nights.

3. Data reduction

Each CCD frame has been corrected for dark, bias and flat-
field. All light measurements were made by synthetic aperture
photometry. Atmospheric and differential colour extinction were
also calculated and corrected. The typical photometric uncertain-
ties (standard deviation) estimated from the differences between
comparison stars are about 001 to 07'03. The comparison stars
have not shown any variability at this precision level during our
observing runs.

Apart from their variable amplitude, possibly due to multiple
periodic modulation (Zhou et al. 1999, and this work), the light
curves of this variable star are strongly asymmetric, with sharp
light maxima, and rather round-shaped light minima, occuring at
phase 0.58(+0.04) after the maxima. Figure 1 shows an example
of a single night’s light-curve of BL Cam.

The light curves of BL Cam can follow uncommon be-
haviours, with very abrupt decreases/increases of the apparent
amplitudes from one cycle to another. For example, our October
2003 and February 2004 observations show that the amplitudes
can vary widely (~25% at HID 2452925.5 or 2453053.3, or
~35% at HID 2453 051.3) on close successive cycles.

Our B and R observations obtained in 1996 at
Chateau-Renard Observatory show that the colour index
(B = R) has a total amplitude of about 0715, the colour index
mimima lag at phase ~0.43 after the maxima, i.e. significantly
before phase 0.58 mentioned above for the light minima. The
light curve decrease is quicker in blue than in red colour (or
viceversa, the blue light increase starts before the red light
increase), i.e. the light minima in R filter occurs later than in B.

In all cases the data were used to determine new times of (the
sharper) light maximum, by fitting a third degree polynomial on
each observed peak. As such, we included 105 new timings of
light maximum (7,,x) in our ephemeris. The typical error on the
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Table 1. Journal of new observations. Observatory code: ChR = Chateau-Renard Observatory (France), XL = Xinglong Station (China), SFO =

Sulphur Flats Observatory (USA), RO = Rockville Observatory (USA),

McD = McDonald Observatory (USA), MR = Mo i Rana Observatory

(Norway). Notes: a) 5 nights in filter B (5 h of data and 7 times of maximum) and 4 nights in R (4 h and 4 maxima), b) no filter was used on 2 of
the 5 nights, c) filter S is Schott BG40, centred at A = 5000 A (Zhou et al. 2005), d) one night without filter and one night using Johnson V filter.

Date Observatory  Telescope  Filter Nights Hours T, Notes
(m)
1996, Aug. ChR 0.62 B,R 5 5 7 a
2003, Sep. ChR 0.20 no 1 2 2
2003, Oct. ChR 0.62 R 3 14 12
2003, Nov.—Dec. XL 0.85 % 5 36 36 b
2003, Dec. SFO 0.40 no 1 3 3
2004, Feb. ChR 0.62 R 4 16 16
2004, Feb. RO 0.45 Vv 1 0.5 1
2004, Mar. SFO 0.40 no 1 3 3
2004, Sep. McD 2.10 N 3 3 2 c
2004, Oct. MR 0.20 Vv 1 11 11
2005, Jan.—Feb. MR 0.20 Vv 2 7 8 d
2005, Apr. MR 0.20 no 1 4 4
: Zhou et al. (1999, Eq. (2)). The mentioned strong asymmetry
05 . ] . . .
. s i . in the shape of the light curve obviously generates the harmon-
. ‘.’- LS st K ics 2fy and 3fp in the Fourier analysis, their amplitudes and
_ber 3 ,;'-‘ i3 s .- t 1 phases giving a mathematical representation of the asymmetry
g ,‘ MR ‘ : HE z eyt itself, an asymmetry common to most large amplitude variables
P A L U ! LI H (i.e. undergoing nonlinear physical processes). In order to make
= ’ R , "‘ H 'i‘ N O our analysis as homogeneous as possible, in each data set we
os [  wed S0 % £ s;;' ‘-‘,‘;{_‘ -‘.-. ] first extracted the frequencies fy, 2fy and 3 f; and then analysed
5% e g * w the residuals. A peak of frequency has been considered as sig-
‘ ‘ ‘ ‘ nificant as soon as it fulfils the criterion given by Breger et al.
%40 0.45 0.50 0.55 0.60 0.65 (1993, 1996), i.e. an amplitude signal/noise (S§/N) ratio >4.0 for

HID-2452925

Fig.1. R light curve of BL Cam observed on October 13, 2003 at
Chateau-Renard Observatory. AR means magnitude differences variable
minus comparison star.

time of the individual maxima, is estimated at around 000004, i.e.
less than 1% of the main period of this variable. Table 2 displays
the new observed times of light maximum.

4. Frequency analysis

Frequency analysis was carried out on each of the new data
sets presented in this work and on those available in the lit-
erature that we considered as reliable enough for this purpose.
The followed procedure is described in Rodriguez et al. (1998),
where single-frequency and multiple-frequency techniques are
combined using both Fourier and multiple least squares algo-
rithms. The multiple-frequency least squares technique always
calculates the best fit with all frequencies considered simultane-
ously.

The purpose of this analysis is to study the multiperiodic
content of the light curves in order (i) to confirm the existence of
the secondary frequency around 31-32 cd™! detected by other
authors, and determine its real value; (ii) to investigate the exis-
tence of eventual additional frequencies detected by Zhou et al.
(1999); (iii) to study the multiperiodic behaviour over time (i.e.
the number of observed frequencies and possible amplitude vari-
ations); and (iv) to investigate the behaviour of the main fre-
quency fy with time (i.e. its possible amplitude variations).

In our analysis, we assume that the value of the main
frequency is already known as fj 25.5769 cd”!, which
corresponds to the period Py 0903909785 derived by

independent peaks and 3.5 for peaks corresponding to frequency
combinations (Breger et al. 1999).

In order to compare amplitudes obtained in different filters,
all of them have been converted to equivalent amplitudes in
the Johnson’s V filter. When observations were collected in B
or R filters, the corresponding amplitudes can be transformed
to V equivalent amplitudes following Balona & Evers (1999,
Fig. 2), assuming a typical ¢ Sct regime. The following transfor-
mation equations were determined: AV = 1.36(+0.04)AR and
AV = 0.80(x0.02)AB. Data collected at McDonald Observatory
in 2004 were obtained in filter S (i.e. Schott BG 40), which has
a peak transmission around 4 = 5000 A (Zhou et al. 2005). The
corresponding equivalent V amplitudes were obtained follow-
ing the procedure described in Rodriguez (1999), which yields
AV = 0.88(+0.03)AS .

4.1. Results
4.1.1. Amplitude variations of the main frequency

We first investigated the possibility of amplitude changes in the
main frequency fy on the time scale of years. Table 3 lists the
amplitudes of fy along with the secondary frequency f;, when
detected in the range 31-32 cd™'. No significant changes are de-
tected in the amplitude of f; which is stable at 146 mmag within
~10 mmag. It must be noted that the error bars listed in this table
are the “formal” error bars as a result of the Fourier fitting, but
the “true” ones are slightly larger. Also, some data sets are not
long enough, which can induce scatter in the solution of the fits.
The amplitudes of f; can also be disturbed by the existence of
secondary peaks close to fy which are not obviously discerned
in short data sets (see Sect. 4.1.3).
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Table 2. New times of light maximum of BL Cam. T}, is in HID-2400 000. Observatory code as in Table 1. Whenever quoted B, R it means that

the corresponding 7T',x Was determined as the mean value.

T max Filter Obs. T max Filter Obs. T max Filter  Obs.
50311.5587 B ChR  52990.2350 1% XL  53052.4427 R ChR
50311.5998 B ChR  52990.2747 Vv XL  53053.3008 R ChR
50312.5756 B,R ChR 52990.3126 \% XL  53053.3406 R ChR
50313.5926 B,R ChR 52990.3906 Vv XL  53053.3808 R ChR
50318.5554 B,R ChR 529909775 \% XL  53053.4190 R ChR
50318.5957 ChR  52991.0172 Vv XL  53082.6236 no SFO
50319.5338 B,R ChR 52991.0564 % XL  53082.6633 no SFO
52906.5654 no ChR  52991.0945 Vv XL  53082.7033 no SFO
52906.6442 no ChR  52991.1338 \% XL  53264.9755 S McD
52925.2948 R ChR  52991.1734 Vv XL  53265.9535 S McD
52925.3330 R ChR  52991.9542 % XL  53293.2440 \% MR
52925.4518 R ChR  52991.9941 Vv XL  53293.2830 Vv MR
52925.4900 R ChR  52992.0332 % XL  53293.3213 \% MR
52925.5290 R ChR  52992.0717 Vv XL  53293.3610 Vv MR
52925.5693 R ChR 52992.1112 % XL  53293.4006 % MR
52925.6072 R ChR  52992.1516 Vv XL  53293.4389 Vv MR
52927.3673 R ChR  52992.2278 % XL  53293.4783 % MR
52928.3047 R ChR  52992.2682 % XL  53293.5176 % MR
52928.3437 R ChR  52992.3063 Vv XL  53293.5566 Vv MR
52928.4229 R ChR  52992.3463 % XL  53293.5961 % MR
52928.4617 R ChR  52992.3848 Vv XL  53293.6739 Vv MR
52952.2319 \% XL  53002.5893 no SFO 53395.1709 no MR
52952.2707 Vv XL  53002.6296 no SFO 53395.2116 no MR
52952.3095 \% XL  53002.6687 no SFO 53395.2504 no MR
52952.3487 Vv XL  53044.6202 Vv RO  53395.2888 no MR
52954.1870 \% XL  53050.4470 R ChR  53424.3004 Vv MR
52954.2260 \% XL  53050.4866 R ChR  53424.3400 Vv MR
52954.2653 \%4 XL  53051.2702 R ChR  53424.3803 Vv MR
52954.3041 \% XL  53051.3072 R ChR 53424.4194 \% MR
52954.3436 \% XL  53051.3477 R ChR 53478.3752 no MR
52954.3829 \% XL  53051.3858 R ChR 53478.4129 no MR
52990.0389 \% XL  53051.4236 R ChR  53478.4540 no MR
52990.0781 Vv XL  53052.2840 R ChR 53478.4921 no MR
52990.1182 \% XL  53052.3245 R ChR
52990.1574 Vv XL  53052.3639 R ChR
52990.1962 \%4 XL  53052.4044 R ChR

4.1.2. The 31-32 cd™" range

In exploring the multiperiodic nature of BL. Cam, the first aim is
to determine the existence and true value of the secondary peak
fi claimed by some authors in the region 31-32 cd~!. Previously
published results give values of 32.6443 cd~! (Hintz et al. 1997),
31.5912cd™! (Zhou et al. 1999), 32.3182 cd~! (Kim et al. 2003),
and 32.517 cd™! (Delaney et al. 2000, unpublished). These dif-
fering results for fj can be caused by too short or not reliable
enough data sets (high noise levels as compared with the low
amplitude commonly found for f}).

The results in Table 3 confirm that fj reliably exists and that
its value is close to 31.6 cd™! or 32.6 cd™!. At least one of these
frequencies is present in each data set, although not always de-
tected, and with amplitudes that show a rather large dispersion.

A summary of the frequencies detected in the range
31-32 cd™! is given in Table 4. They cluster around the mean
values 31.64(+0.05) and 32.64(+0.10) cd~!. The difference be-
tween these two frequencies might be due to the well-known
1 cd! alias problem, inherent in single-site data. The frequen-
cies around 32.6 cd~! show a higher dispersion and, if we con-
sider the two better data sets (i.e. those collected in 1996 and
1999 by Zhou et al. 1999, 2001), f; should be 31.6 cd~!.

Is f; really a one peak solution with a 1 cd™! aliasing prob-
lem? When analysing the 1999 data set of Zhou et al. (2001),
the best published photometric run for BL. Cam, we find the

frequency 31.6759 cd~! along with another peak at 32.5456 cd™!
(Tables 4 and 6). This suggests that, at least in some data sets, the
peaks detected around 31.6 cd™! and those around 32.6 cd™! are
intrinsic rather than produced by the 1 cd™! alias. Possible ex-
planations could be that (i) in some data sets only one frequency
is detected because the spectrum resolution is not sufficient to
resolve the two frequencies; and/or (ii) amplitude changes lead
to sometimes detecting one frequency rather than the other.

4.1.3. Multiperiodicity and microvariability
in the 25 cd~" region

In addition to fj and its two first harmonics (2 fy, 3fy) and f; (in
the region 31-32 cd™!), some other peaks have been detected in
the power spectra of BL Cam by Zhou et al. (1999), in the region
close to the main frequency fj. Some frequency combinations of
the new peaks with f; were also found by the same authors. This
suggests the existence of microvariability in this star, with addi-
tional peaks corresponding to nonradial modes. Sometimes these
new peaks have amplitudes larger than f;. Similar microvariabil-
ity has been previously found in some other high-amplitude ¢ Sct
and SX Phe-type variables (SX Phe itself and DY Peg by Garrido
& Rodriguez 1996; Al Vel by Walraven et al. 1992; RV Ari by
Pdcs et al. 2002; RY Lep by Rodriguez et al. 2003).



S. Fauvaud et al.: BL Cam

T T T T T T T
Data—1o,200,3t, |
f2¢
60 o, |
30
‘ vi3 i
lL | Judlldd l Ll i i
Data—4f .
60 u
—
x ‘ W 7
tm 30 f 4
o i
g
g |
~ ll.l. L il ! Ll UL
)
£ Data—6f
a, 60 u
30 £, v 1g
kb )
Data—8f .
60 u
30
20 40 60 80
Frequency(c/d)

Fig. 2. Power spectra of BL Cam corresponding to the 1999 data set
collected by Zhou et al. (2001). Panels: 1) residuals after removing fo,
2fy and 3fp, 2) same after removing fy — f3, 3) same after removing
fo — fs and 4) same after removing f, — f7.

In order to investigate microvariability in BL Cam, we have
re-analysed the data sets available in the bibliography which are
reliable for this task: those of Hintz et al. (1997), Kim et al.
(2003), Wolf et al. (2002) and Zhou et al. (1999, 2001). In addi-
tion, our best observation runs were also investigated: those ob-
tained at Xinglong Station (in the period November—-December
2003) and Chateau-Renard Observatory (October 2003).

We first extracted the set of frequencies fy = 25.5769 cd™!,
2 fo and 3 fy and then analysed the residuals, as described above.
The new significant peaks detected have then been simulta-
neously optimized and removed from the data according to
Rodriguez et al. (1998).

We will discuss in some detail the results obtained for the
data sets of Zhou et al. (1999, 2001) which are listed in Tables 5
and 6 together with the corresponding S/N values. For simplicity,
the same names are assigned to the same peaks in both tables,
whatever their amplitudes. Our results are in very good agree-
ment with those published in Zhou et al. (1999). In addition to
fi = 31.5927 cd™!, other additional independent frequencies f,
fs and f; are detected together with the combinations fy+ f> ~ f3
and fy + fs ~ f3, and the amplitudes of f, and f5 are larger
than fi. We do not detect at a significant level the linear combi-
nation fy+ fi reported by Zhou et al. (1999). On the other hand, a
new significant peak at f; = 25.6441 cd™! and with /N = 4.4 is

1003

Table 3. Amplitudes, AV, and AV, of fy = 25.5769 cd™! and f;, re-
spectively, determined from different data sets by Fourier analysis.

Year AV, fi AV, Source  Notes
(mmag)  (cd™)  (mmag)

1993 140.4 - - 1
2.6

1994 160.3 - - 1
2.1

1995 146.5 32.567 9.0 1
1.3 1.3

1996 141.6 - - 1
2.0

1996 142.8  32.689 13.2 2 a
4.1 4.1

1996 159.8  32.706 13.7 2 b
44 44

1996 146.8  31.593 11.5 3
1.1 1.1

1999 145.7 31.676 7.0 4 c
0.5 0.5

2000 149.1 31.683 10.0 5
1.3 1.3

2001 151.9 - - 5
2.6

2001 138.1 31.629 17.0 6
1.3 1.3

2003 153.8 32711 144 2 d
1.0 1.0

2003 146.9 30.618 9.6 7 e
1.0 1.0

2004 137.3 - - 8 f
5.4

2004 144.8 - - 9
2.4

2005 149.3 - - 9
5.8

Sources: 1) Hintz et al. (1997), 2) present work, Chéteau-Renard
Observatory, 3) Zhou et al. (1999), 4) Zhou et al. (2001), 5) Kim
et al. (2003), 6) Wolf et al. (2002), 7) present work, Xinglong Station,
8) present work, McDonald Observatory, 9) present work, Mo i Rana
Observatory. Notes: a) observations in Johnson B filter, AV is deter-
mined from AV = 0.80AB (see text), b) observations in R filter, AV is
determined from AV = 1.36AR (see text), c) another peak is detected
at 32.5456 cd”!, with AV = 5.6(x0.5) mmag and S/N = 5.6, d) this
data set include the data from October 2003 to February 2004. AV is
calculated from AV = 1.36AR (see text), €) f; = 30.618 cd™! can be an
1 cd™! alias of 31.6 cd™!, although the corresponding amplitude S/N ra-
tio is rather low (S/N = 3.9), f) observations in filter S (Schott BG40),
AV is determined from AV = 0.88AS (see text).

detected in our analysis. This is very close to f; = 25.6653 cd™!
that we find in our re-analysis of Zhou et al.’s (2001) data.

Table 6 and Fig. 2 show the results obtained for the data set
collected in 1999 by Zhou et al. (2001). This is the best run
available in the bibliography with about 50 h of observations
and 2700 measurements collected during 17 nights spanning
67 days. The majority of these nights are of excellent photo-
metric quality. The results of our analysis confirm the major-
ity of the modes detected by Zhou et al. (1999). In particular,
the independent modes f, = 25.2469 cd™!, f5 = 25.9122 c¢d™!
and f; = 25.6653 cd™! are confirmed. However, their ampli-
tudes are much smaller here and the combination fy + f5 is not
detected; only the combination fy + f> is significantly detected.
Interestingly, in addition to the frequency f; = 31.6759 cd™!, an-
other peak is clearly detected at f; = 32.5456 cd™!, as discussed
in the previous section.
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Table 4. Summary of frequencies in the range 31-32 cd™!. (*) Possible
alias (see Note e) in Table 3).

Year ~31.64 ~32.64
(cd™) (cd”™h
1995 32.567
1996 31.593 32.689
32.706
1999 31.676 32.546
2000 31.683 32.517
2001 31.629
2003 30.618(*)  32.711
AVi(mmag) 7tol7 ~6to 14

Table 5. Results of Fourier analysis applied to the 1996 data set of Zhou
et al. (1999). The sigma of the residuals is 28.6 mmag.

Frequency AV SIN
(cd™) (mmag)
+1.1
fo =25.5769 146.8 544
2o 298 149
3fo 44 3.6
fi =31.5927 11.5 5.7
f» =25.2735 338 125
f3 =50.8521 14.1 7.0
~fo+ 1)
fs =25.9377 21.3 7.9
fr =25.6441 11.8 44
fs = 51.5088 114 5.7
Gho+f5)

Table 7 summarizes the frequencies detected close to the
main pulsation fy from different sets. We confirm the indepen-
dent modes at ~25.24 c¢d~!, ~25.92 cd~! and ~25.65 cd!, val-
ues very close to those already found by Zhou et al. (1999).
From our data sets, the best is that collected in 2003 at Xinglong
Station, although only 3 nights were devoted to observations
in the Johnson V filter. One secondary peak was detected at
24.220 cd”! with low amplitude (7.5 mmag) and S/N ratio
(S/N = 3.0). Moreover, when the 2003 data set collected at
Chateau-Renard Observatory is investigated, a secondary signif-
icant peak is found at 23.904 cd~! with S/N = 4.3.

As shown in Table 7, changes in amplitude are evident for
the secondary peaks detected in the region of 25 cd~'. Moreover,
most of them present quite low amplitudes and low /N ratio,
which means that they can appear at the extreme limit of, or
beyond, reliability.

4.2. Discussion

4.2.1. Amplitude variations of the main frequency
and stability in the light curves

In Sect. 4.1.1, we have seen that the amplitude of the main
frequency fy seems to be stable (Table 3), within our errors
with the light curves appearing rather regular “on the average”
(e.g. most of Zhou et al.’s 1999 observations). However, a puz-
zling problem in the pulsation analysis comes from the fact
that, from time to time, amplitude variations can appear in the
form of progressive decreases or increases on the height of the
maximum (e.g. at HID 2449750, Hintz et al. 1997, Fig. 2;
or at HID 2452925, Fig. 1 of this paper), as well as on the
minima (e.g. at HID 2449748.7, d = 6799.0 in Fig. 6 in
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Table 6. Results of Fourier analysis applied to the 1999 data set of Zhou
et al. (2001). The sigma of the residuals is 13.7 mmag.

Frequency AV S/N
(cd™) (mmag)
+0.5
Jfo =125.5769 145.7 1325
2fo 30.4 30.4
3f 44 6.3
fi =31.6759 7.0 7.0
f» =25.2469 7.6 6.9
f3 =50.8312 4.1 4.6
~fo+ 1)
fa =32.5456 5.6 5.6
f5 =25.9122 5.1 4.6
fe =33.1129 4.8 4.8
fr =25.6653 4.7 43

Table 7. Frequencies detected close to the main pulsation f;. Sources
as in Table 3.

Year  Frequency AV S/N  Source Notes
(cd™) (mmag)

1995  25.2213 9.5(x1.3) 4.8 1

1996  25.2735 33.8(x1.1) 125 3

1996  25.9377 21.3(1.1) 7.9 3

1996  25.6441 11.8(£1.1) 44 3

1999  25.2469 7.6(x0.5) 6.9 4

1999 259122 5.1(x0.5) 4.6 4

1999  25.6653 4.7(x0.5) 43 4

2000  25.239 7.9(£1.3) 5.1 5

2001  24.633 9.4(£1.3) 6.2 6 a
25.928 9.9(£2.6) 2.6 5

2003 23.904 17.3(+1.0) 4.3 2
24.220 7.5(x1.0) 3.0 7 c

Notes: a) Possible alias of ~25.65 cd™!; b) Possible alias of ~25.92 cd™!;
c) Possible alias of ~25.24 cd™'.

Zhou et al. 1999). In our runs, we observed amplitude variations
of ~25-35% on very close successive cycles (see Sect. 3), and
an extreme case of such sudden amplitude variation from cycle
to cycle is found in Blake et al. (2000), with amplitude variations
reaching ~40% (increase/decrease) at half cycle distances (their
Fig. 3). Blake et al. (2000) emphasized that such amplitude mod-
ulations seem to be more pronounced in their / bandpass filter.

The existence of multiperiodicity can cause modulations of
the light curve. However, such rapid and large amplitude vari-
ations, as those mentioned above, are difficult to understand in
terms of simple close additional frequencies (the energy avail-
able in the pulsation should vary by a factor ~3 according to
Blake et al.’s (2000) observations). These abrupt variations can
in no way be related to the frequencies determined here, nor can
they be the product of a beat/superposition of multiple frequen-
cies at their detected amplitudes. Thus, we suggest that non-
pulsation phenomena are superimposed on the multifrequency
solution. These perturbations could be due to strong stellar ac-
tivity appearing at the level of the star’s photosphere, bound to
the inner layers of the star, or brought by the rather violent pul-
sation, into the star’s atmosphere.
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4.2.2. Double-mode star and nature of the pulsation modes

According to Sect. 4.1.2, the existence of a secondary fre-
quency f in the 31-32 cd~! range is confirmed, with a most-
likely value of ~31.6 cd™!, though another independent fre-
quency at ~32.6 cd™!' could also exist. However, the question
of these being independent frequencies remains open as long as
we do not have multi-longitude coordinated data.

Although Nemec et al. (1994) have initially assigned a first
overtone status to the principal frequency of BL. Cam, one can
argue that it corresponds to the fundamental mode f; of radial
pulsation, on the following bases: (i) the atmospheric parameters
derived, e.g. in Zhou et al. (1999), lead to a pulsation constant Q
of about 0¢031; (ii) McNamara (1995, 1997) pointed out that
the pulsating stars of this type with V amplitudes larger than
~0.25 mag and asymmetric light curves are fundamental mode
pulsators; (iii) as discussed in (Sect. 3), for 1996 B and R data,
the R maxima lag the B ones. Taking into account fy, 2 fy and 3 fo,
the Fourier analysis of these data leads to a positive phase-shift
of 0.014(+0.003), which suggests a radial nature for the f; mode
(Balona & Evers 1999).

We will now examine the real frequency and nature of fj. If
the frequency of fi ~ 32.6 cd™! is assumed, the ratio fo/fi ~
0.785 is compatible with a radial first overtone identification
for fi. Given the extreme low metallicity of BL Cam, this pe-
riod ratio is in agreement with the relations “period ratio versus
metallicity” established for double-mode high-amplitude § Sct
and SX Phe pulsators (Hintz et al. 1997; Kim et al. 2003). This
/i value is also consistent with Petersen diagrams for period ratio
versus period (Petersen & Christensen-Dalsgaard 1996; Olech
et al. 2005): the theoretically predicted period ratios m;/mg in-
crease quickly towards shorter periods, with differences for stars
in the 0%04-0¢125 range arrising mainly from differences in
metallicity. BL Cam should also fit the Petersen diagrams shown
in Poretti et al. (2005) where it can be compared with a sample
of Population I and II double-mode high-amplitude pulsators. It
can be seen in these diagrams that the main differences in the pe-
riod ratios come from differences in mass for the longer periods
(P > (115).

However, if we assign fi ~ 31.6 cd™! and thus a ratio of
folfi ~ 0.810, our actual period ratio is too high at any metal-
licity for Petersen’s 1 /my diagrams, and is too low at low metal-
licities for mp/m; diagrams (Olech et al. 2005). The 0.810 value
could only be identified with that derived from first and second
overtones for radial pulsation at solar abundances (Stellingwerf
1979). As this is unrealistic for BL. Cam, the nonradial interpre-
tation is best suited for f;.

Furthermore, if we consider the four best data sets in Table 3,
i.e. those of Hintz et al. (1997), Zhou et al. (1999), Zhou et al.
(2001) and the present work (2003 data set collected at Xinglong
Station), the corresponding amplitudes for fy are 146.5, 146.8,
145.7 and 146.9 mmag, and those for f; are 9.0, 11.5, 7.0 and
9.6 mmag. It suggests that, although the amplitude of f; seems
to be very stable, there could be some real variation in the am-
plitude of fj. If this is true, it could be an indication of nonra-
dial pulsation for this mode, although one has to examine very
carefully the corresponding amplitude S/N ratio at the level of
millimagnitudes. Nevertheless, it might also be that the ampli-
tudes listed for f; correspond to a mixture of modes at ~31.6 and
~32.6 cd™! with both peaks being real pulsation modes. Hence,
new and precise photometric observations should be crucial to
discern if both peaks are real. Moreover, multicolour observa-
tions should also be very useful to discriminate their radial or
nonradial nature.
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Table 8. Frequencies detected close to fy. Only peaks with S/N > 4.0
are listed.

Year ~25.25 ~25.65 ~25.92
(cd”™h) (cd™) (cd”™h

1995 25.2213

1996 25.2735  25.6441 25.9377

1999 25.2469  25.6653 25.9122

2000 25.239

2001 24.633(*%)

2003 23.904(*)
AV(mmag) ~8to34 ~5tol2 ~5t0 21

(*) Possible alias (see Notes a), b) in Table 7).

4.2.3. Multiperiodicity and microvariability
in the 25 cd~! region

The frequencies detected near f; (Table 7) seem to clus-
ter in three groups around 25.25(+0.03), 25.65(+0.02), and
25.92(+0.02) cd~!. Their occurrence was found as significant in
4, 3 and 3 times, respectively, if we include the two detected
aliases at a 1 or 2 cd™! “distance” (Table 8). Some other fre-
quency peaks have been detected at 24.22 cd™! in 2003 and at
25.93 ¢d~! in 2001, although both with S/N values under 4.0.

The amplitudes of peaks near fy are relatively small and
undergo large variations inside each of the three groups. The
two most significant ones (i.e. ~25.25 cd™! and ~25.92 cd™!
groups) are nearly symmetric on each side of the main frequency
fo = 25.58 cd™'. We cannot distinguish whether it is a phys-
ical splitting of this frequency fy (if the star rotates in a few
days) or if it is a pure mathematical artefact, but it is likely not
a coincidence. A small distorsion of the light curve or a simple
modulation of the main frequency and/or of its amplitude dur-
ing short observation sessions could create, in the Fourier analy-
sis, some spurious frequencies quite close to the principal peak.
Considering that it has been reported by several authors using
various data sets with differing alias issues, we believe they are
most likely intrinsic pulsations within the star.

According to our analysis, performed with old and new
data sets in a homogeneous framework, multiperiodicity prob-
ably exists around 25.25, 25.65 and 25.92 cd~!. However, these
secondary frequencies should be checked and confirmed from
longer-duration observations and/or multi-site photometric cam-
paigns.

5. The O-C diagram
5.1. Description

Figure 3 shows the evolution of the O—C values with
Heliocentric Julian Dates, calculated for the main frequency fj,
using 415 available times of light maximum of Berg & Duthie
(1977), Blake et al. (2000), Hintz et al. (1997), Kim et al.
(2003), McNamara & Feltz (1978), Rodriguez et al. (1990),
Van Cauteren & Wils (2000), Wolf et al. (2002) and Zhou et al.
(1999, 2001), and our new maxima (Table 2). In this diagram
we converted the light minima given by Van Cauteren & Wils
(2000) to maxima by adding 0.58 of a period, according to the
phase lag determined above (Sect. 3). Due to the very large dis-
crepancy with the rest of their data, five light maxima of Zhou
et al. (1999) were not taken into account, at HID 2448297.3617
and .3958, 2448298.1000 and .1397, 2448299.0367.
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Fig.3. O—-C diagram for BL Cam using the ephemeris of Zhou et al.
(1999, Eq. (2)).

The O—C values were calculated using the linear ephemeris
given by Zhou et al. (1999, Eq. (2)): HJDmax(d) =
2443 125.8015+ 0.03909785 x E, where E is the cycle number.
The resulting O—C diagram (Fig. 3) shows three main regions:

(i) A clear parabolic zone (HID 2443125 to 2450852 or
21 years) displaying a steady period increase (0.02 s
in the last 20 years; see Hintz et al. (1997) cor-
rected by Breger & Pamyatnykh 1998). We confirm this
0.020(+0.004) s/20 years (i.e. 1.1(x0.2) x 1077 sc™' or
dP/Pdt = 304(x6) x 107 yr~!) average period increase.

A more confused zone (HID 2451416 to 2452530, i.e.
3 years) that was first interpreted as a period decrease
caused by binarity (reversed trend, Kim et al. 2003). More
recent observations (Wolf et al. 2002) showed that this was
indeed an almost horizontal feature in the O—C diagram,
with a rather large vertical dispersion.

(iii) The third part of the diagram (our 2003 to 2005 obser-
vations) shows that BL Cam has resumed its period in-
crease (if we only consider the last 2.6 years, i.e about
HID 2452520 to 2453478, the mean period should have
increased at least by 1.29 x 1077 dc™! or ~0.0003% per
cycle).

(ii)

The variable shape/amplitude of the star light variations could
account for a large part of the typical ~0%002 vertical disper-
sion in the O—C diagrams. As already pointed out by Hintz et al.
(1997), the combination of the two fy and f; frequencies with
their respective amplitudes can explain part of the intrinsic dis-
persion of the light maxima plotted in the O—C diagrams, around
the mean value given by the f; frequency (e.g., in our 2003 data,
it leads to a +0%0005 to 080006 dispersion in the O—C diagram
plotted for frequency fp).

5.2. Interpretation as a light travel time (LTT) effect

The last 4500 days of the O—C diagram display significant devi-
ations from the mean parabola of a linear period increase. These
deviations could be either abrupt changes (revealing adjustments
of the principal pulsation period) as suggested by Koen (2000),
or cyclic variations due to light travel time effect in a binary.
Indeed, when the parabolic fit is removed from the O—C diagram
an almost cyclic variation remains.

An explanation could be small transitory readjustments of
the internal structure of the star (around the mean secular trend
shown by the parabolic O—C behaviour), generating small dis-
continuous “‘jumps” between stable but transient periods. Given
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Fig. 4. O—C diagram for BL Cam. Botfom: O—C values (dots) together
with the synthetic curve (solid line) using the parameters of the binary
system given in Table 9. Top: residuals from the fitting.

Table 9. Orbital elements of the possible BL Cam binary system.

LTT semi-amplitude (s) 148(x12)
Eccentricity 0.7(x0.2)
Argument of periastron (deg) 236(+15)
Orbital period (yr) 10.5(x0.2)

Periastron passage HID 2448 673(+138)

the dispersion in the observed O—C diagram, this could mimic
an oscillation. However, a hybrid adjustment using a parabola
and two straight-line segments respectively for the first and last
two parts of the O—C diagram does not give a satisfactory fit: an
oscillatory trend remains. As such, discontinuous period jumps
are not completely excluded, although we do not favour this
hypothesis.

Accordingly, we have carried out a binary analysis of the
O-C diagram. The expressions that describe the light-travel time
(LTT) effect as a function of the orbital properties were first pro-
vided by Irwin (1952). In our work, we used Eq. (1) of Ribas
et al. (2002), which is similar to Eq. (2) of Irwin (1952). The
O-C timings obtained after HID 2449000 were selected to
cover about one cycle of the possible secondary body. With the
full set of timings (and their corresponding uncertainties) given
by the different authors, fits were run with given weights pro-
portional to 1/(sigma®). When no uncertainty was available, we
adopted a median uncertainty value of +0¢0005.

The following parameters were considered in our fits: semi-
amplitude, eccentricity, argument of periastron, orbital period,
date of periastron passage. Solutions with free eccentricity were
found to be unstable. This is because the fit quality is degen-
erate with respect to this parameter and the fits can attain ar-
bitrarily large values. So fits were run by fixing eccentricity to
values between 0 and 1 at regular steps. The fits clearly prefer
highly eccentric values, greater than 0.5. When the eccentric-
ity changes from 0.5 to 0.7 and then to 0.9, the improvement is
hardly perceptible. As such, a value of 0.7(+0.2) was adopted.
We obtained a tentative period of 10.5(+0.2) yr with a semi-
amplitude of 148(+12) s in O—C. The set of orbital elements
of the binary system are presented in Table 9.

Figure 4 (bottom) shows the O—C diagram fitted with the pa-
rameters of Table 9. The root mean square residual (top of Fig. 4)
is +0%001, and residuals do not show any systematic trends.
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5.3. Discussion

Based on analysis of the O—C residuals, some high-amplitude
pulsators in the Lower Instability Strip have been reported as or
suspected to be members of binary systems (Rodriguez 2003),
BL Cam being one of the candidates.

Previous authors have estimated the increasing rate of the
main period of BL. Cam with a parabolic fit. Hintz et al. (1997)
and Zhou et al. (1999) found respectively dP/Pdt values of 290
10~ yr~" and 171 x 107 yr~!. In the same way, with all avail-
able and new O—C data, we find 188(+8) x 10~ yr~!. However,
in the case of the binarity hypothesis, the O—C diagram can be
better described by a secular increase of the period at a rate of
dP/Pdt = 117(x3)x 107 yr! (i.e. 1.08(x0.03) x 106 sd™!), in
addition to the 10.5(x0.2) yr orbital period of the system.

We can draw up a tentative representation of the system of
BL Cam. Using Kepler’s Third Law, and adopting a mass of
~1 Mg, for BL Cam (McNamara 1997), Table 9 indicates a range
in mass of 0.1 to 0.5 M (with a minimum of ~0.1 M) for the
secondary body with a semi-major axis of ~5—-6 AU. As we did
not find any eclipse in the light curves, the inclination of this
possible high eccentricity binary system cannot be determined.

However, some observational evidence is opposed to the bi-
nary hypothesis. Though there is no obvious systematic trend in
the scatter of the residuals in Fig. 4 (top panel), we note that
the latest O—C values (HID 2453264 to 2453 478) have residu-
als larger than expected from the LTT effect model based on our
previous values (Fig. 4). As already mentioned in Sect. 5.1, there
is a large dispersion (~0002) in the O—C diagram, so the times
of last light maxima are not, up to now, sufficient to discard the
binarity hypothesis. Indeed, very recent O—C data (Simonetti,
private communication) confirm the plausibility of the binary
hypothesis. Finally, as the interpretation of the O—C diagram
requires observations over a long time base, new observations
during several years are necessary to definitively conclude on
the existence of a binary perturbation.

This should be of crucial importance in our understanding
of the processes taking place in BL Cam and stars of similar
evolutionary status. As discussed in previous reviews (Breger
& Pamyatnykh 1998; Rodriguez 2003), the large and positive
rate of period change determined in BL Cam is not predicted by
the evolutionary tracks. The observed rate is much larger than
predicted by the models. On the one hand, the binary hypoth-
esis could be a partial explanation of this discrepancy. Binarity
could also be the cause of similar disagreements found for other
high-amplitude 6 Sct and SX Phe variables (Rodriguez & Breger
2001). On the other hand, the existence of jumps in the O—C di-
agram of BL Cam should not be completely ruled out. Possible
sudden jumps could occur in a number of these variables, al-
though they are commonly shown as an alternative to parabolic
fits and the choice between the two options is not an easy task.

Our observed period variation in BL Cam is also posi-
tive, which is consistent with all the previous determinations.
However, such period variation is opposite to that observed in
the rest of the high-amplitude SX Phe pulsators with reliable de-
terminations, with the possible exception of XX Cyg (Zhou et al.
2002; and Blake et al. 2003 find dP/Pdt ~ 10 x 10~ yr~! for
this star). This makes BL Cam a very interesting object: the pre-
cise determination of its O—C behaviour will give us insights on
what part of the period change rate can be explained by standard
stellar evolution and what part explained by non-evolutionary
effects. It could also give us some insight on the role of the non-
evolutionary effects in the O—C diagrams.
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6. Conclusions

A comprehensive study of the high-amplitude SX Phe-type pul-
sator BL Cam is presented. An investigation of the pulsation
content of this variable has been performed, using both previ-
ously published data and our new observations obtained in 1996,
and during the years 2003 to 2005.

Our frequency analysis confirms the existence of multi-
periodicity in this star, as pointed out by previous authors.
Independent peaks have been significantly detected in the re-
gion close to the main frequency fy = 25.5769 cd™'; in particu-
lar at around 25.25, 25.65 and 25.92 c¢d~!, and which also show
signs of amplitude variability. Nevertheless, the main frequency
does not exhibit significant amplitude changes and probably cor-
responds to the fundamental mode of radial pulsation. We also
confirm the existence of at least one frequency in the of region
31-32 cd~!. Our results suggest the existence of two indepen-
dent frequencies in this region at about 31.6 and 32.6 cd™!, but
the frequency at 31.64(+0.05) cd™! is the most reliably detected.
Sudden amplitude variations in the light curves, within a very
few pulsation cycles, suggest that strong stellar activity can oc-
casionally occur and is superimposed upon the pulsation.

These topics make BL Cam a very good and unique target
among the field high-amplitude SX Phe-type variables for fur-
ther studies from an asteroseismological point of view in order
to constraint its pulsation parameters. Furthermore, multicolour
photometric observations, in at least two filters, will be very im-
portant to prove the radial nature of f; and discern the true nature
of the intrinsic peaks in the region 31-32 cd~!. If confirmed,
the radial double-mode nature of this star would be a signifi-
cant find as it would add constraints to the period-luminosity
and/or period-metallicity relations for high-amplitude pulsators
in the Lower Instability Strip because of its extreme short period
and low metallicity. Improved precision in the period ratios of
BL Cam will also improve the Petersen diagrams.

We also studied the behaviour of the main period making
use of the classical O—C method. The new O—C diagram, com-
pleted by our 2003 to 2005 measurements, suggests that a si-
nusoidal behaviour is superimposed to the classical parabolic
one since the first half of the 1990’s, when the star has been
more frequently observed. Although we do not definitely dis-
card discontinuous variations of the main pulsation period, we
have shown that the observed variations of the period can be de-
scribed by two terms: (i) a secular increase of the main period
at a rate of dP/Pdt = 117(+3) x 10~ yr~!, and (ii) a pertur-
bation from a companion star in a rather eccentric orbit with a
period of 10.5(x0.2) yr causing a light time semi-amplitude of
148(x12) s. To gain insights on the true behaviour on the main
period in the O—C diagram, it will be of great interest to locate
this variable in the observational framework among the high-
amplitude pulsators in the Lower Instability Strip. This would
place direct (and likely opposing) constraints on stellar evolu-
tion models, and could provide insight on the possible secondary
effects taking place at this stage of stellar evolution (see e.g.,
Rodriguez et al. 1995; Breger & Pamyatnykh 1998).

BL Cam obviously deserves continued photometric moni-
toring in the coming years. Remaining observational issues are
to confirm our detected frequency content, pulsation behaviour
and checking our O—C binary hypothesis. To shed some light
on these issues, the organization of a coordinated multisite pho-
tometric campaign with observations from several observatories
at different longitudes would be of a great importance. We are
already working in this direction for the near future.
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