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Abstract. Stromgren differential photometry of R 40 collectectillations in LBVs is an important tool for understanding their
during the time interval 1986—1996 is analysed together wilfiternal and/or atmospheric structure and the role they play in
Walraven photometry. The gradual brightening of the star ovilie episodic mass-loss events displayed by these objects.

the last 10 years can be described by a linear trend with super-_l_he LBV character of R40 (HD 6884/ ~ 10.3, Ala*)

imposed oscillations (in, b andy) with frequency 0.0008 cot : .

(~p1300 d cycle). Wé interpré/t) these o(icillati)(/)ns as “normgl > d|scpvered by Szeifert et al. (1993) as the star had become
S Dor” phases, and suggest that the quasi-linear brighten}ggfae'nb:?ehtv;?:l \:\?;sg;%n?bgrﬁ% Eet\;vsﬁgnlgeﬁg snedctral
of the star is the ascending branch of a growing very-long-ter : 9 9 P y g P

S Dor phase (VLT-SD), as found by van Genderen et al. (199$5%§e from B8le in the late 1950s to A3la-O in 1993, the true

in AG Car and S Dor itself. As R40 is now becoming fainte hature of an LBV turning cooler when becoming brighter

- i while going through a (mild) active phase (or S Dor phase
and bluer, the length of the VLT-SD cycle is about 20 years.in the nomenclature conceived by van Genderen et al. 1997a).

Key words: stars: individual: HD 68884= R 40(SMC) — stars:Sze'fertet al. (1993) discerned a quasi-period of about 120 days,

variables: other — supergiants — stars: oscillations — Ma ellaachOI assigned the fundamental stellar paramétars- 700K,
Clouds perg : 9eTa0% 9= 0.75, Myoi= —9.4, R/ Re= 280 and M /M = 16.

R 40 is a touchstone in two respects. First of all, its bright-
ening during the last decade allows the study of the microvari-
ations of an LBV in a stage intermediate between quiescence
(hot early-type [pre-]LBV) and maximum state (cool star sur-
Luminous Blue Variables (LBVs) are massive early-type stargsunded by a slowly-expanding envelope implying spectral type
exhibiting spectroscopic and photometric variability with difA) while roughly maintaining a constant bolometric magnitude.
ferent time-scales. Their photometric variability is, generallin addition, the study of such an object may lead to an answer
described as semi-regular or semi-periodic. However, recémtthe question whether the microvariations during maximum
evidence (Sterken et al. 1997, van Genderen et al. 1997digiht are of a different nature from those seen in quiescence (see
suggests that this photometric variability may be described the analyses by van Genderen et al. 1997a,b).
the combined effect of multi-periodic oscillations and some de-
gree of stochastic variability. In particular, Sterken et al. (199|6r?v

demonstrate the existence of a stable pulsation perissiddys 6%metric monitoring during the last 15 years, including data that
Inthe case of Car, while van Genderen etal. (1997a,b) descn.were not available at the time Szeifert et al. (1993) announced

the existence in most LBV of two kinds of S Dor phases, V'ﬁieir discovery that R 40 is an LBV. This particular case of R 40,

normal SD) phases and, as they define, very-long-tevitilg characterised by a steady (quasi-linear) behaviour during the

jD)é);rzsnise' E?thzzi;::e g{,ta Crecci;::rriﬂten;;[;:jr:r;;hfitr|tsﬁéh(§ Ease of light increase, enables us to test the possible objection
P P ' yelie. flat the derivation of the underlying pattern of variability of the

istence of both kinds of oscillations comes from an analys henomenon is subjective (since it relies on eyeball inspec-
of several decades (to more than one century) of photomeﬁg P S jec . y p
10n of and filling in of gaps in complex light curves) thwarted by

observations and magnitude estimates. The study of these,057 "+ ition and wishtul thinking than should be allowed

Send offprint requests 1€. Sterken in any search for periodicities in a not-continuously observed

* Based on observations obtained at the European Southern Obdagural phenomenon. Indeed, the steady pace of the star’s bright-
vatory at La Silla, Chile (applications ESO 56D-0249 and 58D-0118)ess increase allows us to derive the underlying cyclicities by
** Belgian Fund for Scientific Research (FWO) two independent approaches.

1. Introduction

Inthis paper we present a study of the light variations of R 40
olving all available photometric data originating from pho-
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Table 1.Program star R 40 (P) and comparison Stars (A, B): aveyéte, b — y, m1, c1 and standard deviatiors(in millimag.). N denotes
the total number of observations of each star. Note that the results are based solely on data belonging to System 7 Sterken et al. 1993, see also
Sterken 1993)

TPV HD MKtype y(V) b-y m1 o N o, o0by 0Om 0o

P5022 6884 AZla 10.262 0.171 0.029 0.310 237 166 13 12 112
A5022 6997 GS8lll 9.090 0.548 0.337 0.260 237 11 8 10 12
B5022 7031 G5 8.565 0.519 0.215 0.325 232 17 7 8 8

Throughout this paper we discuss differential photometriable 2. Walraven and LTPW data for R 40 (in magnitudesycor: is
in the sense that the variability of R 40 is discussed in termséfcorrected for the S Dor phase (see text), HID is Heliocentric Julian
the differential magnitude of R 40 relative to the correspondirateminus244000Qelectronic table]
signal for a comparison star in each@tigren band, and in the
Walraven and Johnsdn bands.

2.3.VBLUW photometry, ESO

2. The data TheV BLUW photometry of R 40 was made between 1987 and
1989 with the 90 cm Dutch telescope equipped with the simul-
2.1. LTPVuvby photometry, ESO taneoud” BLUW Walraven photometer. A general description

The uvby data were obtained at ESO in the framework of tH@f the monitoring campaign (including the observing strategy
“Long-term Photometry of Variables” (LTPV) project whichand reduction procedures) of luminous and massive stars that
was initiated more than a decade ago (Sterken 1983, 1994ynaluded R 40, is given by van Genderen et al. (1985). A total of
total of 311 datapoints (i.e. nightly averages of 1-3 measuf hightly averages were obtained with a very small mean error
ments) have been collected. Table 1 gives the most import8ht- 0"003in V. The sole comparison star used was HD 10747
results for each star, as well as the overall averagegify, (V = 8.17+0.01, B3V), a standard star of the Walraven pho-
b — y, m1 and ¢y, together with the corresponding standartPmetric system. The mean systematic difference between the
deviations of individual measurements. The data in Table 1 3lravenV” and LTPVy magnitudes amounts td"001 with
based on data from “System 7” (see Sterken 1993) only, and t{#&p0 of those data deviating less th&t003 from this average.
give a general impression of the photometric accuracy of tthable 2 gives the Walraven and LTPV equivaléhtiata, and
LTPV programme. The standard deviations of the programrs0 the corrected magnitudes,.. that exclude the contribu-
star greatly exceed those of the comparison stars (note th&©8 from the SD phase (see S¢gt. 4).
single strongly-deviating result obtained on JD 2447490.51 for
R40 was not taken into account, as were two other measues, Hipparcos data
ments on JD 2446642.94 and 2448429.94). Comparison star A
can be regarded as constant, but star B may be a microvariabf2 Photometric measurements have been obtained with the
both are of later spectral type than R 40 and, consequently, hiligParcos photometric instrument (see van Leeuwen et al.
redder colour indices than R 40 (which, however, is at its reddd§97)- The Hipparcos data, though based on a passband much
near maximum brightness). w?der than the St'rmgrepy band, can be very wgll combined
The photometric data were published by Manfroid et alith our y data by adding 005 to the H, magnitudes (see
(1991, 1994) and Sterken et al. (1993, 1995), and we refert§-[1). There is a good agreement with our LTPV data, but
these papers for more details on the observing strategy and¥h Hipparcos data seem to show a slightly larger scatter. The
the reduction procedure. All our figures are based on data in fifgnbined data set provides an almost continuous photometric

instrumental photometric system. coverage.

2.2. LTPV Stomgrenby photometry, ESO 3. The light curves

R 40 has also been observed during a time span of 33 day§i| [ clearly shovvls the gradugl increase i,n visual magnitude
October—December 1995, and over 64 days in 1996. The d&t dy aboutr(’])“0|7y‘ with ass_omatedbreddoe;ln%bn— Zé v _I'b

are, unfortunately, rather sparse, and were collected with v —v (t_ € latter am_ountln_g toa OUIE_I y ') andcyc Ic
ESO 50 cm telescope in theandb bands only. A total of 57 microvariations. The brightening phase is strongly presemt in

new measurements have been obtained by C. Sterken, B. ¢ decrzases t(r)]wart_ilandv._ Sgperm;\posed on these longer-
I. Zegelaar, H. Melief, A. Kelz and M. Storm. term trends are the microvariations (the so-catle@ygni-type

variations near the minimum of the SD cycle, see van Genderen
et al. 1997a,b, and the longer [LOO d] cycles near maximum)
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10.0 4. Search for periodicities
- ° o! . The new LTPV data are not in the same photometric system as
102 - ig % 80@ 8 jg O;’i‘ | the data described in Sdct. 2.1 and are too sparse to be included
| a8 953 $.° ggg@gﬁ%’gﬁ@ 8 | in afrequency analysis. A period search was thus carried out
\Qh' 89 AT ) %o using Fourier analysis on the differentiahfnusA y = V' data
104 F L o o | inthe frequency range 0.0-0.2cd
The combined” andy light curve was visually inspected,
8000 8500 9000  and a hand-drawn continuous enveloping curve was drawn
HJD-2440000 through the minima of the microvariations. The difference be-
Fig. 1. LTPV y data 6) together with HipparcogZ, data 6) brought tween thel” magnitude and the corresponding value read from
to the same scale the hand-drawn curve was then subtracted from the obsétyed
resulting inV,,,, which describes at each date the microvaria-
1986 1088 1090 1092 1994 1996 tions excluding the contribution from the developing SD phase.
T T T T T T T T
99 R P In order to assess objectively the approach of eye-estimating
1o L J © i = the underlying SD variations and correcting the obseried
‘ J X ! | magnitudes for the contribution of the S Dor phase, we have also
101 A | made a frequency analysis of thes V magnitudes corrected
, P | foralinear trend fitted to all LTPV data of Selct. .2 in the
103 ] '{’f' ‘;' o andv bands (this trend has a gradient af@B9 per year ifV/).
PNt T 7
10.4 “ j,,f Il’ é |
R TR L # | 4.1. Data corrected for the long-term trend by eye-estimate
w6t Ty
e uieiiiiiu... o The spectral window is dominated by a strong peak at
T r T Tl 0.00278 cd !, due to the annual rythm of our observations.
0.1 - - o - . .
Do g . The amplitude spectrum shows its strongest pealf;at=
h-yO.2 R I . A p p gest pealf;

0.010059 cd~1, (a cycle of 994) with weaker peaks on either
el Lo Lo b gide at 778 and 139 days. These correspond to a difference in
o1 b | frequency of 0.00278 cd, the aliases produced by the annual
v-bOZJ 3‘ 0, i " e | cycle. Aleast-squares sine fitwith reduces the& —C' standard
' T ihat B SN deviation from 0*043 to @*036, still more than a factor of three
e — larger than the expected s.d. as derived from the differences be-

03F 3y tween the comparison stgrmeasurements. Figl 3 shows the
R T A B 7 amplitude spectrum for thg = V data (middle panel) and the
os L ”f 1’% i -| corresponding spectral window.
wv | + P 8 After prewhitening forf; = 0.010059cd~!, the Fourier
% - analysis yields a number of peaks in the amplitude spectrum
orr ';' i 1 where the strongest i, = 0.00824 cd—'(121!3, see Fig[B),
0.8 - *

corresponding to the semi-period found by Szeifertetal. (1993);
b L the residual remains at a high lev&l = 07033. Further
8000 9000 10000 . . . .
HJID-2440000 prewhitening withf, leads to an amplitude spectrum charac-
terised by very strong noise.

Fig. 2.Differentialy, b—y, v—b, u—wv light curves of R 40 (PninusA)
inthe instrumental system), The top panel also contains the Walraven

V' magnitudes expressed in the Johnson scale. Filled triangles repregept Data corrected for for the long-term trend by subtracting
the 1995-1996 LTPV data a linear trend

The strongest peak in the amplitude spectrum appears at
and a much slower oscillation about the gradual, brightenifg01015 cd?, but a new peak appears at 0.00077 cd/Ve call
trend. The data collected in 1996 show an apparently steep thés frequencyfy; it corresponds to a cycle of 1300d. After
scent iny accompanied by a blueward shift in the- y colour prewhitening with these two frequencies, the resulting ampli-
index. Note that this apparent steep descent could have beete spectrum shows a maximum at 0.00570'eshd a number
enhanced by a coincident descending part of the superimposépeaks of slightly lower power, among which 0.00855 tca
variability. frequency very close to the second frequency found in Seét. 4.1.

Most of these peaks are aliases of possible other secondary fre-

guencies (see Fi@l 4). Again, prewhitening with any of these
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Fig. 3. Spectral window (top) and amplitude spectrum (middle) of R4. Frequency (cycles per day)

(Veorr) in the frequency range 0.0-0.05¢d The lower panel is the Fig. 4. Top to bottom: amplitude spectrum of the linearly-corregted

amplitude spectrum for th&.,,, data after prewhitening witlfi; V magnitudes (top), the same after prewhitening fior= 0.00077
(middle), and the final amplitude spectrum after prewhitening by the

(bottom)

frequencies does not convincingly reduce the- C' standard ™° freauencies andf,
deviation of the fit.

In order to see whether shorter time intervals might revelight curve is shown in Fid.]6 which illustrates the impact of the
significant changes in the amplitude spectra, we divided the detanbination of one slow and two fast cyclic oscillations.
set (corrected for the linear trend) in three more or less equal
time intervals, viz. the period before JD2447500 (set 1, 1
points), the time interval between 2447500 and 2448700 (set 2,
127 points) and the remaining data (set 3, 74 points). Each sielFig.[1 we show the amplitudes resulting from a simultaneous
subset was submitted to a Fourier analysis in the spectral dbof f, and f; to the linearly-corrrectedvby data. The fit-
main below 0.02 cd'. f; is the only frequency that appears witlted amplitudes forf; show an increase towards the ultraviolet
comparable strength in each amplitude spectrum (with ampdart of the spectrum (but this could be the result of combining
tude peaks at 0.0102, 0.0105 and 0.0106, respectively for setth&,different data sets),, as expected, displays a decreasing
2 and 3), thus lending additional support to our conclusion thenplitude at shorter wavelengths. The colour index behaviour
the principal cycle of microvariation is visible throughout thassociated witlf, very distinctly shows that the light maxima
ascending branch of the S Dor cycle. in the 1300d cycle are associated with a reddening, implying

Furthermore, we de-trended allby data by removing the that the low-frequency oscillations superimposed on the steady
linear slope; Fid.b is the resulting phase diagram. There we gegrease in light may be identified with normal SD phases, while
that the fitted ranges of variationinandv (0™090) are slightly the quasi-linear trend may very well be the rising branch of a
larger than irb andy (0™085). In addition, the scatter about th&/LT-SD phase as seen by van Genderen et al. (1997a) in S Dor
colour curves (see Figl] 2) is very much stronger around 1988d AG Car.
(near minimum SD phase) than several years later. The small At this point we wish to draw the attention to both ap-
difference iny-to-u amplitude and the fact that the amplitud@roaches of de-trending as described in Sécis. 4.[ahd 4.2. The
of the colour variations is of the same order as the precisioarrection for the rising trend through subtraction of a curve
with which the colour can be determined, make itimpossible émveloping the magnitude values at light minimum effectively
draw any firm conclusions about the colour behaviour when afimoves all possible low-frequency variation, and assigns the
data obtained during the ascending SD branch are combinedhidthest spectral power to a cycle length of the order of 100 d
should be stressed here that the individual light curves do sh@v to one of the alias frequencies). The formal representation
a correlation with colour (especially with — v), and that the of the rising branch by a linear function allows a more objective
cycles of 1986—89 also allow a solution with a cycle half as lorag-trending, but the forcing of the linear model may, of course,
(4612 ~ 2f,) with a reversed colour behaviour. introduce a spurious signal since the rising branch may not be

We conclude our frequency analysis by accepting ggly simply linear. However, we find corroboration in long-term light
and f1, leaving open the possible presence of secondary foewves of LBVs, viz. AG Car: see Fig. 1 of van Genderen et al.
quencies in the microvariations. For the sake of argument, d®97a) where along sequence of SD phases is superimposed on
could adoptfs, the cycle found by Szeifert et al. (1993), as an acather straight stretches of the VLT-SD cycle in the descending
ceptable choice for a second frequency. That a second frequem@nch (carrying maxima 27-30), the quiescent section (sup-
like f> could contribute to a better explanation of the complexorting maxima 30-35) and the rising part (maxima 35-38).

Discussion
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Fig. 7. Amplitudes for the two principal frequencies in function of
wavelength of the Séimgren filters. Each group of bars represents,
from left to right, the frequencief and f;

- Itis clear that a formal Fourier expression of the light varia-
— tions with intermediate frequencies does not account for the full
- variability in all bands, even if a second high-frequency oscilla-
2. . — tionis taken into account, and this fact is also illustrated in the
— phase diagrams shown in Hig. 5, where one sees some branches
that deviate markedly from the more general light curve. This
reflects the well-known fact that the microvariations of LBVs
are semi-periodic. The SD and VLT-SD cycles, too, are of some-
what variable length; see the case of AG Car as described by
Sterken et al. 1996 and van Genderen et al. 1997a). Itis indeed
very difficult to distinguish between semi-regular (multi-)cyclic
. . variations and the additional (stochastic) variability that also
02 04 06 08 10 02 04 06 08 Characterises allluminous stars of these types. What is impor-
phase tant is the fact that the microvariations are not irregular, that
they are visible during almost the complete duration of the ris-
Fig. 5. LTPV uvby magnitudes against phase in the= 99%4 period ing VLT-SD branch, and that they have a more or less constant
(f1) covering more than 30 cycles of variation. Phase 0 was chog&ftle length.

arbitrarily, tick marks on the Y-axis aré"@5 apart Using Ep_v = 0.14, Szeifert et al. (1993) derive the
following stellar parameters for R40:.# = 8700,logg =
1986 1988 1990 1992 1994 0.75,R/Re = 280,L/LG = 4.110°, My, = —9.4 at the
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ | time of the S Dor maximum in 1991, and= 10000,0og g =

7 0.95,R/Re = 220,L/LG = 4.410°, My, = —9.5 at the
- time of the pre-maximum in 1987. In both casggM, = 16;
- itis seen that\l},,; does not vary through the S Dor variations.
The 1991 values for & and L applied to Fig. 14 of van Gen-
6500 7000 7500 8000 8500 9000 9500 deren et al. (1992) yiel® = 909, in good agreement with our
HJD-2440000 P, = 9844. Considering the uncertainties on the stellar param-
Fig.6.y = V data corrected for the linear trend underlying the SBters used, the application of tie— M — L — T.g relation
phase. The least-squares sine curve was calculatedfwiih andf.  derived by Burki (1978) also yields an acceptable agreement,
(the same frequency as selected by Szeifert et al. 1993). The regult- 11049,
of the c_ombination_ of these_ three fre_quencies produces_an irregular Though pulsation models are not available for stars that are
alternathn of tht_e light maX|ma._ Medium and ang gaps in the daﬁbt purely periodic, we did calculate the pulsation constast
rsnezys'o"j: ttclynt]r?;’o?rl\\:eer t:]i?: Ilrqu;reksssg):;_h;a;i;h;é)gggtdoubles from o p)'/? using the above parameters, and obtaifjed 0.08 for
' P, with stellar parameters for the SD maximum, &pd-= 0.12
in the time interval preceding the phase of SD maximum.
Lovy etal. (1984) calculated the (radial) pulsation properties
The SD cycle of AG Car is short (374) and the occurring of stars with)M > 15M, for the radial fundamental mod&x)
VLT-SD cycle is slightly longer than 20 y; in the case of R 40and the first and second overtones, but none of their models
the SD cycle is is three to four times longer (1300d), with exactly fits the stellar parameters of R 40. Model 302:(E
VLT-SD cycle of the same length as in AG Car, ke20y. R40 3.90,log R/Rq = 2.439, M/Mg = 24.6,andM,,,; = —8.76)
thus resembles S Dor (SD cycle of 6.8 y and VLT-SD cycle abrresponds to R40 in its bright and cool phase, and yields
the order of 40 y, discovered as a result of the very long baBg = 4298, very close tal692 ~ 2 f; with Q = 0.047, twice as
line of photometric data). large as the radial-pulsatq) values derived by these authors.
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The star, at its hottest phase (1986—87), readhgd= 10000, References
so that from Eq. 2 of Lovy et al. (1984) it follows th&t~ 30d Burki G., 1978, AGA 65, 357

is the shortest radial-pulsator period to be expected. We did 098 Genderen A M Alphenaar P., van der Bij M.D.P., et al., 1985
find oscillations of such short cycle length, which adds evidence agase1 213 ’ ' ’ '

to the conjecture that R 40 might not be a radial pulsator. Nggn Genderen A.M., van de Bosch F.C., Dessing F., et al., 1992, A&A

does the 1986-89 observed dominant oscillation (cycle length 264, 88

~ 46 d) lead to &) value that is acceptable for radial pulsationzan Genderen A.M., Sterken C., de Groot M., 1997a, A&A 318, 81
Our multicolour photometry, in fact, provides observablesin Genderen A.M., de Groot M., Sterken C., 1997b, A&AS 124, 517

that could be useful to discriminate between radial and nof@n Leeuwen F., van Genderen A.M., Zegelaar I., 1997, A&AS 127, 1

radial modes and may even y|e|d unambigubm'ues pro_ LOVy D, Maeder A., Noels A., Gabiriel M., 1984, A&A 133, 307

vided suitable models for the gravity and temperature range'$gnfroid J., Sterken C., Bruch A, et al,, 1991, AZAS 87, 481

R 40 would exist. Watson (1988) derived diagrams of relatipg2"froid J., Sterken C., Cunow B., etal., 1994, A&AS 109, 329

colour-to-visual amplitude versus colour-minus-visual haSterken C., 1983, The Messenger 33, 10
. P . P %?erken C., 1993, iRrecision PhotometrD. Kilkenny, E. Lastovica,
differences ds_v /Ay and¢p_v — ¢v) as a function of.

J. Menzies (Eds.), South African Astronomical Observatory, 57

Apart from.l.’ the points in such a diagram, naturally, defper@terken C., 1994, ifihe Impact of Long-Term Monitoring on Variable-
on the equilibrium parameters of the star. Our data provide for star ResearcHNATO ARW, Eds. C. Sterken, M. de Groot, NATO
fii Au—y /Ay = 0.59 and g,y — ¢y = 0.17(rad) = 10°. A ASI Series C, 436, 1 Kluwer Academic Publishers
straightforward application of our observables (even if tranSterken C., Manfroid J., Anton K., et al., 1993, A&AS 102, 79
formed to thel/ BV system) to Watson’s diagrams is not perSterken C., Manfroid J., Beele D., et al., 1995, A&AS 113, 31
mitted because the parameter space used in these diagrartergen C., van Genderen A.M., de Groot M., 1996, A&AS 116, 9
incompatible with ranges occupied by LBVs. Moreover, thesgerken C., de Groot M., van Genderen A.M., 1997, A&A 326, 640
observables are sensitive to the metal content paramgjer (Ster'\'jlenlgé golrée\f SAZ:A\'./gi B., Zegelaar ., van Genderen A.M., de Groot
another obstacle when dealing with stars in the SMC. Our data .. ’
should allow more precise assessment of the pulsation mod%@gen Th., Stahl O., Wolf B. et al., 1993, A&A 280, 508

. . on, R.D. 1988, ApSS 140, 255
of R40 as soon as proper phase-amplitude diagrams become

available.

6. Conclusions

We have shown that the light variations of R 40 look very much
like those seen in other Cygni variables and LBVs (at min-
imum and maximum phase, see van Genderen et al. 1997a,b),
another indication that, most likely, all such stars exhibit multi-
periodic light variability.

We find evidence that the light variability of R 40 can be sep-
arated on the basis of at least 2 frequencies superimposed on a
linear trend between JD 2446300 and 2449400. The longest cy-
cle (~ 1300d) represents the SD oscillation (see van Genderen
et al. 1997a,b), the shorter cycles describe the microvariations.
Note that also for'! Sco such a long cycle of oscillation was
found, and that the latter very likely corresponds to an SD phase
as well (Sterken et al. 1997). A strong residual scatter remains;
asin¢! Sco it is the stochastic component of the light variation.

Our work indicates that R 40 provides a direct demonstra-
tion (based on contemporaneous highly-accurate data) that the
so-called normal SD cycle~(1300d) does exist, and that the
present bright state is a VLT-SD phase.
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