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Chapterr  2 
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Abstract.. Long-term changes in the optical and IR continuum energy distribution of 7 Cassiopeiae are compared to the 
variabilityy in the line shape of the H/3 emission line. New near-IR observations are presented and combined with literature 
data,, covering a period of 25 years. The IR data show only small variations in brightness and colour, with a trend for the K 
magnitudee to decrease gradually. This brightening is also apparent in the V band photometry. The H/3 line profile shows the 
familiarr V/R variations with a typical time scale of 5  1 year. There is no correlation between the (strong) variations in the 
H/33 line profile and the strength or shape of the IR continuum. 
Twoo models are considered that can explain the observed V/R variations: the expanding/contracting spherical shell model, 
andd the non-axisymmetric disc model. In the spherical shell model periods of expansion give rise to a steepening of the IR 
continuumm energy distribution because the radial density gradient of the gas increases. Conversely, periods of contraction 
givee rise to a flattening of the IR continuum. In the disc model, no changes in the slope of the IR continuum are expected 
becausee the V/R variations are not the result of changes in the radial density gradient of the circumstellar gas. 
Thee energy distribution of 7 Cas and its variability is analysed using the S2/68 spectrophotometric data to establish the 
photosphericc flux in the UV, and by fitting a Kurucz (1979) model atmosphere to the UV observations. The predicted optical 
andd IR fluxes of the Kurucz model are compared to the observations in order to derive the excess emission. This excess 
radiationn is modelled under the assumption that it is due to free-bound and free-free emission from circumstellar gas. 
Fromm the comparison between the two models and the observations it is concluded that the expanding/contracting shell 
modell  cannot account for the constancy of the IR continuum, and that the non-axisymmetric disc model agrees best with 
thee observations. 

1.. Introductio n 

Bee stars distinguish themselves from normal B stars by a wide 
rangee of specific properties. Among these properties are intrin-
sicc reddening of the optical continuum, intrinsic polarization 
att optical and near-infrared wavelengths, and super-ionized, 
high-temperature,, high-velocity wind regions, observed in the 
ultraviolett spectrum. Another well known Be-star feature is 
rapidd rotation. Be stars show rotation velocities which are a 
considerablee fraction of the break-up velocity. What role the 
rapidd rotation plays in the Be phenomenon is not clear. The 
originn of the rapid rotation is also not known. Since centrifu-
gall  forces, due to the rapid rotation of Be stars, wil l ease mass 
losss at equatorial latitudes, dense equatorial envelopes (discs) 
aroundd Be stars can be expected. Detailed reviews on Be stars 
aree presented by e.g. Doazan (1982) and Slettebak (1988). 

Comparedd to normal early type stars, Be stars show an 
excesss of radiation in the IR and radio wavelength regions, 

causedd by free-free and free-bound emission in relatively dense 
circumstellarr matter (e.g. Gehrz et al. 1974). The matter con-
tributingg to this excess is thought to be part of a high-density, 
low-velocityy stellar wind. The slope of the infrared and radio 
energyy distribution of a Be star is related to the radial den-
sityy distribution of such a wind. Lamers and Waters (1984) 
developedd a method to derive the density structure of ionized 
circumstellarr material from the observed wavelength depen-
dencee of the IR excess. Waters (1986) adapted this method and 
appliedd it to disc-like geometries. This curve of growth method, 
whichh compares observed excess fluxes with theoretical excess 
fluxess found by stellar-wind modelling, wil l be used to study 
thee long-term changes in the continuum energy distribution of 
77 Cas. 

Manyy Be stars show Hydrogen emission line profiles that are 
dividedd in two peaks, called the violet and red emission peak of 
thee line (e.g. Doazan et al. 1987). These emission features are 
primarilyy formed by recombination in circumstellar matter. It 
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iss believed that the Hydrogen emission lines and the observed 
IRR excess have their origin in the same region of the winds 
off  Be stars. Dachs et al. (1986) find a clear tendency for the 
measuredd equivalent width of Ha emission lines to increase 
withh computed envelope radii. Furthermore, Dachs et al. (1988) 
findd a clear correlation between the IR excess and the strength 
off  die Ha emission line. 

Long-termm variation in the ratio of the intensity of the violet 
andd red Hydrogen emission peaks (V/R variation) is commonly 
observedd in the spectra of Be stars (see e.g. Dachs 1987). Two 
modelss that may explain this V/R variation are: 

1.. A star surrounded by a spherically symmetric shell which is 
successivelyy expanding and contracting (e.g. Doazan 1987). 
Inn phases of expansion the emission line profiles are ex-
pectedd to have V/R values smaller than unity (see also 
Sect.. 4). Phases of contraction will lead to V/R> 1. Sub-
sequentt inflow and outflow phases will be accompanied by 
drasticc changes of the radial density distribution of the wind 
andd therefore a significant change in the slopee of the IR en-
ergyy distribution is expected. This implies changes in the 
IRR colours of the star. A relation between these colours and 
thee V/R variability as well as a relation between density 
parameterss and V/R variability should be observed. 

2.. A star surrounded by a rotating non-axisymmetric, disc-like 
wind.. If such a system is not viewed face-on, the rotation 
off  the non-axisymmetric density distribution will cause dif-
ferentt values of V/R (e.g. Huang 1972). Since die radial 
densityy distribution does not necessarily change in time, no 
changee in the IR spectral index, i.e. the slope of the IR en-
ergyy distribution, is expected. Hence, no relation between 
diee V/R variability and the density structure parameters of 
thee wind is expected. The disc-like structure could possi-
blyy be kept in its non-axisymmetric shape by tidal effects 
causedd by a companion star or by global one-armed oscilla-
tionss (Okazaki 1991). Long-term V/R variability in binary 
systemssystems is indeed observed in e.g. 0 Per, HR 2142, C Tau, 
KK Dra, HD 102567. Dachs et al. (1986) state that the shapes 
off  measured Ha profiles are consistent with the expected 
shapeshape of profiles originating in a flat differentially-rotating 
disc-shapedd envelope. Hat equatorial envelope models have 
beenn proposed since 1931 (Struve 1931). 

Bothh these models have to account for UV spectral features, 
suchh as observed discrete absorption components in die Siiv, 
Civv and Nv resonance lines, which reveal the presence of a 
fast-outflowing,, low-density wind. Hence, mere must also be 
regionss around the star where such a wind can exist. In the first 
modell  this region is placed inside the contracting/expanding 
shell:: a spherical fast-outflowing region within the shell. In die 
secondd model the high-velocity, low-density wind is located at 
non-equatoriall  latitudes of the star. 

Thee aim of our study is to determine the nature of the V/R 
variabilityy of the Be star of 7 Cas, i.e. to find out which of me 
abovee mentioned models agrees best with die observations. We 
wil ll  use ultraviolet, optical and infrared photometry and optical 
spectra,, which are partly our own data and partly taken from 

diee literature. Preliminary results are presented by Telting et 
al.. (1991). 

Inn the next section die star 7 Cassiopeiae will be introduced. 
Thee data we used are listed and described in Sect. 3. In Sect. 4 
wee discuss the trends in die data. In Sect. 5 we discuss in detail 
diee two above mentioned models which can explain die V/R 
variabilityy of die star. We give a description of the way we 
derivedd die photospheric flux of 7 Cas in Sect. 6. In Sect. 7 we 
introducee die curve of growth memod which models die IR flux 
off  7 Cas and we compare the models widi our IR data. Results 
aree discussed and conclusions are drawn in Sect. 8. 

2.. 7 Cassiopeiae 

77 Cassiopeiae was die first emission line star that was dis-
coveredd (Secchi 1867) and is now one of the best studied Be 
stars.. Its visual magnitude (my « 2.25) makes 7 Cas, HR264, 
HD5394,, spectral type B0.5IVe (Lesh 1968), vsin« of about 
230km/ss (Slettebak 1982), the brightest Be star of the north-
ernn hemisphere. For about 100 years 7 Cas has been observed 
inn many spectral regions. The star is variable on various time 
scaless in die optical and IR continuum, X-rays, UV resonance 
liness and emission lines in several spectral regions. The star 
hass gone tfirough shell phases and dirough periods of weak 
andd strong Balmer, Hei and Fen emission (e.g. Goraya and Tur 
1988).. During die time span 1932-1942 7 Cas displayed spec-
tacularr variations in brightness, colour, colour temperature, line e 
spectrumm etc. After that event die brightness of the star stabi-
lizedd and subsequently started to increase. The Balmer emission 
liness showed no V/R variation between 1946 and 1970. Since 
19700 the Balmer H/? emission line has shown a variability in 
diee ratio of the intensities of the violet and red part (V/R) of 
itss line profile. This cyclic variability still lasted in 1986 and 
hass a typical time scale of 1 year. Similar behaviour is also 
seenn in other Balmer emission lines. 7 Cas has a varying large 
IRR excess which is due to free-free and free-bound emission in 
circumstellarr matter. 

Inn 1976 7 Cas was identified as die optical counterpart of 
diee low-luminosity, variable hard X-ray source MX 0053+604. 
Whitee et al. (1982) found great similarities between the X-
rayy spectrum of 7 Cas/MX 0053+604 and that of the X-ray 
pulsarr X Per/4U 0352+30 (a Be and neutron star binary), and 
diereforee concluded that the companion of 7 Cas is an accreting 
neutronn star. Results of observations of the 6.8 keV iron line 
madee Murakami et al. (1986) suggest the presence of a white 
dwarf.. Frontera et al. (1987) pointed out mat a neutron star in a 
widee orbit is more consistent with the observations. No evidence 
forr binarity of 7 Cas has been found from radial velocity studies. 

Simultaneouss UV and Ha measurements, presented by Slet-
tebakk and Snow (1978), revealed short time scale, simultaneous 
variability,, which correlated with an X-ray flare. Subfeatures 
movingg trough optical Hl, Hel and Sim lines are consistent 
withh high-order modes of non-radial pulsations (|m| = 12  4) 
off  7 Cas. Yang et al. (1988) mention a possible correlation 
betweenn these subfeatures and a detected X-ray flare. 
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Narroww absorption components of SilV, Civ and Nv ultravi-
olett resonance lines are detected by Hammerschlag-Hensberge 
(1979)) and Henrichs et al. (1983). These absorption com-
ponentss have central velocities ranging from — 650km/s to 
-1500km/s.. The appearance of discrete absorption compo-
nentss seems to be irregular. Doazan et al. (1987) reported that 
thesee high-velocity components appear more often and persist 
longerr in periods when the V/R ratio of the H/3 line is larger 
thann 1. 

Recentt polarization studies of 7 Cas by Clarke (1990) lead 
too the discovery of an "intrinsic line", indicating the projection 
off  equatorial bulges at the photosphere. This study also resulted 
inn a deductionn of the inclination angle i w 45°. 

Severall  detailed models for 7 Cas have been developed by 
Marlboroughh (1977), Poeckert and Marlborough (1977,1978), 
Marlboroughh et al. (1978) and Scargle et al. (1978). 

Mourardd et al. (1989) have compared the results of their 
opticall  interferometry measurements of 7 Cas with the disc 
modell  proposed by Poeckert and Marlborough (1978) which 
impliess an inclination angle of the disc of i « 45°. Mourard et 
al.. conclude that the data clearly show an envelope in rotation, 
whichh approximately fits the disc model. 

Waterss et al. (1991) mention observations of 7 Cas at A = 
0.88 mm and A = 1.1 mm. They conclude that the radial density 
structuree of material around the star can be represented by a 
powerr law density distribution. However, to fit  the millimeter 
observationss the power of this density law needs to be changed 
forr large distances from the star (r > 8i?*). 

3.. The data 

Inn order to investigate the nature of the variability of 7 Cas, 
wee collected ultraviolet, visual and infrared continuum obser-
vationss as well as observations of the H/3 emission line. Among 
thee IR continuum observations are observations made by one of 
uss (P. Persi), which are never presented before. In the following 
wee describe the collected data. 

UltravioletUltraviolet continuum observations. The ultraviolet contin-
uumm observations we used are taken from the Supplement to 
thee ultraviolet bright-star spectrophometric catalogue (Macau-
Hercott 1978). The S2/68 telescope aboard the ESRO satellite 
collectedd these data of 7 Cassiopeiae during two periods in 1973 
andd 1974. We present the UV data in Fig. 4. 

Afterr reduction the ultraviolet continuum data are dered-
denedd by substituting the value E(B—V)-0.Q3 (Lowe et 
al.. 1985) in the Savage and Mathis (1979) extinction curve. 

H/3H/3 observations. The H/3 data are obtained by Cowley et 
al.. (1976) from 1969 to 1976 and by Doazan et al. (1987) from 
19766 to 1986. These data are plotted in Fig. lb. 

VisualVisual observations. To construct a visual light curve we used 
observationss made by members of the British Astronomical As-
sociationn and the Junior Astronomical Society. These observa-
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Fig.. 1. a) Visual light curve of 7 Cas. b) V/R behaviour of the H/3 
emissionn line of 7 Cas. c) K magnitude light curve based on data from 
Tablee 1. d) K—L colour magnitudes derived from data as displayed 
inn Table 1. 
Legendd of Fig. la: dots - S.R. Dunlop and J. Isles (private communi-
cation),, triangle - Ferrari-Toniolo (1978), pentagons - Böhme (1985, 
1986),, squares - Johnson (1966) 

tionss are eye-estimates and were made from 1963 to 1988. The 
observationss were presented to us by J.E. Isles and S.R. Dunlop 
off  the BAA as annual means (1963-1988), as monthly means 
(1978-1988)) and also in a not averaged format (1970-1983) 
fromm which we calculated 50-day means (typical error in mean 
aa = 0.1 mag). We also used data published by Böhme (1985, 
1986),, Ferrari-Toniolo et al. (1978) and Johnson et al. (1966). 
Thee visual light curve is plotted in Fig. la. The plotted mean 
valuess of the eye-estimates display a trend of increasing bright-
ness.. The optical photometric observations are in agreement 
withh this trend. 

InfraredInfrared observations. The new infrared data, as presented in 
thiss paper, consist of 17 sets of observations made within an 
elevenn year period. Each set contains observations simultane-
ouslyy made at three or more different IR wavelengths. These 
dataa are obtained by P. Persi at Wyoming InfraRed Observa-
toryy (WIRO) and at TIRGO with both the Ge bolometer and 
thee InSb detector. Calibration constants of the WIRO system 
aree reported by Gehrz et al. (1974). For concise descriptions 
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Tablee 1. Infrared photometry of 7 Cassiopeiae. The numbers in the calibration column (C) refer to the calibration systems listed in Table 2. The 
referencee numbers in the R column address the following papers: (1) Johnson et al. (1966), (2) Allen (1973), (3) Gehrz et al. (1974), (4) Ashok 
ett al. (1984), and (5) Waters et al. (1987). Observations without an entry in the R column have not yet been published before. The IRAS fluxes 
aree given in erg/cm2/s/Hz. 

date e 

Octt 13 
Novv 04 
Decc 16 
Decc 13 
Decc 22 

1972--
Jun24 4 
Jun25 5 
Augg 24 
Sepp 21 
Octt 15 
Novv 15 
Sepp 03 
Decc 28 
Augg 21 
Sepp 27 
Octt 01 
Sepp 30 
Sepp 14 
Sepp 20 
Sepp 30 
Sepp 29 
Novv 27 
Novv 25 

date e 

1972 2 
Jun24 4 
Jun25 5 
Augg 24 
Sepp 21 
Octt 15 
Novv 15 
Sepp 03 
Decc 28 
Augg 21 
Sepp 27 
Sepp 30 
Sepp 14 
Novv 25 

63 3 

64 4 

1971 1 

J.D. . 
-2400000 0 

38316 6 
38338 8 
38380 0 
38743 38743 
38752 2 

-19733 (average) 
78 8 

79 9 

80 0 

81 1 
83 3 

84 4 
86 6 

88 8 

3684 4 
3685 5 
3745 5 
3773 3 
3797 7 
3828 8 
4120 0 
4236 6 
4473 3 
4510 0 
4514 4 
4878 8 
5592 2 
5598 8 
5974 4 
6703 3 
6762 2 
7491 1 

J.D. . 
-2440000 0 

-19733 (average) 
78 8 

79 9 

80 0 

81 1 
83 3 
88 8 

date e 

3684 4 
3685 5 
3745 5 
3773 3 
3797 7 
3828 8 
4120 0 
4236 6 
4473 3 
4510 0 
4878 8 
5592 2 
7491 1 

19833 (IRAS) 

I I 
magg  0.01 
2.357 7 
2.427 7 
2.307 7 

[8-7] ] 
magg  0.05 
0.84 4 
1.07 7 
0.99 9 
0.90 0 

0.99 9 
0.86 6 
0.89 9 
0.566  0.07 
0.98 8 
0.84 4 

J J 
magg  0.01 
2.481 1 
2.563 3 
2.404 4 
2.324 4 
2.430 0 

2.30 0 

2.27 7 
2.21 1 
2.38 8 
2.37 7 

N N 
magg  0.05 
0.85 5 
1.08 8 
1.00 0 
0.94 4 
1.04 4 
0.95 5 
0.85 5 
0.91 1 
0.49 9 
0.93 3 
0.81 1 
0.82 2 
0.59 9 
0.633  0.09 

logF(12/*) ) 
-21.833 4 

H H 
magg  0.01 

2.200  0.03 

2.24 4 

2.24 4 
2.18 8 
2.31 1 
2.26 6 

[11.4] ] 
magg  0.05 
0.67 7 
1.14 4 
0.86 6 
0.78 8 

0.81 1 
0.71 1 
0.78 8 

0.89 9 
0.69 9 

logg F(25 M) 

K K 
magg  0.03 
2.17 7 
2.27 7 
2.16 6 
1.99 9 
2.20 0 
198 8 
2.05 5 
2.00 0 
1.95 5 
1.85 5 
1.88 8 
1.90 0 
1.85 5 
1.88 8 
1.89 9 
1.99 9 
1.99 9 
2.08 8 
2.01 1 
1.81 1 
2.00 0 
1.98 8 
1.87 7 
1.88 8 
1.844 4 

[12.6] ] 
magg  0.05 
0.59 9 
0.96 6 
0.95 5 
0.62 2 

0.72 2 
0.66 6 
0.65 5 
0.144 5 
0.73 3 
0.78 8 

-22.177 4 

L L 
magg  0.03 

1.844 5 
1.900 5 
1.555 5 
1.72 2 
1.79 9 
1.72 2 
1.55 5 
1.59 9 
1.64 4 
1.54 4 
1.65 5 
1.59 9 
1.64 4 
1.70 0 

1.72 2 
1.47 7 

1.55 5 
1.53 3 
1.47 7 
1.544 4 

Q Q 
mag g 
0.311  0.20 

0.277 0 

0.099 5 
-0.155 0 
0.255  0.05 
-0.100 1 

-0.577  0.20 

logF(60/i) ) 
-22.666  0.04 

M M 
magg  0.05 

1.41 1 
1.50 0 
1.47 7 
1.36 6 
1.40 0 
1.36 6 
1.29 9 
1.29 9 
1.14 4 
1.43 3 
1.39 9 

1.31 1 
1.22 2 
1.25 5 

9 9 

c c 

3 3 
4 4 
4 4 
4 4 
4 4 
4 4 
4 4 
4 4 
4 4 
4 4 
4 4 
4 4 
1 1 
5 5 
5 5 
2 2 
2 2 
2 2 
2 2 
5 5 

C C 

4 4 
4 4 
4 4 
4 4 
4 4 
4 4 
4 4 
4 4 
4 4 
4 4 
4 4 
5 5 
5 5 
5 5 

R R 

2 2 
3 3 

4 4 

R R 

3 3 

R R 
5 5 

off  the used TIRGO instruments see Persi et al. (1990a, 1990b) 
andd references therein. WIRO observations are made from June 
19788 to September 1980, TIRGO observations from September 
19811 to November 1988. 

Wee used additional sets of data published by Allen (1973), 
Ashokk et al. (1984), Gehrz et al. (1974) and Johnson et 
al.. (1966). Far IR fluxes obtained by the IRAS satellite in 1983 
(Waterss et al. 1987), are also included. The data of Gehrz et 
al.. are published as means over a 13 month period. Table 1 lists 
alll  used data. Table 2 lists the calibration constants used to con-
vertt the measured magnitudes into fluxes. A K band light curve 
andd the K - L colour history of 7 Cas are plotted in Figs. 1c and 
Idd respectively. 

Accordingg to Ashok et al. their data has to be calibrated 
usingg the Johnson calibration system. Since the original John-

sonn photometry system does not include H band photometry we 
hadd to calculate a H band calibration value for this system. We 
derivedd this calibration value by fitting a straight line through 
calibrationn constants for the J, K, L, M and N bands, given 
byy Landolt-Börnstein (1982), in a CA versus log(A) graph. This 
wayy we found the calibration constant for H band photometry to 
bee Ci65o - 19.996. The calibration constant derived by Koorn-
neeff  (1983) is Ci650 = 19.963. We did not use the calibration 
valuee given by Koornneef, because it deviates too much from 
thee value we derived to ensure a continuous calibration value 
withh respect to the values given by Landolt-Börnstein. 

Afterr reducing the infrared data we dereddened these data 
byy substituting the value E(B-V)=0.03 (Lowe et al. 1985) in 
thee Savage and Mathis (1979) extinction curve. This extinction 
correctionn turned out to be negligible at infrared wavelengths. 
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Tablee 2. Calibration constants for IR photometry. The calibration constants C\ are used to convert data of Table 1 into fluxes in erg/cm2/s/Hz. 
Fluxess are calculated using logF„  = —0.4mA — C\. Johnson calibration constants are taken from Landolt-Börnstein (1982). The calibration 
constantt value marked with an * is an interpolated value (see text), since originally the Johnson system has no H-band photometry. 

ÏÏ  J H K L M [8/7] N [11.4] [12.6] Q 
11 Johnson 19.650 19.802 19.996* 20.200 20.562 
2TIRGOInSBB 19.786 19.963 20.177 20.597 20.770 
3CITT 20.009 20.208 20.553 
4WIROO 20.223 20.558 20.801 21.272 21.387 21.498 21.582 21.928 
5TIRGObolom.. 20.167 20.570 20.821 21.449 22.032 

4.. Description of general trends 

H0H0 observations. In Fig. 1 b the observations of the V/R ratio of 
thee Balmer H/3 line of 7 Cassiopeiae are plotted. The V/R ratio 
performss a cyclic variation with a typical time scale of 5  1 year. 
Thiss variation commenced in 1970, since when the amplitude 
andd the period of the variation are growing. Before 1970 the V/R 
valuee was approximately equal to unity. No obvious relation 
betweenn the V/R variability and the visual light curve (see 
Fig.. la) can be found. 

OpticalOptical observations. Optical observations of 7 Cas are dis-
playedd in Fig. la. This figure clearly shows that the visual 
brightnesss of 7 Cas is increasing throughout the years. Since 
19644 the star has become w 0.2 magnitudes brighter. The visual 
lightt curve given by Goraya and Tur (1988) tells us that the 
brightnesss of 7 Cas has been increasing since 1940. Howarth 
(1979)) reported measurements made in 1941 of my ~ 2.8. An 
increasee of brightness can be due to intrinsic changes of the 
starr itself, such as a gradual change of the effective temperature 
and/orr the stellar radius. No observational evidence for these 
explanationss is found. Another explanation could be that 7 Cas 
iss building up an envelope which emits the excess of radiation. 
Too find what kind of emission mechanism can cause this flux 
excess,, one has to construct light curves at other wavelengths 
too find the wavelength dependence of the flux excess. 

InfraredInfrared observations. The K band light curve of 7 Cas, which 
iss plotted in Fig. lc, shows a slight gradual brightening of the 
star.. The curve follows the trend of the visual light curve. Since 
19644 the star has become « 0 .3 magnitudes brighter in the K 
bandd wavelength region. In addition to the K band data from 
Tablee 1 we plotted three K band measurements of 7 Cas, made 
byy Jones (1979), in Fig. lc. 

Figuree Id displays the K—L colour history of 7 Cas. Al l 
dataa of this plot are listed in Table 1. There seems no reason 
too believe that there is an increasing or decreasing trend in the 
K - LL colour of 7 Cas. Since the K band light curve follows 
ann increasing trend, this must also be the case for the L band 
lightt curve. A comparison of Figures la, lc and Id tells us that 
thee visual, K band and L band data of 7 Cas follow a similar 
increasingg trend. 
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Fig.. 2. M—N versus K—L colour-colour diagram of data of 7 Cas. 
Thee solid line represents the position of black bodies with different 
temperaturee and the dashed line the positions of power-law energy 
distributionss given by Sv « i/Q. Different values of the blackbody 
temperaturee and the power a are indicated. All data sets of Table 1 
withh observations in the K, L, M and N band are plotted. Typical lcr 
errorss of the observed colours are indicated by error bars in the upper 
leftt corner of the graph 

Consideringg the similar increasing trends in the visual and 
infraredd light curves, we conclude that 7 Cas is storing matter, 
lostt from the star itself, in an envelope around the star. The emis-
sionn measure of the envelope is increasing with time. i.e. the 
envelopee is getting denser and/or larger. The observed increase 
inn flux is probably due to free-free and free-bound emission in 
thee envelope. 

Thee sudden appearance of the long-term V/R variability and 
thee steady increase of the amplitude of this variability might also 
bee correlated with the growth of an envelope. If this is the case, 
thee beginning of long-term V/R variations might be triggered on 
geometricall  grounds: variation starts when the envelope exceeds 
aa certain size. 

Figuree 2 displays a M—N versus K—L colour-colour dia-
gramm of the data of 7 Cas. The plotted colours are derived from 
thee IR data in Table 1. The solid line in Fig. 2 represents the 
positionss of black body energy distributions for different tem-
peratures.. The dashed line represents the positions of power-law 
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energyy distributions given by S„  oc va. The plot clearly shows 
thatt the observed colours of 7 Cas can not be represented by the 
colourss predicted by any single black-body. Therefore an addi-
tionall  emission mechanism must be present. This mechanism is 
mostt likely free-free and free-bound emission in circumstellar 
matter.. Free-free and free-bound emission generate a power-law 
energyy distribution 5„  oc va with power a depending on the 
radiall  density gradient (e.g. Wright and Barlow 1975, Panagia 
andd Felli 1975, Olnon 1975). Figure 2 shows us the value of a 
indicatedd by the IR colours of 7 Cas. The indicated value of a is 
inn agreement with that expected from free-free and free-bound 
emissionn caused by a circumstellar disc with an r - 3 density 
distributionn (see Sect. 7). 

Figuree 1 shows that the K-L colour of 7 Cas did not change 
drasticallyy over the period that we have observations. In partic-
ular,, the strong variation in the line shape of H/3 (V/R cycles) 
iss not seen in the optical and IR magnitudes, nor in the K-L 
colour.. We conclude from Fig. 1 that whatever effect causes the 
V/RR variation, it apparently does not produce large changes in 
thee slope of the IR continuum. Since this slope is a measure of 
thee radial density gradient, the conclusion seems justified that 
thee V/R variations are not accompanied by large changes in the 
radiall  density gradient of the ionized gas. 
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Fig.. 3. Model calculations of the effect of changing the density gradient 
(parameterr n) of a spherical envelope (dashed curves). The IR excess 
iss caused by bound-free and free-free emission. Note the slopes of 
thee energy distribution for different values of n. If n > 2 the matter 
inn the envelope is flowing outwards. Inflow of matter should result 
inn a much shallower slope of the IR density distribution (in this case 
nn = 1.5 is used). The solid curve is a Kurucz model with parameters 
Terr=300000 K  and log g =3.5 

5.. Two models that may explain long-term V/R variabilit y 
off  Be stars and their  consequences for  the IR energy dis-
tributio n n 

Thee shape of the Hydrogen emission lines depends on the geom-
etryy and the dynamics of the recombining circumstellar matter. 
Linee profiles arising from moving envelopes are discussed by 
e.g.. Sobolev (1960). Typical H/3 line profiles of 7 Cas are re-
portedd by Doazan et al. (1984). In this section we discuss two 
modelss that may explain the V/R variability of the Balmer emis-
sionn lines of 7 Cas. In the following sections we wil l compare 
thee IR colours that these models predict with our IR observa-
tions. . 

5.5. J. Spherical shell model. 

Thee first model we discuss is a star surrounded by a spheri-
callyy symmetric shell with successive expansion and contrac-
tionn phases. Sobolev finds that an outflowing spherical enve-
lopee can cause asymmetrical double-peaked Balmer emission 
linee profiles with a violet peak which is smaller than the red 
peak,, i.e. V/R< 1. On the same grounds one can derive that an 
inflowingg envelope can cause emission profiles with V/R>1. 
Notee that to explain the observed V/R variation of the H/? line 
off  7 Cas infall phases lasting over at least five years are needed. 
Otherr Be stars show V/R cycles with longer quasi periods than 
thatt of 7 Cas (Dachs 1987), implying even longer phases of 
infall. . 

Thee expanding/contracting envelope is also responsible for 
thee large IR excess of 7 Cas. The subsequent inflow and outflow 
off  circumstellar matter implies drastic changes of the radial den-
sityy distribution of the envelope. Waters (1986) points out that 

thesee changes should be accompanied by significant changes 
inn the slope of the observed IR energy distribution. In Fig. 3 
modell  calculations of a spherical envelope based on the radial 
densityy law p(r) = po(r/R*)~n (see Sect. 7 or Waters 1986) 
aree plotted. From this density law and the equation of continu-
ityy it follows that the values n < 2 correspond to decelerated 
outfloww or accelerated inflow. The values n > 2 correspond to 
acceleratedd outflow or decelerated inflow of matter. Phases of 
deceleratedd inflow wil l be followed up by phases of accelerated 
outfloww within a short time span compared to the time scales 
off  long-term V/R variability of Be stars. Hence, decelerated 
infloww can only be observed at the very end of an inflow cycle. 
Similarly,, we expect decelerated outflow only at the very end 
off  an outflow cycle. Therefore, we conclude that, in the case of 
successivee phases of inflow and outflow of material, in general 
thee values of n lower than n = 2 represent inflow of matter and 
thatt values of n higher than n = 2 represent outflow of mat-
ter.. Drastic changes in the slope of the IR energy distribution 
shouldd be observed. In Fig. 3 the expected energy distributions 
forr phases of inflowing and outflowing circumstellar matter are 
plotted. . 

5.2.5.2. Non-axisymmetric disc model. 

Anotherr cause of asymmetrical emission line profiles may be 
thee rotation of a non-axisymmetrical disc-like density distribu-
tionn around a central object. In this model the asymmetry in the 
Hj3Hj3 line is caused by a difference between the amount of emit-
tingg gas approaching the observer and that receding from the 
observer.. The V/R variability is caused by the gradual change of 
eachh of these amounts. We consider the simple case of a rotat-
ingg disc with a high-density part and on the opposite side of the 
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starr a low-density part. Individual particles circle through this 
slowly-rotatingg density pattern. If we do not see this disc face-
on,, we expect to find V/R values greater than unity if the high 
densityy part of the envelope, where most of the Balmer emis-
sionn is formed, is moving towards the observer. Consequently, 
iff  the high-density part is receding from the observer, we ex-
pectt emission line profiles with V/R< 1. The non-axisymmetric 
shapee of the disc might be due to tidal effects of a (low mass) 
companion.. Another explanation of this effect might be the ex-
istencee of global m-\ modes in the disc (Okazaki 1991). The 
samee V/R behaviour can be expected in the case of a slowly 
rotating,, homogeneous elliptically shaped disc with the star in 
aa focal point. 

Sincee the radial density distribution does not necessarily 
changee much in time, no change in the IR spectral index is 
expected.. As found for many Be stars a value of n « 2 — 3 can 
bee expected (Waters et al. 1987). 

6.. Photospheric flux 

6.1.6.1. The photospheric flux ofj Cas 

Inn Sect. 7 we will compare the IR excess fluxes of 7 Cassiopeiae 
withh modelled IR excesses. In order to reduce photometric IR 
observationss to excess fluxes one has to subtract the photo-
sphericc flux from the measured fluxes. To find the photospheric 
fluxx we fitted Kurucz (1979) models, with solar abundances, 
too our ultraviolet continuum data of 7 Cas. The ultraviolet flux 
findsfinds its origin in the stellar photosphere. A high-density, disc-
likee or spherical wind is believed not to contribute significantly 
too the stellar (far) UV flux and therefore the total UV flux is not 
affectedd significantly by variations in this wind. We assume the 
ultraviolett flux to be constant. 

Thee S2/68 data spectrum ranges from 136 to 274 nm. Be-
causee the influence of excess fluxes due to a circumstellar wind 
increasess from the shorter to the longer end of this wavelength 
rangee (see next section), we fitted Kurucz models to all avail-
ablee ultraviolet data and also to the shorter half of our ultraviolet 
dataa spectrum (135-200 nm). The results of this fitting proce-
duree show that different Kurucz models qualify as best fits for 
thesee spectral ranges. Therefore the entire S2/68 UV flux spec-
trumm of 7 Cas can not be ideally represented by one of the 
Kuruczz models. Hence we decided to analyse and model our IR 
dataa for two cases; the first based on a photosphere model fitted 
too the wavelength range 135-275 nm, the second based on a 
photospheree model fitted to the range 135-200 nm. In the first 
casee we chose the best-fitting Kurucz model, being the one with 
Teff=225000 K and logg=3. To test the influence on our results 
off  the use of different Kurucz models as representations of the 
photosphericc flux, we used in the second case the model with 
Teff=300000 K and log g=3.5. In both cases the IR and far IR data 
weree reduced to excess fluxes by subtracting the, to correspond-
ingg wavelengths interpolated, Kurucz fluxes. Figure 4 shows the 
adoptedd Kurucz models fitted to the S2/68 data of 7 Cas. Table 
33 lists the results of fitting Kurucz models to our ultraviolet 
dataa of 7 Cas. The fitting of Kurucz models to the UV energy 
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Fig.. 4. S2/68 data with fitted Kurucz models. We used E(B-V)=0.03 
too deredden the data. Solid curve: Fitted Kurucz model with pa-
rameterss Terf=22500 K and log £=3.0. Spectral fit  range: 135-275 nm. 
Dashedd curve: Fitted Kurucz model with parameters Ten=30000K 
andd log3=3.5. Spectral fit  range: 135-200 nm 

distributionn of 7 Cas is also performed by e.g. Goraya and Tur 
(1988)) and Waters et al. (1990). The former use models with 
Teff== 17000 K, log g=4 and Teff=270OO K, log 5=4, the latter use 
thee model with Teff=25000K, log g~3. Furthermore, the value 
Teff=25000KK is adopted by Poeckert and Marlborough (1978) 
forr their model of 7 Cas. 

Whenn the best-fitting Kurucz model, which represents the 
photosphericc flux, is found, it is possible to derive the in-
trinsicc visual magnitude of the star, i.e. the visual magni-
tudee expected if there were no envelope present. Table 3 also 
listss the visual magnitudes predicted by these Kurucz models. 
Thesee visual magnitudes have to be compared to the observed 
valuee mv«2.8 (Howarth 1979), which was the visual magni-
tudee of 7 Cas after its shell ejecting phase. Since this value of 
mymy is seen with practically no matter surrounding the star, it 
cann be considered as the best estimate for the photospheric vi-
suall  magnitude at that time (1941). The photospheric magnitude 
shouldd still be the same if the increase in visual magnitude that 
iss displayed in Fig. 1 a is caused only by circumstellar emission, 
andd not by intrinsic changes of the star. Although the Kurucz 
modell  with Teff=22500K fits the ultraviolet data better than 
thee model with Tefr=30000K, the results in the mv columns of 
Tablee 3 point out that the latter model agrees better with the 
observedd value of the intrinsic visual magnitude. 

Thee photometric data of 7 Cas are dereddened by substitut-
ingg the value E(B-V)-0.03 in the Savage and Mathis interstel-
larr extinction law. This value of E(B-V) might be inaccurate. 
Sincee circumstellar matter around 7 Cas reddens the intrinsic 
fluxflux of the star, the value of E(B-V) in the direction of 7 Cas 
iss hard to derive. Adopting a different value of E(B—V) would 
changee the shape of the resulting dereddened energy distribu-
tion.. This could lead to different best-fitting Kurucz models. 
Thiss effect, however, hardly affects the slope of the resulting 
IRR excess, and therefore we conclude that the accuracy of the 
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Tablee 3. Results of fitting Kurucz models to the UV fluxes of 7 Cas. 
Temperaturess are given in Kelvin, fluxes are given in erg/cm2/s/Hz. For 
eachh spectral fit  range the fit column ranks the fitted Kurucz models 
accordingg to the quality of the fit. Visual magnitudes are calculated 
usingg mv = -2.5 (C + logFKur(550)), with C = 19.436 (Landolt-
Börnsteinn 1982). Interpolated models are indicated with an *. 

Telf f 

22500 0 
25000 0 
27500--

30000 0 
32500" " 
35000 0 

TC|T T 

22500 0 
25000 0 
27500* * 
30000 0 

Fitt range 

'ogff f 
3.0 0 
3.0 0 
3.5 5 
3.5 5 
3.5 5 
3.5 5 

Fitt range 
•ogp p 
3.0 0 
3.0 0 
3.5 5 
3.5 5 

fit fit 
2 2 
1 1 
4 4 
3 3 
5 5 
6 6 

fit fit 
1 1 
2 2 
3 3 
4 4 

1355 < A <200nm 
logg FKur(550) 
-20.362 2 
-20.457 7 
-20.537 7 
-20.604 4 
-20.633 3 
-20.660 0 

1355 < A <275nm 
logg FKur(550) 
-20.363 3 
-20.450 0 
-20.511 1 
-20.571 1 

TlV.Ku r r 

2.32 2 
2.55 5 
2.75 5 
2.92 2 
2.99 9 
3.06 6 

TlV.Ku r r 

2.32 2 
2.54 4 
2.69 9 
2.84 4 

adoptedd value of the interstellar extinction serves the purpose 
off this study well. 

6.2.6.2. Comparison with BO.5 type stars 

Wee compare the ultraviolet energy distribution of 7 Cas with 
thee energy distribution of two B type stars, to check the validity 
off the best-fitting Kurucz model for 7 Cas. The two comparison 
starss are 6 Sco, HR5953, B0.3IV, vsini « 181km/s and A 
Lep,, HR1756, BO.5 IV, v sin i « 67 km/s (Hoffleit and Jaschek 
1982).. We used S2/68 UV observations of S Sco and A Lep 
andd applied interstellar extinction values E(B—V)=QA5 and 
E(B—E(B—V)=0.03V)=0.03 respectively. The ultraviolet energy distribu
tionss of the three stars are plotted in Fig. 5. A Kurucz model 
withh parameters Teff=22500 K and log g=3 is fitted to the obser
vationss with 135 < A < 200nm. Figure 5 clearly shows that, 
althoughh the three stars have the same spectral type, the UV en
ergyy distributions of 6 Sco and A Lep are much steeper than the 
energyy distribution of 7 Cas. These steeper energy distributions 
aree consistent with photospheric temperatures that are higher 
thann the effective temperature of the best-fitting Kurucz model 
off 7 Cas. Therefore the above derived photospheric effective 
temperaturee Teff=22500K of 7 Cas might be too low and the 
usee of an effective temperature of TeS=30000 K seems justified. 
Furthermore,, the energy distribution of 7 Cas seems similar to 
thee ones of the comparison stars for A < 175 nm. At longer 
wavelengthss 7 Cas displays an excess of flux in comparison 
withh S Sco and A Lep. These properties of 7 Cas can be due to 
circumstellarr flux contribution or to a different effective tem
peraturee at lower latitudes caused by rapid rotation. The first of 
thesee possibilities is probably correct. 

Wee conclude that the effective temperature of 7 Cas must 
bee higher than Teff=22500 K. As mentioned before, we will use 
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Fig.. 5. Comparison of the UV energy distribution of 7 Cas with the 
energyy distributions of 5 Sco and A Lep. The energy distributions of 
55 Sco and A Lep are shifted in log(Flux) direction for convenience. A 
Kuruczz model (Tco =22500 K , log g=3) is fitted to the S2/68 data of the 
stars.. The spectral range to which the model is fitted is 135-200 nm. 
Notee that the slope of the energy distributions of 5 Sco and A Lep is 
muchh steeper than the slope of the energy distribution of 7 Cas 

thee Kurucz model with Teff=22500 K and log g=3 to model the 
photosphericc flux of 7 Cas. In addition, we will process our data 
withh the Kurucz model with Teff=30000K and log#=3.5 as a 
modell for the photospheric flux. Results of both analyses will 
bee given in the next section. 

7.. Modelling and fitting the IR excess 

7.1.7.1. The curve of growth model 

Thee IR excess caused by free-free and free-bound emission in 
aa disc around a star can be modelled with the curve of growth 
(COG)) method (Waters 1986). In the following we will discuss 
thiss COG method, closely following the presentation given by 
Waters.. For simplicity the following assumptions are made: 

-- The disc is viewed pole-on. 
-- The disc is isothermal (Tdisc = 0.8Teff). 
-- The IR flux finds its origin in both star and disc. 
-- Matter in the polar stellar wind does not contribute to the 

totall IR flux. 
-- The density distribution is given by 

p(r)=pp(r)=p00(r/R,)~(r/R,)~nn A r>R*  (1) 

wheree po is the density of the disc at the photosphere and 
R,R, is the stellar radius. 
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-- The disc has a finite radius iïdisc- Therefore the density 
distributionn is a function of n, iïdisc and the opening angle 
off  the disc. 

Thee optical depth along a line of sight through the disc can 
bee written as 

T{q)T{q) = Ev-f(n,q,9) (2) ) 

wheree ƒ (n, q, 6) is a function of the disc geometry, n the expo-
nentt of the. density law, q the impact parameter of the line of 
sight,, given in units of R*, and where 6 is the opening angle 
off  the disc. COG models give the excess flux as a function of 
thee optical depth parameter Ev. This optical depth parameter is 
definedd as 

E„=XE„=X mm-- Xx 

with h 

X ,, = 4.923 • 1033 z2 T~l'2 p " 2 7 P0 R. 

containingg only stellar and disc parameters and with 

XXxx = \2(kTdisc/hv)(\-c-hl'/kT^) 

•• {g(v,Tdisc) + 6(^,Tdisc)} 

(3) ) 

(4) ) 

(5) ) 

dependingg on the considered wavelength A and the disc tem
peraturee Tdisc- In Eqs. (4) and (5) A stands for the wavelength 
inn cm, v for the frequency in Hz, g(v, TdiSC) and b{u, Tnsc) for 
thee gaunt factors for free-free and free-bound emission respec
tively,, z2 for the mean value of the squared atomic charge, 7 
forr the ratio of the number electrons to the number of ions, p 
forr the mean atomic weight in units of proton mass, R* for the 
stellarr radius in RQ, TdjSC for the disc temperature in K and po 
standss for the_ density in g/cm3 at the base of the disc (r=R*). 
Parameterss z2, p and 7 apply to the matter in the disc. 

Thee excess flux is written as Zv — 1 , where Zv stands for 
thee monochromatic flux ratio 

6v6v — \Tvy* + * 1/,disc/ /-*V,* (6) ) 

AA typical curve of growth model can be divided into an 
opticallyy thin, a partially optically thick and an opaque region. 
If,, for a given wavelength, the whole disc is optically thin, the 
resultingg excess flux is proportional to the emission measure, 
i.e.. proportional to ne*np integrated over the volume of the 
discc (with ne as the electron density and np the density of 
thee ions participating in the free-free and free-bound emission 
processes).. If the whole disc is optically thick, the star + disc 
radiatee like a black body with a radiating surface of 7riïjisc. The 
slopee of the curve is zero and the excess flux ratio is independent 
off wavelength. In the partially optically thick case, for a given 
wavelength,, the inner parts of the disc are optically thick while 
thee outer parts of the disc are optically thin. 

Thee shape of the curve gives information about the density 
structuree parameters (Eq. 1). The slope of the curve in between 
thee optically thin and thick turnover points is determined by 
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Fig.. 6. M—N versus K—L colour-colour diagram of data of 7 Cas. 
Thee dashed and solid lines represent model calculations based on a 
power-laww density distribution for stellar parameters Tcn=22500 K, 
log<?=3.00 and 7'cn =30000 K, logg=3.5 respectively. Different values 
off the density parameter n are indicated. All data sets of Table 1 with 
observationss in the K, L, M and N band are plotted. Typical 1 a errors 
off the IR colours are indicated by the error bars in the lower right 
cornerr of the graph. Note the position of the data points with respect 
too the indicated values of n. No points that correspond to values of 
nn < 2 are found, i.e. no infall of matter is expected 

thee exponents in the density law. The position of the optically 
thickk turnover point depends on the adopted disc radius iïdisc-
Thee models are shifted horizontally in a log(Zj, — 1) versus 
logg Ev diagram (see Fig. 7) to fit the IR excess fluxes. This 
shiftt yields the parameter X, from which the density of the disc 
att the stellar photosphere po can be derived, provided the stellar 
andd disc parameters (Eq. 4) are known. 

Thee opening angle 6 of the disc does not greatly affect the 
shapee of the curve of growth. Increasing the opening angle of a 
COGG model, would simply shift the curve to the left end of the 
log(Z„„ - 1) versus log E„ diagram. Hence, fitting COG models 
withh different opening angles will result in different horizontal 
shifts,, i.e. different values of po-

Thee slope of the partially optically thick part of the curve of 
growthh is, besides of the value of n, also affected by a possible 
temperaturee gradient and by the disc geometry. These quantities, 
however,, lay in the field of the, above mentioned, assumptions 
whichh put constraints on the number of free parameters of the 
curvee of growth models. 

7.2.7.2. IR colours of'7 Cas 

Too get an indication of what results we may expect when using 
thee IR data of 7 Cassiopeiae to derive the density structure 
parameterss of the envelope, we constructed a colour-colour 
diagramm in which observed and theoretical colours are plotted. 
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Accordingg to Waters (1986) the partially optically thick region 
off  the curve of growth models can be approximated by 

log(Z„„  - 1) = ^ — J" lQg {2Cn,eEv) + An (7) 

wheree n is the exponent of the density law (Eq. 1) and 9 the 
openingg angle of the disc-like envelope. Therefore the ratio of 
twoo excess fluxes at different wavelengths can be written as 

Iff  Zv » 1 then Eq. (8) can be written as 

7.3.7.3. Fitting COG models to the IR data ofn/ Cas 

Thee IR data of 7 Cas are reduced to excess fluxes, as described 
inn Sect. 6. After calculating the value of Xx for the IR data, 
usingg Eq. (5), the COG models can be fitted to these values. We 

Tablee 4. x2 values as a function of degrees of freedom u and proba-
bilityy p(x2, f) of exceeding x2- These x2 values are used to test the 
significancee of the best-fitting models (third p column) and to derive 
errorr bars for the free parameters of these best-fitting models (v = 3). 

V V 

1 1 
2 2 
3 3 
4 4 
5 5 

1<7 7 

0.683 3 

3.53 3 

2<r r 
0.954 4 

8.02 2 

P P 

0.99 9 
6.64 4 
9.21 1 
11.3 3 
13.3 3 
15.1 1 

3(7 7 

0.9973 3 

14.2 2 

mvv = 2.5 (C + log FKur(550)) , (12) 

wheree C= 19.436 (Landolt-Börnstein 1982). 
Forr all data sets with more than 3 data points, we tested if the 

best-fittingg model is able to fit  the data within a 99% significance 

-(ë)-5b-(ê ) ) 
withh Xx defined as in Eq. (5). The difference in brightness of a 
starr at two wavelengths is given by 

mA,, - m i , = 2 . 5 1 o g ( | j i) + 2.5 (C», - C\2) 

== 2 . 5 1 o g ( § ^) + 2.5 (Ci, - CAl ) (10) 

wheree Fv,+ represents the photospheric flux and with C\ as 
listedd in Table 2. Hence, IR colours predicted by COG models 
aree given by 

— .. = 2^0 + 2 ' 5 , o g ( fc) ( U ) 

++ 2.5 (CXl -CX2) , 

(combiningg Eqs. 9 and 10). Hence, if the excesses (Z„, - 1) and 
(Z(ZV2V2 - 1) lie within the partially optically thick region of the 
curvee of growth model, the theoretical colours do not depend 
onn the opening angle or the radius of the disc. 

Figuree 6 displays a M—N versus K- L colour-colour dia-
gramm of the data of 7 Cas. The plotted colours are derived from 
thee IR data in Table 1. The straight lines in Fig. 6 represent, 
thee above mentioned, theoretical colour calculations (Eq. 11) 
forr different values of n. The solid line is found when adopt-
ingg a Kurucz (1979) model with parameters Teff=30000 K and 
logg 5=3.5 to define the photospheric flux of 7 Cas. The dashed 
linee is found when using the Kurucz model with Teff=22500 K 
andd log 5=3.0. For the calibration constants C\ we used the 
valuess of the WIRO calibration as listed in Table 2. Figure 6 
clearlyy shows that values of n < 2, corresponding to infall of 
envelopee matter, are not likely to be found when fitting spherical 
orr disc-like curve of growth models to the IR data. Furthermore, 
mostt of the data indicate a rather constant value of n«3.0. 

appliedd an opening angle of 15 degrees to the models and fitted 
aa grid of models with 1.5 < n < 4.0 and 2.86 < R&sc/R* < 
10000 to the IR data of 7 Cas (Table 1). For each data set we 
minimizedd the fit quality of the models on each grid point by 
usingg the x2 technique, i.e. we shifted the models horizontally 
inn the log(Z„  - 1) versus logi?„  diagram until the lowest value 
off  x2 w as found. The model on the grid point with lowest \2 

valuee was adopted as best-fitting COG model. 
Wee show two examples of the results of the fitting proce-

duree in Fig. 7. In this figure the best-fitting COG model for 
twoo IR data sets is plotted. Uncertainties of the IR observa-
tionss are indicated with la error bars. Figure 7 also displays 
thee resulting energy distributions of these models together with 
thee UV and IR photometry. The Kurucz models are represented 
byy a solid line, and the computed energy distribution of Ku-
rucz+COGG model is represented by a dashed line. In addition 
Fig.. 7 maps, for the considered data sets,, the minimized x2 va^-
uess in a RJRdiSC versus n grid. The lowest x2 value over all grid 
pointss is indicated by an asterisk. To determine error bars for 
thee best-fit value of n we plotted \o, 2a and 3a Ax2 contours 
aroundd the best fit. Table 4 lists these A%2 values. After drawing 
thesee contours, the error bars can be measured from the contour 
plotss (for detailed description see e.g. Lampton et al, 1976 or 
Presss et al. 1986). This way of estimating errors implies that 
noo error bars can be assigned to data sets with only three data 
points.. This is due to the fact that the, above described, fitting 
techniquee is applied to models with three adjustable parameters 

(n,(n, .Rdisc and -£*)• 
Tablee 5 lists the results of fitting COG models to the IR data. 

Itt includes derived visual excess ratios, fluxes and magnitudes. 
Thesee properties are derived by extrapolating the best fitting 
COGG models to the visual wavelength A=550 nm. The model 
predictss the excess ratio Zv, which is converted to the flux 
off star+disc by multiplying by the photospheric Kurucz flux. 
Visuall magnitudes are calculated using 
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Fig.. 7. Left) Sample plot of the results of fitting curve of growth models to IR data. Adopted stellar parameters: log #=3.0, Tclr=22500 K. 
Forr each IR data set three panels are plotted. Top Best fitting COG model with IR data. Uncertainties of the IR data are indicated with 
lcrr error bars. Middle Energy distribution of Kurucz model and best fitting COG model. The Kurucz model is plotted as a solid line. The 
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level.. Table 4 lists the \2 levels we used for this test. The number 
off  degrees of freedom v is defined as v - N0bS - Npar (Lampton 
ett al. 1976), where N0\,s is the number of observations in a data 
sett and 7Vpar is the number of free parameters of the model (in 
thiss case JVpar = 3). Results of this test can be found in Table 5. 

Fromm Fig. 7 it becomes clear that the values of the disc 
radiuss we find are very sensitive to far IR measurements. Since 
aa considerable fraction of the far IR excess is emitted at the outer 
regionss of the disc, one needs observations in this wavelength 
regionn to put constraints on the size of the envelope. Luckily, 7 
Cass is observed with the IRAS satellite. These measurements 
givee a lower limit for the disc radius of i?diSC ~ 6.7 R» (see Table 
5)) at the time of the IRAS observations (1983). For most of the 
otherr IR data sets listed in Table 1, the derived values of i?disc 
have,, due to the lack of far IR data, very large \a errors. Waters 
ett al. (1991) find, based on mm and cm observations, that the 
envelopee of the star extends to at least 33 stellar radii. If the 
envelopee of 7 Cas was as large as this during the period studied 
inn this paper, the disc radii derived here should be considered 
ass lower limits. 

Figuree 8 shows in different panels the history of the V/R 
ratioratio of the H/3 emission line of 7 Cas and the derived exponent 
off  the density law of the equatorial disc (i.e. parameter n) for all 
dataa sets with \2 fit  qualities within 99% significance. Derived 
ICTT error bars are indicated. Figure 8 clearly shows that the 
valuee of n is variable. Although we find for one IR dataset a 
valuee of n < 2 (in the case of Teff=22500 K), which might 
suggestt infall of matter, we do not see a correlation between 
thee measured V/R variability and the deduced values of n. The 
IRR dataset which suggests infall is indeed collected at times of 
aa high V/R ratio. However, at other epochs of high V/R values 
wee find values of n«3. Therefore a correlation between V/R 
variabilityy and the radial density structure of the envelope of 7 
Cass seems unlikely. Since we believe that the IR excess and the 
Balmerr H/3 emission line are formed in the same wind region 
off  the star, we have to conclude that the expanding/contracting 
envelopee model, which is used to explain the V/R variations of 
Bee stars, is inconsistent with our IR data. 

8.. Discussion and conclusions 

Wee have investigated the long-term variation in the density 
structuree of the envelope of 7 Cassiopeiae to see if there is any 
correlationn between the radial density structure and the V/R 
variability.. We used the curve of growth model to interpret our 
infraredd data of 7 Cas. In the following we discuss our results 
andd we summarize the conclusions we make according to the 
resultss we presented in the preceding sections. 

Wee used the value E(B-V)=0.03 to correct the ultraviolet 
andd infrared observations of 7 Cas for interstellar extinction. 
Thee ultraviolet flux of 7 Cas as measured by the S2/68 telescope 
cann not be ideally described by a Kurucz model. This is probably 
duee to the shape of the intrinsic energy distribution of 7 Cas. 
Adoptingg a different value for E(B-V) might result in finding 
aa better fitting Kurucz model to represent the photospheric flux 
off  the star. 
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Fig.. 8. a) V/R behaviour of 7 Cas. b) Derived exponent of den-
sityy law for all data sets with fit  qualities within acceptable signifi-
cance.. We have indicated \a error bars. Stellar parameters: log <7=3.0, 
TOff=225000 K. c) As b) with stellar parameters log <?=3.5 
andd Xcff=30000 K 

AA comparison of the UV energy distribution of 7 Cas with 
thee UV energy distributions of two other B0.5 type stars shows 
thatt the slope of the energy distribution of 7 Cas is much flatter 
thann the slopes of the distributions of the comparison stars (see 
Fig.. 8). If we assume that the three stars have the same photo-
sphericc effective temperature, the difference in slope could be 
duee to a flux contribution of material surrounding the star. The 
colour-colourr diagram plotted in Fig. 3 indicates that the far IR 
spectrumm of 7 Cas cannot be represented by a blackbody energy 
distributionn alone, and that a power law energy distribution fits 
thesee data much better. The power of this energy distribution 
cann be understood in terms of free-free and bound free emission 
fromm circumstellar material that contributes to the total flux. 

Thee accuracy of the adopted value of E(B—V) affects the 
accuracyy of our results. Errors in the determination of the excess 
fluxesfluxes are given by 

d( log(ZA - l ) )) = 
Zx Zx 

Zx-\ Zx-\ 
{d( logFA )-d( logF,)} } 

wheree d(log F\) is the error of the observed flux at wavelength 
AA and where d(logF*) is the error in the derived photospheric 
flux.flux. The latter value should be the same for all wavelengths 
iff  the Kurucz models are perfect. Possible wrong calibration 
off  the S2/68 fluxes and, more important, an error in the value 
off  E(B-V), make the error d(logF.) much larger than the 
errorr of any of the individual observations. From calculations 
wee find that an error of, for instance, d(E(B - V))=0.03 means 
thatt d(logF„)«0.1, which is over 10 times the inaccuracy in 
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Tablee 5. Results of fitting COG models to the IR data. The JVobs column gives the number of different IR wavelengths in the data sets. Columns 
3,4,, and 5 specify the derived COG model parameters n, Jldisc, and log X, respectively. Column 6 gives the \2 value of the best fits. Models that 
cann not fit  the data within a 99% significance level, are marked with an *. Columns 7-9 list the derived visual excess ratio, flux and magnitude. 
Topp section) Results based on the representation of the photospheric flux by a Kurucz model with parameters TCfr=22500K and log g=3.0. 
Bottomm section) As top but based on a Kurucz model with parameters Terr=30000 K and log g=3.5. 

date e A U U nn R»/Rduc logX 
Octt 13 
Novv 04 
Decc 16 
Decc 13 
Decc 22 

1971 1 

63 3 

64 4 

1972-1973 3 
Jun24 4 
Jun25 5 

Augg 24 
Sepp 21 
Octt 15 
Novv 15 
Sepp 03 
Decc 28 
Augg 21 
Sepp 27 
Octt 01 
Sepp 30 

1983 3 
Sepp 14 
Sepp 20 
Sepp 30 
Sepp 29 
Novv 27 
Novv 25 
Octt 13 
Novv 04 
Decc 16 
Decc 13 
Decc 22 

1971 1 

78 8 

79 9 

80 0 

81 1 

83 3 

84 4 
86 6 

88 8 
63 3 

64 4 

1972-1973 3 
Jun24 4 
Jun25 5 

Augg 24 
Sepp 21 
Octt 15 
Novv 15 
Sepp 03 
Decc 28 
Augg 21 
Sepp 27 
Octt 01 
Sepp 30 

1983 3 
Sepp 14 
Sepp 20 
Sepp 30 
Sepp 29 
Novv 27 
Novv 25 

78 8 

79 9 

80 0 

81 1 

83 3 

84 4 
86 6 

88 8 

3 3 
3 3 
3 3 
3 3 
3 3 
3 3 
8 8 
7 7 
7 7 
7 7 
4 4 
7 7 
8 8 
7 7 
7 7 
8 8 
8 8 
3 3 
5 5 
3 3 
4 4 
4 4 
4 4 
4 4 
4 4 
5 5 
3 3 
3 3 
3 3 
3 3 
3 3 
3 3 
8 8 
7 7 
7 7 
7 7 
4 4 
7 7 
8 8 
7 7 
7 7 
8 8 
8 8 
3 3 
5 5 
3 3 
4 4 
4 4 
4 4 
4 4 
4 4 
5 5 

4.0 0 
4.0 0 
4.0 0 
3.8 8 
3.5 5 
2.4 4 
2.7 7 
3.2 2 
3.1 1 
3.3 3 
2.8 8 
3.3 3 
2.9 9 
3.1 1 
2.5 5 
3.1 1 
2.9 9 
3.7 7 
3.0 0 
3.0 0 
3.0 0 
2.6 6 
3.0 0 
1.7 7 
1.5 5 
2.9 9 
4.0 0 
4.0 0 
4.0 0 
3.6 6 
3.6 6 
2.5 5 
2.7 7 
2.9 9 
3.0 0 
3.2 2 
2.8 8 
3.2 2 
2.9 9 
3.0 0 
2.5 5 
3.1 1 
2.9 9 
3.6 6 
3.0 0 
2.9 9 
3.1 1 
2.7 7 
3.0 0 
1.7 7 
1.8 8 
2.9 9 

0.350 0 
0.350 0 
0.350 0 
0.025 5 
0.001 1 
0.001 1 
0.175 5 
0.300 0 
0.275 5 
0.150 0 
0.325 5 
0.175 5 
0.250 0 
0.175 5 
0.125 5 
0.001 1 
0.125 5 
0.050 0 
0.001 1 
0.150 0 
0.125 5 
0.001 1 
0.001 1 
0.350 0 
0.350 0 
0.001 1 
0.350 0 
0.350 0 
0.350 0 
0.175 5 
0.001 1 
0.001 1 
0.125 5 
0.225 5 
0.200 0 
0.150 0 
0.225 5 
0.150 0 
0.175 5 
0.150 0 
0.100 0 
0.001 1 
0.100 0 
0.001 1 
0.001 1 
0.100 0 
0.001 1 
0.001 1 
0.001 1 
0.275 5 
0.250 0 
0.001 1 

8.31 1 
8.17 7 
8.38 8 
8.41 1 
8.09 9 
7.67 7 
7.84 4 
8.16 6 
8.15 5 
8.38 8 
8.10 0 
8.32 2 
8.17 7 
8.19 9 
7.84 4 
8.13 3 
7.99 9 
8.25 5 
8.03 3 
8.05 5 
8.24 4 
7.87 7 
8.13 3 
7.52 2 
7.45 5 
8.13 3 
9.38 8 
9.26 6 
9.44 4 
9.26 6 
9.08 8 
8.35 5 
8.50 0 
8.73 3 
8.85 5 
9.15 5 
8.79 9 
9.08 8 
8.89 9 
8.89 9 
8.44 4 
8.91 1 
8.71 1 
9.14 4 
8.79 9 
8.65 5 
9.10 0 
8.61 1 
8.89 9 
8.00 0 
8.05 5 
8.86 6 

6.02 2 
6.90 0 

12.11 1 
0.16 6 

10.77 7 
0.51 1 
6.15 5 

"13.86 6 
13.00 0 
5.85 5 
0.55 5 
2.16 6 
3.03 3 

10.85 5 
'13.59 9 
'36.55 5 
•17.00 0 

0.25 5 
*I2.91 1 

0.01 1 
0.94 4 

*8.22 2 
4.33 3 

22.28 8 
8.09 9 
6.32 2 
1.52 2 
4.36 6 
2.88 8 
0.09 9 

10.72 2 
0.89 9 
5.30 0 

12.39 9 
10.93 3 
6.33 3 
1.06 6 
2.60 0 
3.69 9 

10.67 7 
12.02 2 

'39.73 3 
** 16.28 

0.52 2 
** 13.86 

0.02 2 
0.46 6 

•13.08 8 
5.01 1 

'13.15 5 
5.17 7 
6.57 7 

0.22 2 
0.17 7 
0.25 5 
0.30 0 
0.18 8 
0.16 6 
0.17 7 
0.24 4 
0.25 5 
0.37 7 
0.27 7 
0.32 2 
0.30 0 
0.28 8 
0.21 1 
0.24 4 
0.21 1 
0.22 2 
0.21 1 
0.22 2 
0.33 3 
0.21 1 
0.26 6 
0.18 8 
0.19 9 
0.28 8 
1.16 6 
0.99 9 
1.25 5 
1.23 3 
0.95 5 
0.57 7 
0.62 2 
0.82 2 
0.95 5 
1.33 3 
0.99 9 
1.21 1 
1.10 0 
1.03 3 
0.67 7 
0.99 9 
0.80 0 
1.04 4 
0.85 5 
0.71 1 
1.34 4 
0.78 8 
1.02 2 
0.54 4 
0.56 6 
1.05 5 

-20.28 8 
-20.30 0 
-20.27 7 
-20.25 5 
-20.29 9 
-20.30 0 
-20.29 9 
-20.27 7 
-20.27 7 
-20.23 3 
-20.26 6 
-20.24 4 
-20.25 5 
-20.26 6 
-20.28 8 
-20.27 7 
-20.28 8 
-20.28 8 
-20.28 8 
-20.28 8 
-20.24 4 
-20.28 8 
-20.26 6 
-20.29 9 
-20.29 9 
-20.26 6 
-20.27 7 
-20.31 1 
-20.25 5 
-20.26 6 
-20.32 2 
-20.41 1 
-20.39 9 
-20.34 4 
-20.31 1 
-20.24 4 
-20.31 1 
-20.26 6 
-20.28 8 
-20.30 0 
-20.38 8 
-20.31 1 
-20.35 5 
-20.30 0 
-20.34 4 
-20.37 7 
-20.24 4 
-20.35 5 
-20.30 0 
-20.42 2 
-20.41 1 
-20.29 9 

2.10 0 
2.15 5 
2.07 7 
2.04 4 
2.14 4 
2.16 2.16 
2.15 5 
2.08 8 
2.07 7 
1.98 8 
2.06 6 
2.01 1 
2.03 3 
2.05 5 
2.11 1 
2.08 8 
2.12 2 
2.10 0 
2.11 1 
2.10 0 
2.01 1 
2.11 1 
2.07 7 
2.14 4 
2.13 3 
2.05 5 
2.09 9 
2.17 7 
2.04 4 
2.05 5 
2.20 0 
2.43 3 
2.39 9 
2.27 7 
2.19 9 
2.00 0 
2.18 8 
2.06 2.06 
2.12 2 
2.15 5 
2.36 6 
2.17 7 
2.28 8 
2.15 5 
2.25 5 
2.34 4 
2.00 0 
2.30 0 
2.16 6 
2.45 5 
2.44 4 
2.14 4 

Stellarr parameters: : 
Teff=225000 K 
logg s=3.0 
^ ( 5 5 0 ) == -20.363 

Stellarr parameters: 
Tefr=30000K K 
logg 9=3.5 
*Kur(550>== -20.604 

Z\Z\ — 1 log Fv mv 

thee individual ultraviolet and infrared observations. The errors 
wee used for the x2 tests to fit  the curve of growth models 
too the infrared data of 7 Cas are the errors of the individual 
infraredd observations only. Applying an additional unknown 
errorr d(log F„) to the data, would give better \2 values for the 
best-fittingg curve of growth models (Table 5). Hence, to test the 
significancee of the best-fitting curve of growth models, it is very 
importantt that the correct values of E(B-V) and d(E(B-V)) 
inn the direction of 7 Cas are known. 

Wee stress however that the derived values of the density 
structuree parameter n, do not depend on the adopted value of 

E(B—V).E(B—V). This density parameter only depends on the slope 
off  the IR energy distribution and the slope of the photospheric 
energyy distribution, which are not sensitive to the use of different 
valuess for the interstellar extinction correction. When applying 
higherr values of E(B-V) the actual excesses will increase and 
thuss one will find larger disc radii and higher values of log Xm, 
i.e.. higher densities at the base of the disc. 

Thee density gradient, parameter n, of the envelope of 7 
Cass turns out to be variable, but not in a way that can explain 
thee V/R variability: it is concentrated around the value n = 
33 and only one value of n < 2 (which could mean inflow, 
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V/R>> 1) within a 99% significance level is found. Figures 8a-
8cc indicate that any relation between density structure and H/3 
V/RR variation seems very unlikely. Figures l b - I d also show 
noo obvious relation between the H/? V/R behaviour and the 
KK fluxes or K—L colour of 7 Cas. Hence the V/R variation 
inn emission lines does not seem to originate from a long time 
scalee variation in the density structure of the low-velocity, high-
density,, disc-like wind. It is believed, however, that the H0 
emissionn line and the IR excess are formed in the same region of 
thee envelope. We conclude that it is difficul t to understand the IR 
dataa when adopting the expansion/contraction model. Because 
thee IR data of 7 Cas are more consistent with the disc model, we 
findd the model proposing a rotating non-axisymmetric disc the 
mostt favourable of the two considered models. The continuum 
energyy distribution is not very sensitive to deviations in the 
axisymmetry,, while the line shapes clearly are. Therefore we 
believee that 7 Cas is surrounded by a high-velocity, low-density 
non-equatoriall  wind, which accounts for several UV spectral 
features,, together with a low-velocity, high-density, disc-like 
structuree in which the IR and far IR excess are caused by free-
freee and free-bound emission. 

Adoptingg different Kurucz models, which represent the pho-
tosphericc flux, did not change the results of our analysis. This 
iss due to the fact that the slopes of the energy distribution of 
bothh used Kurucz models are practically the same at IR wave-
lengths.. Therefore the deduced values of n do not differ much 
whenn adopting different Kurucz models. 

Inn our analysis we assumed the UV flux of 7 Cas to be 
constant.. Although the derived values of the density structure 
parameterr n would not change significantly if the UV flux would 
bee slightly variable, we expect the accuracy of the derived pa-
rameterss X*  and Ruw to depend strongly on the absolute ultra-
violett continuum fluxes measured by the S2/68 telescope. Since 
UVV continuum observations of 7 Cas are made only before and 
att the time the ESRO satellite, carrying the S2/68 telescope, was 
operating,, a check on the constancy of these fluxes would be 
wishfull  (this of course implying new observations). We might 
bee able to check the UV variability of 7 Cas in a forthcoming 
investigationn on UV spectral line characteristics of 7 Cas. For 
thiss research programme we wil l use high-resolution UV spectra 
collectedd with the International Ultraviolet Explorer satellite. 
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