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I. The photometry

. Veen!, A. M. van Genderen', K. A. van der Hucht?, W. H. Allen?, T. Arentoft?, and C. Sterken***

! Leiden Observatory, Postbus 9513, 2300 RA Leiden, The Netherlands

2 Space Research Organization Netherlands, Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands
3 Vintage Lane Observatory (RASNZ), 456 D Vintage Lane, RD 3, Blenheim, New Zealand

4 Astronomy Group, Free University of Brussels (VUB), Pleinlaan 2, 1050 Brussels, Belgium

Received 1 September 2000 / Accepted 5 November 2001

Abstract. We discuss the observational history of the Wolf-Rayet object WR46 (WN3p), including a re-
investigation of the original discovery plates from early this century. We find that the reported presence of
N 111 lines is a mis-interpretation of NV lines and conclude that the object did not change its spectral type since
the first recording one century ago. We performed photometric monitoring in the period 1986-1999, and confirm
that the object shows cyclical variability on a time scale of hours. The shape of the light curves varies from purely
sinusoidal to irregular, and from an amplitude of nearly 0™1 to constancy. In addition, night-to-night variability of
the mean brightness causes folded light curves to display a large scatter. We investigate the frequency behaviour
of the photometric data. From the periodograms of our two large data sets, in 1989 and in 1991, we identify
frequencies of significantly different values 7.08 cd™* and 7.34 cd ™!, respectively. Moreover, the 1989 data show
strong evidence for an additional frequency fx = 4.34 cd™'. The periodograms of our eight smaller data sets show
more ambiguous behaviour. We discuss whether these latter data show evidence for multi-frequency behaviour,
or whether they can be reconciled with a single clock with a changing clock-rate. As pointed out by van Genderen
et al. (1991), if the data are folded using twice the single-wave period, the light curves appear ellipsoidal with
unequal minima. Although the difference in depth of the minima is hardly significant, it does occur in both large
data sets. Moreover, the simultaneously obtained radial velocity measurements are in better agreement with the
double-wave than the single-wave period (Paper II). Finally, Marchenko et al. (2000) observed WR 46 to have
a single-wave period of the same order as the double-wave period identified here. The periodograms of the (V-
W) colour index show that the colour changes are controlled by single-wave frequencies, or their sub-harmonics
(double-wave periods), but not by fx. The colour variation of WR 46 is peculiar in the sense that the object is
red when bright and blue when faint. Although the spectrum of WR 46 has been suggested to originate from a
stellar disc, this peculiar colour behaviour is in line with its WR nature, which is also confirmed by its spectral
variability (Marchenko et al. 2000; Paper II). In addition, our seasonal photometric averages of WR 46 show a rise
from 1989 to 1991 of 0712, confirming the brightening detected by the Hipparcos-satellite (Marchenko et al. 1998).
Eventually, WR 46 brightened by about 0725 and subsequently declined on a time scale of years. Such a rise is
unique among the WR stars in the Hipparcos-survey, and has not been found anywhere else. We investigate the
changes to the double-wave behaviour and mean colour-index coinciding with the period change and brightening.
Interpretation of the object as either a multi-frequency non-radial WR, pulsator, or a WR binary with possible
large orbital decay is deferred to Paper III.

Key words. stars: Wolf-Rayet — stars: individual: WR 46 — stars: binaries: close — stars: variables: general —
stars: oscillations

Astrophysics

1. Introduction

The Wolf-Rayet (WR) object WR46 = HD 104994 =
DI Cru (WN3p) shows remarkable variability. Its short-
term variability seems to be driven by a low-mass close
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companion (van Genderen et al. 1991), but a large period
change casted considerable doubt upon that interpretation
(Veen et al. 1999). In addition, Hipparcos revealed long-
period variability (Marchenko et al. 1998). Therefore, we
re-investigate our data and other data available to us in
order to study correlations with the long-term behaviour
and find clues to the origin of the variability.

The present paper, the first in a series of three, dis-
cusses the observational history of WR 46 and presents
monitoring photometry, partly published before, and in
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part newly obtained data. We investigate its cyclical
short-term variability and the intriguing long-term pho-
tometric behaviour of the object. In Veen et al. (2002a)
(hereafter Paper II) we present simultaneously obtained
spectroscopy and search for confirmation of the photo-
metric periods. We discuss the line-flux and radial-velocity
curves when folding with the identified periods. The ap-
parent time-delays between the different emission lines
confirm the stratified nature of the WR stellar wind.
Because the interpretation remains ambiguous, it is pre-
sented completely separate in a third paper (Veen et al.
2002b; hereafter Paper III). In addition to a binary model,
non-radial pulsation is also discussed as a possible origin
of the variability. Moreover, the variability is compared to
other short-periodic variable WR, stars. Finally, Veen &
Wieringa (2000) present upper limits to the radio flux of
WR 46.

2. Observational history

As given in the bibliography accompanying the VIth
Galactic Wolf-Rayet Catalogue (van der Hucht et al.
1981), the object WR46 was first recognized as a
WR-like object by Fleming (1910, 1912) and listed as
CPD—61°2945. She measured the objective prism plates
of the Henry Draper Memorial, and derived a magni-
tude of 9M6. Cannon (1916) describes the spectrum of
CPD —61°2945 as follows: “The spectrum appears to con-
sist of two bright lines at 4686 and 4638, of nearly equal in-
tensity, and superposed on a strong continuous spectrum”.
However, since the early fifties (Smith 1955) the spectrum
shows, next to the Hell 4686 line, the NV line at 4604-
19 A instead of the NI line at 4638 A. Therefore, we
re-investigated the old photographic plates.

Three early plates (1899, 1902, 1908) of the Harvard
Observatory collection with a spectrum of WR 46 were
recovered for us by Dr. M. Hazen. Polaroid photographs
were taken from these originals with an enlargement of a
factor three. The 1908 plate used by Cannon (B38828 =
#333 in her numbering) has a resolution of ~500 Amm—!
and shows the object vaguely. However, on the discovery
plate of 1899 with a resolution of 140 Amm™! the spec-
trum clearly shows a line 75 (£10) A shortward of the
bigger He11 4686 line, confirming the NV line identifica-
tion. The 1902 plate (A5798) also has the higher reso-
lution, but shows the object very faint. Yet, it seems to
confirm the N v identification. Therefore, we assume that
Cannon, possibly also in other cases (e.g., the WN3 star
WR 152), has mistaken the NV line for the N 11T line. This
is understandable because of the low spectral resolution
of her plates, especially since the possibility of a line oc-
curing at around 4610 A due to Nv may not have been
known to her. The persistent nature of the NV emission
lines and of the low intensity of the He-Pickering lines
leads us to conclude that WR 46 did not change its spec-
tral type since then. Note, however, that Paper II deals
with (cyclic) variability of various emission lines.

Payne (1930) questioned the WR nature of WR 46
by classifying it as W? without any further comment.
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Table 1. Optical photometric observations of WR 46 as listed
by van der Hucht et al. (1981) plus more recent data.

mag. spectr. reference
type
pg 9.6 % Fleming (1910, 1912) (CPD—61°2945)
Ocp Cannon (1916) (CPD—61°2945)
pg 10.4 Ocp Wilson & Luyten (1925)
pg 10.1 W7?c¢  Payne (1930)
pg 9.9 Miinch (1953) (123¢ = CD — 61°3331)
pg 101 WN5p Smith (1955)
V 104 ibid.
WN4p Roberts (1962) (MR 40)
v 10.96 WN3  Smith (1968b) (suspects var.)
pg 10.6 Stephenson & Sanduleak (1971)
V' 10.93 Lynga & Wramdemark (1973)
B 10.87 ibid.
U 10.03 bid.
WN4  Henize (1976) (He3-749)
Vans 10.86  WN3  van de Hucht et al. (1979)
WN3p van der Hucht et al. (1981) (WR 46)
v 10.87 Torres-Dodgen & Massey (1988)
V 10.82 Westerlund & Garnier (1989)
B 10.79 ibid.
U 9.95 ibid.
mieao 7.7 Tovmassian et al. (1996)
Hp 10.9 Marchenko et al. (1998) (var.)

Smith (1955) was the first to publish a spectrum of WR 46
and noted the presence of emission lines Ovi 3811-34,
leading to its label “peculiar”. Another spectrum was
presented by Smith (1968a) showing only its line com-
plex around 4650 A. In her photometric investigation
of WR stars Smith (1968b) suspects WR 46 to be vari-
able. Table 1 summarizes most previous photometric in-
vestigations and identifications of WR 46. Furthermore,
WR 46 has been investigated for circumstellar nebulosity
by Marston et al. (1994), who found none in Ha within a
region of 31’ x 31’. Discussion on the distance of the ob-
ject is given by Veen & Wieringa (2000) and van der Hucht
(2001).

The first evidence of short-term photometric variabil-
ity by WR 46 was presented by Monderen et al. (1988).
Based on additional photometric monitoring obtained in
1988 and 1989, van Genderen et al. (1991) demonstrated
that, if phased with a period of 0.2824d (f = 3.541cd™1),
the light- and colour-curves show a double-wave with an
amplitude in V' of 0™1. In that paper the variation is
considered to be due to rotation of a distorted star in
a close binary system. The ratio of the depths of both
minima was interpreted as a measure (~10% in size) of
the distortion of the luminous WR, component. The scat-
ter around the mean light curve amounting to 007 was
ascribed to instability of the continuum forming layer.
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A preliminary radial-velocity curve was also presented and
later discussed in more detail by Verheijen (1991). Van
Genderen et al. (1991) suggested that the companion of
the WR star could be a low-mass object, possibly a com-
pact object.

Veen et al. (1995) and Niemela et al. (1995) con-
firmed the radial-velocity variability of WR 46, though
with a larger amplitude. Furthermore, long-term vari-
ability, unique among the WR stars, is uncovered from
photometry by the Hipparcos-satellite during 1989-1993
(Marchenko et al. 1998; see Fig. 13 of the present paper).
Veen et al. (1999) suggested that such long-term brighten-
ings are recurrent and showed that a similar behaviour is
also evident in the equivalent widths (EW) of the emission
lines (see also Paper II).

Crowther et al. (1995, hereafter CSH) applied their
non-LTE “WR standard model” to WR 46, analyzing its
ultraviolet, optical and infrared spectrum. The results
are similar to those obtained by Schmutz et al. (1989),
Hamann et al. (1995a), and Hamann & Koesterke (1998).
CSH concluded that the group of weak-lined WNE stars,
to which WR 46 belongs, are as hot and luminous as the
strong-lined WNE stars, but with lower mass-loss rates by
an order of magnitude. Moreover, the position of WR 46 it-
self in the theoretical HR-diagram seems outstanding since
it appears even hotter and brighter, and thus beyond any
evolutionary track of single WR stars (see their Fig. 9).

In line with the suggestion by Niemela et al. (1995),
Steiner & Diaz (1998) proposed WR46 to be a mem-
ber of a class of evolved hot emission-line binary sys-
tems, so-called “V Sagittae stars”, newly introduced by
these authors. In their view, this class consists of four
objects (including the prototype) two of which are also
classified as WR stars, viz. WR 46 and WR 109. Their
class is suggested to be related to the Super Soft X-ray
Sources (SSS), where accretion discs feature prominently.
Discussion about this controversy is deferred to Paper II.

3. Observations and reduction
3.1. Walraven photometry

Between 1986 and 1991, observations of WR. 46 were ob-
tained using the Dutch 90-cm telescope at ESO (La Silla,
Chile) equipped with the simultaneous five-colour pho-
tometer of Walraven (VBLUW). The photometric sys-
tem is described by Lub & Pel (1977) and details on
the pass-bands are given by de Ruiter & Lub (1986).
The data were obtained by different observers as listed
in Table 2. WR 46 was observed together with WR 50
(LSS 3013 = TH17 — 84, WC7+a), both relative to the
comparison star HD 108355 (HR 4736, B8 IV), as follows:
sky—C-46-50-C-46-50-C—sky, etc. (except for the only
night in 1986 by Monderen et al. 1988). The observations
of WR50 will not be discussed here. Integration times
were 30 s for the comparison star and 2 min for the pro-
gram stars and the sky background. The aperture was
16”5. All data were calibrated by means of standard stars
measured throughout each night.
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The mean photometric properties of the comparison
star are listed in Table 3. For each data set we list the
mean magnitudes and colours of WR 46 in Table 2. The
relatively large standard deviations for WR 46, especially
in V, reflect its variability. The photometric parameters
in the Walraven system are in log I scale (i.e., magnitudes
divided by —2.5). Throughout this paper magnitudes will
be indicated explicitly using superscript “m”. For nor-
mal absorption-line stars the Walraven scale can be trans-
formed to Johnson Vj and (B — V) by the formulae of
Pel (1986):

Vy = 62886 — 2.5[V + 0.033(V — B)]
(B—V); =2571(V — B) —1.020(V — B)?
+0.500(V — B)? — 0010.

However, for an emission-line object like WR 46, system-
atic differences can be introduced of the order of a few
tenths of a magnitude (see also Duijsens et al. 1996 on
WR6). The Vj and (B — V); values are only meaningful
for the comparison star HD 108355 (cf. Table 3).

The photometric quality of each night was judged from
a large number of observations of other program and com-
parison stars. Furthermore, every single observation made
by the Walraven photometer is split into two halves and
the difference between them is a measure of the quality.
Based on this we rejected several data points. The re-
sulting light curves for the V-band are shown in Fig. 1
(1988-1990) and Fig. 2 (1991).

3.2. Uc Vo9 R194 single channel photometry

In April 1995, the Walraven photometer was dismantled,
and we used the ESO 50-cm telescope with a single chan-
nel photometer. We obtained differential magnitudes rel-
ative to HD 105150 (A0/1 V) (Slawson et al. 1992, see
Table 3). We used the Cousins Uc (ESO#556) filter, and
the V(ESO#99) and R(ESO#194) filters, which were se-
lected to receive mostly continuum light (see Fig. 14). We
used the differential V' magnitude to approximate the ab-
solute Vj magnitude as listed in Table 3. The atmospheric
extinction information was supplied by Burki (1996, pri-
vate communication). The resulting V' light curve in mag-
nitudes is shown in Fig. 3.

3.3. (UVR)g CCD photometry

In February and May 1998 the Dutch 90-cm telescope
was used again, now with a CCD (ESO#33) pho-
tometer attached. The standard Bessel Up(ESO#634),
VB(ESO#420), Rp(ESO#421) filters of the Dutch tele-
scope were used. We also observed the comparison star
HD 105150 in order to link the photometry to the ob-
servations from 1995. We performed differential photom-
etry with respect to stars within the CCD-frame (Fig. 4).
The mean values are listed in Table 3 and the resulting V'
light curves are presented in Figs. 5 and 6.
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Table 2. Summary of our photometric observations of WR 46. Column 1 lists the names of the observers and the identification
of the data sets. Large data sets are printed in boldface. “(S)” indicates that in three or four nights simultaneous spectra were
obtained (see Paper II). Columns 2 and 3 list the first and last night of the observing run and on the second line the actual number
of nights and the total number of data points per filter. For the data sets up to 1991 the mean absolute photometric parameters
in the Walraven VBLUW system (logI) and Johnson Vi and (B — V); (in magnitude scale) are listed. Also indicated is the
standard deviation (o), which represents typically the stellar variability and the instrumental scatter for the colours within one
night. For the 1995 data set differential photometric parameters are listed with respect to HD 105150 (see Table 3) in a selected
UVR filter set (see text). For both data sets in 1998 we list the differential Bessel UVR magnitudes. Part of the data is discussed
elsewhere, as indicated by footnotes to the table. The last column lists the time of phase zero: To = HJD(¢o) — 24 40 000.

Observer epoch 1% V-B B-U U-W B-L Vs (B=V); To
data set #nights #points ov ov_B OB-U oU-—w OB-1L ov o
P. Monderen®"’ 13-04 14-04-86 —1.623 0.042 —-0.050 —0.027 —0.025 10M94 0097
(1986) 1 19 0.010 0.002 0.002 0.004 0.003 07025 07005
I. Larsen® 13-02 22-02-88 —1.628 0.044 —0.049 —0.021 —0.022 10™95 07101 7204.01
(1988) 3 93 0.014 0.003 0.004 0.005 0.003 07034 07007
E. Kuulkers® 08-02 11-02-89 —1.619 0.043 —0.041 —0.023 —0.014 10™93 07098 7566.04
(1989-1) 4 94 0.010 0.004 0.005 0.009 0.004 07024 07009
E. van Kampen? 11-03 20-03-89 | —1.619 0.045 —0.044 —0.021 —0.017 10™93 07104 7566.04
(1989-II)(S) 9 361 0.011 0.003 0.003 0.004 0.004 07027 07006
J.P. de Jong 28-02 08-03-90 —1.620 0.042 —0.042 —0.025 —0.015 10™93 07096 7951.16
(1990)(S) 8 279 0.014 0.006 0.006 0.015 0.005 0M035 07014
O. Kolkman 23-01 31-01-91 —1.594 0.046 —0.046 —0.026 —0.017 10M87 07106 8280.01
(1991-1) 9 80 0.015 0.005 0.006 0.012 0.006 0™039 07013
M. Verheijen 01-02 01-03-91 | —1.571 0.044 -0.041 -0.026 —-0.009 10781 07100 8280.01
(1991-1I1)(S) 25 473 0.020 0.003 0.004 0.005 0.005 07050 07009

AV AUc  ARigs
M. Duijsens 02-04 05-04-95 3m17 2734 3719 10784 9811.25
(1995)(S) 4 67 0703 0702 0703

AVp AUg ARp
M. Janson 10-02 12-02-98 —1"25 —4701 077 10778 10855.04
(1998-1)(S) 3 20 0703 0703 0703
P. de Wildt 13-05 01-06-98 —1715  -=3"92  —0760 10788 10947.14
(1998-11) 6 113 0704 0703 0705
T. Arentoft/C.S.° 01-01 31-01-99 —1722 10781 -
(1999-1) 8/12 23 0704
C.Sterken® 24-03 01-04-99 —17"29 10774 -
(1999-11) 9 109 0705

AVy

B. Allen 12-04 19-04-99 —0709 10785 11280.61
(1999-11I) 2 797 0704

@ Monderen et al. (1988); ® Lub (1999), private communication; ¢ van Genderen et al. (1990); ¢ van Genderen et al. (1991); ©
Marchenko et al. (2000) (C.S. signifies C. Sterken).

Table 3. Photometric parameters in the Walraven VBLUW system are listed for the comparison star HD 108355. The second
row lists the standard deviation. Transformation to Johnson magnitudes is in agreement with the determination by Slawson
et al. (1992). For the comparison star HD 105150, used in 1995 and 1998, Johnson magnitudes determined by Slawson et al.
(1992) are listed. The Walraven measurements are in agreement with de Geus et al. (1990).

star spectral 1% V-B B-U U-W B-L Vs (B=V);
class ov OvV_B OB_U oU—_W oB—L o o
HD 108355 B8 IV 0.342  0.036 0.255 0.073 0.085 6703 07081
0.003  0.002 0.002 0.002 0.002 0008 07005
HD 105150 A0/1V 7heT  0"11
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Fig.1. Compilation of Walraven photometric light curves (log I versus HJD-24 40 000) of WR 46 obtained in 1988-1990. Bright
is up. The standard deviation (£0.003) of the comparison star is indicated by an error bar; the error of the differential magnitude
is mostly as small as the size of the symbols. The solid and dashed curves represent synthetic double-wave light curves with a
period 0.2825d (top) and 0.2727 d (bottom). The curves are offset for a visual reason. The preferred curve is the solid one (see
Sect. 4). The boldface margin indicates a large data set (Table 2 lists size of data sets).

In January and March 1999 the same set-up was uti-
lized in the framework of the Long Term Photometry of
Variables (LTPV) project (Sterken 1983; Sterken et al.
1995 and references therein). The Stromgren y-filter was
utilized. It was possible to transform these data to the
system of the 1998 V' magnitudes because in two differ-
ent nights a few measurements were practically simulta-
neously performed in both these filters. This data set will
be discussed together with simultaneous spectroscopy by
Marchenko et al. (2000; hereafter referred to as MAB),
with whom we agreed only to present and discuss the pe-
riodogram (following section). The mean values are listed
in Table 2 and displayed in Fig. 13.

3.4. V CCD photometry

One of us (WHA) obtained photometry using his private
telescope (32 cm) with a ST 6 CCD attached, located in
Marlborough, New Zealand. The telescope is located in a

vineyard at sea-level but with a low level of light pollution.
Exposure times of the CCD were 50 s. The data were re-
duced on site. Differential photometry was obtained with
respect to star “b”, and stars “c” and “d” were used as ad-
ditional check (the letters refer to Fig. 4). After a success-
ful test run in March 1999 (not presented), three nights
of intense monitoring were obtained. Because of strong
variability of the comparison stars presumably Odue to in-
stability of the earth atmosphere, one night was rejected.
The two resulting light curves are shown in Fig. 7.

4, Results

4.1. The frequency analysis

Figures 1-3, 5-7 present the observations in the vari-
ous V-bands, except for the 1999-I1 data set which is
displayed by MAB. Nights with only a few data points
are not shown. The large variety in the shape of the cy-
cles is striking. They vary from an ellipsoidal-type light
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Fig.2. The same as for Fig. 1, but now for 1991. Since the amplitude of variability is much larger, the diagrams are larger.
Note, however, that the log I scale is off-set downwards compared to that of Fig. 1. The synthetic double-wave lower curve

(solid) represents the 1991 data best.
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Fig. 3. Differential light curves in magnitudes of WR 46 with respect to HD 105150 in the ESO#99 V filter obtained in 1995.
The typical error bar is indicated in the first panel.
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Dy

Fig.4. An R filter CCD image (3/7x3!7) of the field of WR 46.
A larger area of the sky can be found in the finding chart in
the catalogue by van der Hucht et al. (1981). The stars labeled
“a” through “e” were used to perform differential photometry
in 1998, and in 1999-II1I.

curve (HJD 2447600, with unequal maxima), to near con-
stancy (HJD 2448306). They show either prolonged stages
near minimum light (HJD 2447206, and HJD 2447951) or
near maximum light (HJD 2448304). So, the light curve
changes drastically from cycle to cycle. In addition, the
mean magnitude of a cycle is variable too, sometimes by
more than 0™1 (logI = 0.04), sometimes even from one
night to the next (see HJD 2448304-8305).

Although this variability of the cycles hampers the
use of any period search algorithm, we investigated the
various data sets in the visual filters using several tech-
niques. In general, the different techniques agree well and
we focus our attention to the analysis of variance (AOV)
(Schwarzenberg-Czerny 1989). This technique uses phase
binning, but in contrast to the phase dispersion method
by Stellingwerf (1978), its statistics is also well-defined for
small samples. The expected value for a pure noise signal
is 1, or, n¢oyr for observations correlated in groups of size
Neorr- We used the AOv-routine within MIDAS, the ESO-
reduction package. The large data sets are sufficiently
extended to detect periods reliably. We note that the com-
parison star is carefully checked and the differential pho-
tometry of WR 50-C does not show any of the peaks dis-
cussed below.

4.1.1. The large data sets

The upper panel of Fig. 8 presents the AOv-periodogram
of the 1989-11 V data. A prominent peak related
to the hourly variation can be identified at fo =
7.08cd™! (0.1412d), where “sw” means “single-wave”.
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Also indicated are its 1 cycle/day aliases (indicated as
asw), and their sub-harmonics (% fsw and %asw). In addi-
tion, we notice a strong peak at f, = 4.34cd ™! (0.2304d),
with its 1/day aliases (ay), where “x” means “unknown”.
The spectral window (bottom panel) indicates that these
frequency peaks are not due to windowing (power spec-
trum is clearly offset from integer number of cycles and
ratio of peaks is very different). The periodogram of
the (V—W) color index is shown in the middle panel.
Although from this panel alone it is not obvious which
peak is the alias of which, it definitely confirms the
single-wave frequency and its aliases and subharmonics.
However, the frequency f is absent in the (V—W) data,
which means it is present in the V' and W with equal light
amplitudes, as is the case for the other continuum filters.
We note that the double-wave period (= half frequency)
is clearly present in the light variation, and is prominent
in the color index. We note that the radial-velocity data
(see Paper II) vary on a time scale of the double-wave pe-
riod, though apparently not strictly periodic. Since also
the folded light- and colour curves hint towards a double-
wave structure, we will address that frequency specifically.

At this point we need to address the period identi-
fied by MAB of P = 0.329(0.013)d, which has its first
harmonic at 6.08cd~!. Although the latter frequency is
present in our data too (see above), we consider the ev-
idence from the light variations in our data strongly in
favour of a frequency at 7.08 cd~!. Convincing evidence for
this frequency is found in the simultaneous spectroscopic
data; the difference being that the radial velocity in subse-
quent nights is in phase in the data of MAB, while our data
shows them to be in anti-phase. In addition, we note that
their individual light curves show indication for a double-
wave (see their Fig. 2) but the light curve folded with their
period shows a single dip (their Fig. 1). However, those
authors refrain from interpreting this light minimum be-
cause of a lack of phase coverage. Further discussion of
their result is deferred to Papers II and III.

Figure 9 presents the same diagrams as in Fig. 8, but
now for the 1991-II data set. Again, both the V' data and
the (V—W) color indices clearly indicate a single-wave
frequency fsw = 7.34cd™!, with its aliases and the sub-
harmonics. The periodogram of 1989-IT is drawn (grey)
fitted within the panel. None of the large peaks of the
1989-1T and the 1991-II periodogram coincide. However,
the false-alarm probabilities (FAP!) of all of the peaks
mentioned above are smaller than 0.01. We point out that
the width of the frequency peaks depends on the time
span of the data, and that both the fy,s are distinctly
separated. Moreover, we repeated the analysis separately
for the first half, and for the second half of both large
data sets, and the same results emerge. Also correcting
for the large night-to-night variations by subtracting the

! FAPs are based on a Fisher randomization test and repre-
sent the probability that the period is not equal to the iden-
tified value, but equal to some other value (Dhillon & Privett
1997).
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Fig. 5. Differential light curves (magnitudes versus HJID—2450000) of WR 46 relative to an ensemble of comparison stars in
the field (see Fig. 4) in Bessel V' in February 1998 (1998-I). The typical error bar is indicated in the first panel. As neither of
the synthetic double-wave curves is preferred, both are shown dashed.
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Fig. 7. Differential V3 light curves (magnitudes versus HJD-2450000) in April 1999 of WR 46 and of the primary comparison
star relative to a secondary. The comparison stars are indicated using the labels as in Fig. 3. The vertical width of the light
curve gives an impression of the uncertainty of the measurements.

mean intensity of each cycle, did not change the height or
position of the various peaks. Furthermore, application of
other period-search techniques (Fourier analysis, Scargle-
Lomb periodograms) does not alter these results either.
This significant difference of the period is most intriguing,
as is the absence of a peak around fy in 1991.

The frequency range up to the Nyquist frequency
(around 70 cd™!; not shown) of the data sets does not
show any evidence for additional periods, e.g., not at the
sum frequency of fyx and fs. The low end in the 1989 peri-
odogram shows decreasing power, but there is, in addition
to some aliases, a minor peak at f = 2.70 cd~! which hap-
pens to be close to the difference between fg,, and fy. At
the low frequency end, the 1991-IT data set shows much
more power than the 1989-11 data set. This can be consid-
ered to be due to larger night-to-night variability in 1991.
Actually, the highest peak for the 1991 data set lies at
0.23 cd=! and 0.77 cd=! (N.B. 0.77 = 1—0.23) (with their
one-day aliases). We consider it noteworthy that this fre-
quency is equal to the reciprocal of fy, but we do not know
whether this reciprocity is relevant, or simply incidental.

Because of the circumstantial evidence, i.e., different
minima and radial-velocity variability (Paper II), we sug-
gest that the double wave is the true period. We present
the double-wave periods of the 1989-II and the 1991-II

data sets:

092825 4+ 0.0018 = 6P47™
= 092727 4+ 0.0006 = 6"33™,

Pgg
Po1

respectively. The uncertainties are derived from assuming
a phase-error of 0.2 over the whole observing epoch di-
vided by the number of cycles that elapsed. The difference
of 14 min between the two double-wave periods is signifi-
cant. The amplitudes and other periodicities are listed in
Table 4.

We investigated the presence of fy in the 1989-II
data set by simulating the following double-wave light
curve within the PERIOD-software of STARLINK (Dhillon
& Privett 1997):

. (27 . 2w T
V(t) = A sin (Ft) + Agsin (%_Pt + 5) .

The quarter phase difference between the sine waves pro-
duces unequal minima and equal maxima. Generic white
noise was added to the light curve. We selected points from
this noisy constructed light curve according to the times of
observation. Subsequently, this data set is subjected to the
same analysis as described above. These constructed peri-
odograms look quite similar to the observed periodogram
(Fig. 8), except for the large peaks at the frequency fx and
its aliases, which are absent. Thus, we presume that this

(1)
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and the Scargle-Lomb statistic for the spectral window (bottom).
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Fig. 9. Asin Fig. 8, but now for 1991-1I data-set. For comparison the 1989-11 periodogram is shown in grey. It is evident that
the two periods (with aliases and subharmonics) of these data sets differ significantly. Since the shapes of the accompanying
light curves are similar, we suggest that the characteristic period of the system decreased by 3.5%.

frequency may indeed be intrinsic to WR 46, apparently
without any colour variation. This frequency is not recov-
ered from the 1991-1T data, although there is an intriguing
set of aliases at 3.59, 4.59, and 5.59 cd~!. The difference
between these peaks and fy and its aliases equals the dif-
ference between the single-wave frequency in 1989-11 and
in 1991-I1. We have no explanation for this coincidence.

4.1.2. The small data sets

In contrast to the extended data sets discussed above, the
smaller data sets show an ambiguous frequency behaviour.
Their frequency analysis does not result in a reliable pe-
riod determination, which we attribute to small-number
statistics and the high level of the additional variability
from cycle-to-cycle. Nevertheless, we present their AOV
periodograms in Fig. 10 in order to see whether any of
the peaks coincide with the 1989-IT or 1991-II periods, or
the period by MAB fuas.

Table 5 lists the occurence of the different frequencies
as determined by MAB and in this paper (and Paper II).
We can only conclude that these small data sets are not in-
consistent with the periods as determined at other epochs.

Table 4. Periodicities in the large Walraven photometric data
sets. The amplitudes Agine and Awnit are determined by fit-
ting a sine wave through the folded data, before and after
prewhitening with the frequency indicated, respectively. The
formal error from the fit is of the order 0.1 mmag. For the
double-wave frequencies we list the depth of deep and the shal-
low minimum relative to the maximum. These depths have
typically a mean error of 8 mmag, and a standard deviation of
25 mmag.

data set id.  P(d) (mmag) (mmag)
1989-11  foo 01412 Agne =213  Als. =20.0
fx 02304  Adne =168 Alsy =155
faw  0.2825  Ageep =45 Ashatlow = 30
1991-11 fsw  0.1363 Agine = 28
faw 02727 Ageep =73 Ashallow = 53

However, we do not exclude the possibility that yet other
frequencies controlled the variability.

We address the question whether the observations can
be interpreted as a result of a rapidly-increasing clock rate.
If so, we have to assume that the true period in the data
by MAB is the one-day alias at 4.04 cd~!, although those
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Fig. 10. The Aov periodograms (AOV statistic versus frequency in cd™') for the small data sets.

authors consider this alias unlikely though not impossible.
On the basis of the small data sets it cannot be concluded
that the data is inconsistent with an increasing clock-rate.
If this view is correct, the clock rate seems not to change
smoothly. The rate of change may be related to long-term
brightenings of the object (See Sect. 4.3).

Summarizing the frequency analysis, it is evident that
there is not a single clock with a constant rate underly-
ing the photometric variability of WR 46, since the dif-
ferent periods in 1989 and 1991 are firmly established.
Moreover, there is strong evidence for multi-periodicity
because of the occurence of a second period (fx) in 1989
and 1990. Yet, the observations do not exclude the possi-
bility that the dominant variation, which also affects the
(V—W) colour index, is controlled by a single clock with
a rapidly varying (increasing) clock-rate.

4.2. Folded light- and colour curves

To investigate the difference between the 1989-1T and 1991-
IT periods, we fold all the photometric data with both

periods. Figure 11 (left) shows all V' data folded with the
longer 1989-1I period and, (right), folded with the shorter
1991-1II one. We use for each season a separate zero point
To (see Table2) for the computation of the phases, since
the large gaps between the data sets, and the change of
the apparent period prevent the determination of one sin-
gle ephemeris. We have chosen the zero points such that
the data sets display, where possible, a deep minimum at
phase zero. We note that the boxes neighbouring the fat
boxes show that in both cases the period of the other data
set should be rejected, confirming the change of the pe-
riod. This is substantiated by folding the colour curves
(V—W) using the “wrong” period (Fig. 11), which is even
more convincing.

Figure 12 displays the light- and colour-curves of the
two extended data sets 1989-11 and 1991-II, each folded
with their own double-wave period. The double-wave
character is apparent, and its significance is investigated
below. The typical colour behaviour, i.e., red when bright,
is also evident. Due to the relatively large changes in
mean brightness and amplitudes, the vertical scale of the
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Table 5. Peaks in the aov-periodograms of the small data sets
consistent with determined frequencies.

set fAB  fow  fow  fx o 2%fuaB Sl fiw
1988 ++ ++  + ++

1989-1 +

1990 ++ ++ ++ ++ ++
1991-1 + ++ +

1995 ++ +
1998-1

1998-11 + ++ + +
1999-1 ++ +

1999-11

1999-111  ++ ++ ++ ++

1991-II light curves is shifted downward by log I = 0.045
and reduced by a factor 1.6 compared to that of 1989-
II. The scales for the colour curves in the bottom half
of Fig. 12 are equal for both data sets. Apart from the
usual colours (V—B), (B—L), (B-U), and (U-W), also
(V—=W) is shown. The latter colour index spans the largest
wavelength range, and represents therefore the largest
colour changes. In constructing the 1991-1I light curve, we
removed the rising trend of about 01 as can be observed
in Fig. 2 and in the insert in Fig. 13. The white-on-black
curves have been constructed as running means over a
phase interval of A¢ = 0.06, with steps of 0.03 in phase.

The depths of the deep and the shallow minima are
listed in Table4. We applied the Student’s t test (Press
et al. 1986) to a phase interval 0.1 around both minima.
The observed differences in 1989 of 0.005 log I and in 1991
of 0.0091og I are this large (or larger) by chance, are 26%
and 38%, respectively, after correction for the correlation
of the data points within one night. The shallow minimum
of the 1989-11 data is bluer by 0.003 log I than the deep
minimum. The chance that this is accidental is 7%.

These corrected percentages cannot be considered as
convincing evidence that the light minima differ. However,
effectively we have measured the difference twice (once in
1989 and once in 1991). Thus, we may multiply the prob-
abilities, and find that there is 10% chance that one finds
such a large difference between the two minima twice by
chance. We conclude that there is strong photometric ev-
idence that the true period is twice the single wave pe-
riod. Note that our spectroscopy confirms this thesis (see
Paper 1II).

To characterize the variability we note that its time
scale is of order 0.3 d. Furthermore, the multi-colour pho-
tometry shows the object to persist in its colour behaviour
(redder when brighter, i.e., a larger amplitude towards the
red), which is substantiated by the variances around the
mean as listed in Table 3. Moreover, this colour behaviour
is also found in the observations by MAB. Discussion of
the changes of the periods determined here and the one
by MAB is deferred to Paper III.

¢ (P= 0.2825 d)

Fig.11. The large data sets 1989-1I and 1991-II are folded
with both the periods as determined in these data sets. The
period in 1989 is clearly not applicable to the data, especially
in the color V — U in 1991 and vice versa. This illustrates that
the period of WR 46 did vary between 1989 and 1991.

4.3. The long-term photometric variation

Figure 12 illustrates, in addition to the change of the pe-
riod, the double-wave nature, and the colour behaviour,
also the long-term light- and colour variation between
1989 and 1991. First of all, the object was brighter in
1991 by about 0™12 (=0.048log I in Table 2). Hereby, we
confirm the long-term photometric behaviour of WR 46
as revealed by the Hipparcos satellite (Marchenko et al.
1998). These authors noted that its brightness increased
from 1989 to a maximum AH, ~ 0725 by the end of
1991 and decreased to the 1989-brightness in the course
of 1993 (see Fig. 13). We note that the brief excursion on
JD = 2448312 is in line with the almost simultaneous
Walraven photometry (see insert in Fig. 13).

Secondly, the mean amplitude of the light curve is
larger in 1991 by roughly a factor 1.7 (note the differ-
ence in the right- and left hand side ordinate scale in
Fig. 12). Furthermore, also the scatter around the mean
light curves caused by the differences from cycle to cy-
cle, increased roughly by a factor 1.6, while the scatter
around the colour curves increased only by a factor of
1.2. We note that except for these changes, the character
of the variability, or the general shape of the light curve
did not change. Both the unequal minima, although only
marginally significant, and the colour behaviour persisted
during those years.

The mean colours changed as can be seen in Fig. 12,
though at most by 07020. It appears that the line emission
can explain the intricate up- and downwards changes of
the mean colours. We produced an average spectrum of
each spectral monitoring data set and folded this with
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relative to 1998 and of 1998 and 1999 (open stars) are indicated.
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Fig. 14. The spectrum of WR 46 (Hamann et al. 1995b) with the FwHM indicated for the respective pass bands used in the
present paper. As to the wavelength range not covered by the spectrum, the N1v 3480 A line could be present according to
Smith et al. (1996). The spectrum by Massey & Conti (1983) does display the line significantly, while that of Smith (1955) does
not show any sign of this emission line. The He11 3203 (5-3) line has been detected in 1991 by IUE (image number Lwp10528)
at almost twice the continuum flux. The emission-line contribution to the different pass bands is obvious.
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Table 6. The mean line emission contribution (as percentage
of the received fluxes) to the Walraven V, B, and L pass bands,
and to the Hipparcos pass band. Clearly, the line fluxes con-
tributed more in 1991 than in 1989 to the various pass bands,
showing that the emission lines grew even stronger than the
rise of the continuum. Due to the periodic short-term varia-
tions of the spectra (lines plus continuum), the percentages
vary by about 10%.

year |4 B L H,
1989 2.6 5.0 - ~8
1991 3.7 7.0 3.1 ~12

the pass-bands covering the sampled spectral range (see
Fig. 14). Table 6 lists the results for 1989 and 1991.
Because of the larger increase of line contribution to the
B-pass-band (2%) than the V-pass-band (1%), the object
should become bluer in (V —B), while this colour index re-
mained constant. Apparently, the continuum emission has
reddened by 1% (0™01) to produce constant colour index.
The other colour indices are consistent with such a small
reddening, considering the various changing emission-line
contributions. The (B—L) index is 0.0081logI (=07020)
larger (redder), (U—W) is smaller by 0.005log/ (bluer
by 0™013), while the (V—W) did not change significantly,
probably due to an increase of the O vi3811-34 line com-
plex (no spectral coverage in 1989).

Furthermore, we note that the contamination by emis-
sion lines of the Hipparcos pass band increased consid-
erably more (~4%) than the Walraven V band (~1%),
thus explaining the larger rise in brightness (~3%) as ob-
served by the satellite. Altogether, this implies that, while
the continuum rose, the line flux increased even more. For
instance, the line flux of the large line complex of NV
4603/19 and He11 4686 increased by roughly 60%, as the
EW-measurements show (see Paper II).

Figure 13 presents an overview of the mean magnitudes
of all observed seasons. The differences should be con-
sidered with caution when observed using different pho-
tometers (different symbols). Yet, from Table 2 it is ap-
parent that the mean magnitude decreased 010 between
February 1998 and May 1998 (see also Table 3). In 1999,
the system appears to brighten by 007 from January to
April. The 1995 mean brightness is computed relative to
the same comparison star as in 1998 and appears to be
at a rather low photometric level. In addition, there is a
hint of a rising trend over the whole decade, however its
significance cannot be investigated because of the use of
different instrumentation. Moreover, the observations as
listed in Table 1 are inadequate to investigate its photo-
metric behaviour over the last century. This issue will be
re-addressed using the available spectra (Paper II).

The long-term brightening of WR 46 is unique among
WR stars in the Hipparcos survey of 67 such stars
(Marchenko et al. 1998). Furthermore, assuming that the
long-term light curve is not sinusoidal but better described
as a single event (possibly recurrent), we do not recognize
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the shape of the light curve as characteristic for a specific
phenomenon, e.g., it does not look like S Dor- (LBV)-
pulsations (WR stars are supposed to be descendants of
S Dor variables), nor does it resemble long-term behaviour
of Super Soft Sources, or that of V Sge (Simon & Mattei
1999), an object to which WR 46 has been erroneously
suggested to be related (Paper II).

In summary, we suggest that on a time scale of months
to years WR 46 shows irregular cycles with an amplitude
amounting up to ~0™3. Our photometry confirms the
brightening in 1991 and suggests that another brightening
occured in the course of 1997 and a third one peaking in
the year 1999 or 2000. We suggest that the period change
from 1989 to 1991, the possible slight reddening, and the
change of amplitude is related to the so-called Hipparcos-
brightening. If so, the incompatibility of the 1998 and 1999
data with Pgg and Py; may be related to the brightenings
in those years.

5. Summary

The photometric observations of WR 46 can be summa-
rized as follows, with respect to its short-term variability:

1. the periodograms display a dominant frequency Psy, =
0.14 d,

2. the light curve shows probably a double wave with
unequal minima of on average a deep minimum of
~0™04-0"07 and a shallow minimum of 0™03-0™05,

3. an additional frequency (fx) occurs in 1989 within one
large data set (1989-II),

4. the frequency spectrum of the colour variability only
reveals fsw, with its aliases and (sub-)harmonics,

5. its colour turns red when bright and blue when faint,

6. the colour curve in 1989 indicates that the shallow min-
imum is possibly bluer than the deep minimum,

and, with respect to its long-term variability:

7. peculiar irregular cycles occur up to 03 unique among
WR stars,

8. at least one long-term brightening was accompanied
by a slight reddening,

9. possibly, the long-term brightenings are related to
changes of the dominant frequency (fsw); at least for
the one well-observed case in 1991 we find:

— a significant change of 3.5% of the (colour)-
dominating frequency on the rising branche of the
brightening. Although the brightness probably re-
turned to its original level, the 1995 data suggest
that the frequency change persisted,

— the amplitude of the short-term variability in-
creased by a factor 1.7.

As mentioned in Sect. 2, the spectrum of WR 46 has been
alternatively interpreted as resulting from an accretion
disc (Niemela et al. 1995; Steiner & Diaz 1998). However,
in Paper II we discuss that the colour behaviour is con-
sistent with the continuum emerging from a hot star, and
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that the WR nature is strongly supported by its spec-
troscopic variability, in agreement with the conclusions
by MAB.

We conclude that the short-term variability can be un-
derstood either as a dominant mechanism controlling the
light and colour and, possibly, radial-velocity variations
(Paper II), which changes its frequency within years (a
clock with variable clock-rate), while an additional fre-
quency may affect the brightness. Or, the object can show
various modes with different frequencies. In both cases
the link with the mean optical brightness may be intrin-
sic: a true change of a clock rate may be accompanied by a
brightening, and a mode switch may be related to bright-
ness changes. Interpretation of these observations in terms
of a model are deferred to Paper III.
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