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Long-Term Changes in the Periods of SX Phe
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Abstract: We have used times of maximum light for SX Phe, obtained by ourselves and other workers over 55
years to study the behaviour of the fundamental and first overtone radial pulsation modes of the star. We find
(1/Py)d Py/dt to be (+2.53 £0.05) x 10-8 yr’1 and (1/Py)dPy/dt to be (—1.60 £0.03) x 1077 yr’], which
differ significantly from the value +1.9 x 10~ yr~! expected if the changes are due to standard evolution
of the star. The residuals in O—C from a quadratic fit cannot be explained by a light—time effect in a binary.
There is some evidence that the amplitudes of the two modes change slowly with time.
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SX Phe

1 Introduction

SX Phe is the prototype of a class of high-amplitude Pop-
ulation IT pulsators, the SX Phe stars. It oscillates in the
fundamental radial mode (Py~ 0.05496d) and the first
overtone radial mode (P; ~0.04277d) with a marked
beating effect in the light curve. Many of the properties of
SX Phe have been successfully modelled by Petersen &
Christensen-Dalsgaard (1996) who find that the observed
period ratio of 0.7782, taken with the OPAL opacities
(Iglesias, Rogers & Wilson 1992) constrain Z to be 0.001.
Petersen & Christensen-Dalsgaard (1996) show that stan-
dard evolutionary models for Z =0.001 and the measured
range Tegr = (7850 £200) K lead to a mass of 1.0 solar
mass, Mpo] = 2.68, and age 4.07 Gyr. The predicted par-
allax of 12 mas agrees closely with the subsequently pub-
lished HIPPARCOS value of 12.91 & 0.78 mas (Perryman
et al. 1997).

Measurements of the periods of SX Phe and their rates
of change have been reported by several authors, for exam-
ple Stock et al. (1972), Elst (1973), Coates et al. (1979),
Coates, Halprin & Thompson (1982) and Thompson &
Coates (1991). The derived long-term rates of change
of these periods from quadratic fits to O—C data appear
not to be constant, but this may be due to a constant
long-term period increase or decrease being masked by
much larger short-term changes. Garrido & Rodriguez
(1996) provide evidence for two other modes of oscilla-
tion for SX Phe, a radial mode with amplitude 4.4 mmag
inyat43.83d~! or42.83d~" and a non-radial mode with
amplitude 3.3 mmag in y at 16.32d~" or 17.32d™"!. These
amplitudes are much smaller than those of the fundamen-
tal radial mode (205.9 mmag in y) and the first overtone
radial mode (74.2 mmag in y) and so are unlikely to affect
the beat-curve analysis we describe later.
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Breger & Pamyatnykh (1998) review the relationship
between period changes of Delta Scuti stars and stel-
lar evolution, concluding that for most SX Phe stars the
changes are not evolutionary in origin but are more likely
caused by nonlinear effects in pulsation, the theory of
which is not currently well understood. Some observed
period changes are possibly due to a light-time effect in a
binary, as may be the case for CY Aqr (Fu & Sterken 2003).
Previous workers have concluded that most SX Phe stars
show sudden jumps in period of the order AP/P ~ 107,
with nearly constant periods in between.

Because of beating between the fundamental and over-
tone oscillations, the magnitudes and times of maximum
light for SX Phe differ from those they would have if the
star only had one mode of oscillation. To a good approxi-
mation the discrepancy At in the time of maximum light
varies sinusoidally with respect to the phase of the beat
envelope at which the fundamental maximum falls. One
may construct beat curves in the form

At = B+ Asin27w(¢g + 6) (D

where ¢p = E Py/ PBeat, PBeat 15 the beat period and E is
the cycle number since epoch. Full details of this beat-
curve analysis are given in Coates et al. (1979); Coates,
Halprin & Thompson (1982), but in summary, changes in
the mean level and phase of the sinusoidal curve reflect
changes in the fundamental and beat periods of the star,
from which changes in the overtone period can be derived.
In this paper we have collected times of maximum light
for SX Phe spanning 55 years, constructed beat curves,
and hence deduced Py and Pj at epoch and their rates of
change. The amplitude of the beat curves is proportional to
the ratio of the amplitudes of the overtone and fundamental
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Figure 1 Light-curve for the night of 2006 August 7/8.
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Figure 2 Beat-curve for the season of 2006.

oscillations, so we also check for changes in the beat-curve
amplitudes.

2 Experimental Methods

Some of the more recent data we use in our analysis were
obtained with the newly commissioned remote-access
0.3-m Schmidt—Cassegrain telescope (Landes 2004) of
the School of Physics at Monash University, equipped
with a Santa Barbara Instrument Group (SBIG) ST7 CCD
detector. 10-s exposures were made, and instrumental
magnitudes were obtained using IRAF gphot photometry
(Massey & Davis 1992) after flat-field and dark-count
correction. In 2003 the target was observed using this
instrument on five nights, yielding nine times of maxi-
mum light. Concurrently, as part of a Monash Third-Year
project, Turnbull (2003) also made independent observa-
tions of maximum light in the V band for SX Phe using
a photoelectric photometer at the Newtonian Focus of
Monash University’s 0.45-m Jeffree Telescope with out-
put to a chart recorder via a DC amplifier. In 2004, 2005
and 2006 the remote-access instrument alone was used on
a total of 24 nights to yield 19, 24 and 23 further times of
maximum light respectively.

CCD data were obtained using the SBIG G filter. A
satisfactory calibration to Johnson V was made using
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Figure 3 Data for beat-curve mean levels versus time, together
with the quadratic fit.
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Figure 4 Data for beat-curve phase-shifts §, and quadratic fit.

observations of E-region standards. Same-frame differ-
ential photometry of the double-star system HD 134330
(V =7.57) and HD 134331 (V =7.00) indicate that the
precision of the instrument for same-frame photometry is
0.01-mag for stars of magnitude 7 (Landes 2004).

On the night of 2006 August 7/8, prior to running
the SX Phe image-acquisition program, six images were
obtained of the Standard Star 44 (HD 156274) (V =5.474,
B — V =0.764) in the region E7. This permitted us to cal-
ibrate the minimum and maximum V magnitudes for SX
Phe that night to be 6.76 = 0.02 and 7.46 £ 0.02, This is in
good agreement with the range 6.76 to 7.53 reported in the
Combined General Catalogue of Variable Stars (Samus &
Durlevich 2004). The light curve for this night is given in
Figure 1.

Times of maximum light were determined by fitting
polynomials to the data near maximum light. The precision
varied between approximately 30 s and 100 s, depending
on the quality of the night and the shape of the peak. The
average precision is estimated to be 40s.

3 Results and Discussion

References to the sources of data up to 1990 which we have
used are given in Thompson & Coates (1991). References
for data taken post-1990 are: Rush (1991), Stankov et al.
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Table 1. Fitting coefficients

Coeff. Mean level (B)

ag (4.6+0.1) x 10°0dyr2

b (=2.9540.06) x 10~*dyr~!
CB (4.2940.08) x 1073d
Coeff. Phase shift (§)

as (7.914£0.07) x 10~*yr—2

bs (—1.97£0.04) x 1072 yr~!
cs (0.603 £ 0.005)

(2002) and Turnbull (2003). Innis, Lajus & Joner (private
communication) provided us with unpublished data for
SX Phe. The remaining data were taken using the 0.3-m
remote-access telescope at Monash University by one of
us (HL). All of the times of maximum light available to
our knowledge are available online'.

For each annual block of data, we created a beat
curve as in equation (1), using the method described in
Coates et al. (1979) with time origin HID 2433923.9596
and assumed periods at epoch, Py(ass) =0.054964477 d,
Ppeat(ass) =0.19283428d as given in Thompson &
Coates (1991). As an example, the beat curve for the 2006
season is given in Figure 2, for which the RMS deviation
between the data and the fitted curve is 0.00037d (32 s).

Figures 3 and 4 show graphs of the mean level (B)
and phase shift (§) versus time, together with quadratic
fits to the data made using singular value decomposition
(SVD) with weighted points, as described by Press et al.
(1992). The error bars in Figures 3 and 4 represent formal
statistical errors.

The fitting parameters for the quadratics are given
in Table 1, as ag, b, cg in B=apt*+ byt +cp and
as, bs, ¢s in 8 = agt*> + bst + c5, where ¢ is time (yr) since
epoch (1951.8). These parameters enable us to calcu-
late the best estimates of Py and P; at epoch, and the
rates of change (assumed constant) of these periods, using
the methods described in Coates, Halprin & Thompson
(1982), which we now summarise.

We let g and «; be the true fundamental and overtone
periods at epoch, and Sy and B; be their constant rates of
change. Then the periods at any time ¢ since epoch will be

Py(t) = ao + Bot ()
Pi(t) = a1 + Bit 3)

The beat period at any time, Ppey(f), can be shown, to a
good approximation, to be

Ppeat () = aBeat + BBeat! 4
where
o — 0% Bieu = a1 — aiBo 5)
Beat —(WO — Oll) ’ Beat —((10 — a1)2

Uhttp://www.physics.monash.edu.au/research/SXPhe.zip
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Table 2. Calculated periods and rates of change

Periods (d) at epoch

Py 0.054964432(1)
P 0.04277282(3)
Pgeat 0.19283613(4)

Rates of change of periods (dyr~!)

dPy/dt (+1.3940.04) x 107°
dpy/de (—6.8+0.1) x 107°
d Ppeyt/dt (—1.5640.03) x 1077

The true periods at epoch, «g and apeat, and hence o, are
found from the gradients of the fitted functions to B and
3, evaluated at epoch:

dB
i 2ap + bp = bp at epoch (6)
ds
I = 2as + bs = bs at epoch @)

Now, for the periods Py(f) and Ppey (¢) at any time, we
have

@®)

Py(t) = Pp(ass) |1 + dBjdi
=70 365.2563

dB/dt — Ppey(ass)dd/dt
Pgeat(f) = Pgeat(@ss) |:1 + / Beat(ass)ds/ ]

365.2563
&)

where Pp(ass) and Pgeac(ass) take the assumed values
0.054964477 d and 0.19283428 d as given earlier.

Substituting from equations (6) and (7) into (8) and (9),
then differentiating with respect to time, we have

dpPy _ 2ag Py(ass)
dt ~ 365.2563

dPg
df*“ = 2 Ppeat(ass) [

(10)

ap — as Ppeat(ass) an
365.2563

Equations (10) and (11) yield By and Bgeat, and having
obtained «¢ and « previously, we can calculate B; using
equations (5). Note that the calculated rates of change
of the periods will be in dyr~! if the periods are sub-
stituted in d, ag in dyr=2 and bs in yr—2. The results
are given in Table 2, which lists the calculated periods
at epoch (1951.8) and their rates of change, based on the
assumption that the rates of change are constant.

We can compare the values of (1/P)dP/dt with that
expected from standard evolutionary theory. Petersen
(private communication) kindly supplied us with an evo-
lutionary model computed by J. Christensen-Dalsgaard
for their successful fitting of the major properties of
SX Phe (Petersen & Christensen-Dalsgaard 1996). This
model yields the result (1/P)dP/dt =+41.9 x 1072 yr~1,
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Figure 5 Residuals in beat-curve mean values (B), with piecewise
linear and sinusoidal fits.
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Figure 6 Residuals in beat-curve phase-shifts (§), with piecewise
linear and sinusoidal fits.
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Figure 7 Beat-curve amplitudes (A), with sinusoidal fit.

compared with the values (+2.53 4 0.05) x 1078 yr~! for
the fundamental period, and (—1.60 £ 0.03) x 10~7 yr~!
for the first overtone from our quadratic fits to the data
for SX Phe. The large discrepancies may be explained
by small real underlying constant rates of change being
masked by much larger short-term changes.

The residuals between the quadratic fits to the
mean level (B) and phase shift (§) and the data are shown
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in Figures 5 and 6. Residuals in O-C (B) similar in
form, but of approximately twice the amplitude, for the
single-mode SX Phe star CY Aqr were modelled as a light-
time effect in a binary by Fu & Sterken (2003). We are
able to test whether a binary explanation is possible for
SX Phe, because the behaviour of both the fundamental
period and the overtone must be consistent with the same
light—time effect. A light—time shift of Az will increase
B (O-C for the fundamental mode) by At and decrease
8 by At/ Ppea- Thus the residuals in B and the residuals
in § must be of the same form but out of phase, if they
are due to a light—time effect in a binary. In fact Figures 5
and 6 show that these residuals are indeed similar in form
(and so are probably related) but that they are inphase. In
addition, the residuals have the wrong relative amplitudes
for the binary case. From the sinusoidal fit to the residu-
als in Figure 5 we may deduce Ar ~ 0.0016 d. This would
give an expected amplitude in the phase term residuals of
0.0016/0.1928 ~ 0.083, whereas the observed amplitude
of those residuals is ~0.04. We therefore conclude that
these residuals are not due to a light—time effect in a binary.

The residuals are also not to be explained by the off-
set of approximately 35 s which has accumulated between
UT(C) and ephemeris (or atomic) time in the period
between 1951 and 2005. We have applied a correction
for this (on the assumption that all the observations we
have used are based on UT) and find negligible changes
in the above results.

The beat curve for data taken in 1992 yields a value of
B which has high statistical precision but a large negative
residual. This could of course represent the real behaviour
of the star at this time, but we investigated whether our
findings would change significantly if this value of B were
removed, and find that they do not.

As can be seen from Figures 5 and 6, both piece-wise
linear and sinusoidal fits describe the residuals in B and &
adequately. It is not clear whether either of the fits truly
describes the data, but each would have physical meaning
if it were a true description. The linear fits would corre-
spond to sudden jumps in the periods, in the case of the
fundamental by AP/P~9 x 10~/ (positive in approxi-
mately 1965, negative in approximately 1993). This figure
is typical for SX Phe stars which exhibit sudden jumps
in period (Breger & Pamyatnykh 1998). The sinusoidal
fits would represent cyclic changes in the periods, on a
timescale of 43 £+ 10 yr. Interestingly, although the data
are scattered, a sinusoidal fit with a similar timescale to
this (53 yr) may be cautiously suggested for the amplitudes
of the beat-curves (Figure 7).

It can be shown that the amplitude of the beat curve is
proportional to the ratio m/mg, where m is the ampli-
tude of the overtone signal and my is the amplitude of
the fundamental signal. Thus we may have evidence that
the relative amplitudes of the pulsation modes may be
changing on a similar timescale to the possible changes
in their periods. At the moment one cannot say whether
both of the amplitudes are changing, or only one of them.
An important caveat is that we cannot be sure yet whether
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truly cyclic variations are occurring at all, given that the
star has only been observed for a time close to the putative
timescale of the variations.

4 Conclusions

It is possible that the pulsation properties of SX Phe are
undergoing cyclical changes. To test this suggestion will
require good measurements of times of maximum light
over the next few years.

Other SX Phe stars may also undergo cyclical changes,
perhaps on a similar timescale, so that continuing obser-
vations of all SX Phe stars are quite important.

It is also important that high-precision photometry be
carried out for SX Phe itself, to confirm or otherwise
the existence of the two periods for which Garrido &
Rodriguez (1996) found evidence.
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