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Abstract. We present the infrared spectra between 2.4 and KSs rate of LBVs is typically 2 to 4 times 18 M, yr—! and

pm of two Luminous Blue Variables (AG Car, HR Car) obthe wind velocity is about 150 to 250 ks Several LBVs
served with theShort Wavelength Spectrometsr/.SO. The have shown historic giant eruptions, e.g. P Cyga@hr. Dur-
spectra consist of two parts: (1) the tail of the photospheric éng these eruptions the LBVs eject aboul&;, of gas. From
ergy distribution with the free-free excess from the lower layessatistics of a small number of LBVs and from the observed
of the stellar wind, (2) emission from circumstellar dust. Theircumstellar (CS) shells around LBVs it is estimated that most
free-free emission can be explained by models with the follovinot all LBVs have giant eruptions at intervals on the order of
ing parametersfes= 13000 K,R,=250R, andM = 9x 107> 10° years. Most LBVs are surrounded by a nebula containing
Me yr~1 for AG Car andTe= 10000 K, R,=220 R, and gas and dust, which is mainly the result of the large eruptions,
M =17 x 10~°> M, yr~— for HR Car. The mass loss rate hasut might also in part be due to the high mass loss rate of LBVs.
an uncertainty of a factor 1.5 within the context of our modelBor recent reviews see Humphreys and Davidson (1994) and
We also derive the properties of the dust by modelling the ebamers (1996).

ergy distribution with optically thin dust models. The difference In an attempt to study the past history of the LBVs and their
in the flux measured through two different apertures gives infgresent mass loss we observed two LBVs withi8® — SW S
mation on the projected distribution of the dust. The distributianstrument. We derive the present mass loss rate from the near
of the dust around AG Car corresponds with that of the gasedBsfree-free emission and the dust distribution from the far IR
nebula and has a dust mass of @3. The dust around HR Car emission.

extends to a much larger distance than the gaseous nebula and

cannot be m0de||ed W|th a Single Spherically Symmetric Shelb_ The program stars and the observations

Key words: infrared radiation — stars: circumstellar matter IThe program stars selected for this study are listed in Table 1.
stars: variable — stars: mass loss — stars: supergiant — starsT fi: stellar data are from Clampin etal. (1995), Humphreys et al.
dividual: AG Car - stars: individual: HR Car (1989), Humpreys and Davidson (1994), Hutééers and van
Drom (1991), Lamers (1988) and van Genderen et al. (1991).
The masses are derived from evolutionary tracks by Schaller et
al. (1992). HR Car and AG Car are highly variable in visual

. . . _Mmagnitude, effective temperature and radius but the luminosity
Luminous Blue Variables (LBVs) are the most unsta.ble Slngi|§approximatelyconstant. The mass has an uncertainty of about
stars, apart from Supernovae. They are photomet_r 'Ca,l,ly Va{ly M, because of the uncertain evolutionary phase of LBVs.
able on all time scales from weeks to decades. During "typical The stars were observed with th8O Short Wavelength

LBV variations" the radius of the star increases for a few yea’ﬁ)ectrometemver the full ST S grating range (2.38 — 45;2m)

by about a factor 4 to 8 from about 30 to 25,. The mass using thel SO Astronomical Observing Template S01 (Kessler

* Based on observations withSO, an ESA project with instru- €t al. 1996; de Graauw et al., 1996). The spectra of AG Car and
ments funded byZSA Member States (especially the PI countrieddR Car were scanned on JD 50262.335 at the fastest of the four
France, Germany, the Netherlands and the United Kingdom) and wiif@1 scanning rates (17.5 minutes). This gives a nominal (point
the participation of SAS and N AS A source) spectral resolution in the range\gfA X ~ 250 — 600.

1. Introduction
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SR the radiation af ~ 30um comes from a region that is larger
than the aperture of Band 3 (sg®). The bump in the energy
distribution at 33 to 35um is real. It is also seen in tHBWS
observations of Planetary Nebulae and indicates the presence
of an unidentified dust feature (Waters et al. 1996).

HR Car. The nebula of HR Car was studied in the optical by
Clampin et al. (1995) and Hutseékers and van Drom (1991)
and in the near IR by Voors et al. (1996). They found a small
clumpy inner nebula of about 8 arcsec across and filaments out
to 18 arcsec from the star.

TheSWSenergy distribution shows the typical slope of free-

200 - AG Car + 50

100
L HR Car
50

of. WMMWM L L free emission ah < 7um. The bump near 1pm shows the
0 10 20 30 40 50 presence of the 9.4m silicate emission feature, which agrees
Wavelength (um) with the expected C-deficient and N-rich environment of post

Fig. 1. The energy distribution of AG Car and HR Car observed witfain sequence stars. The jump in the flux between Band 3 and
thelSO-SW$n the observing mode #fOT1 The spectrum of AG Car 4 at 29um and the peak of the emission around32 suggest

is shifted upwards by 50 Jy. The jumps in the energy distributionstitat the dust is extended beyond the size of the aperture of Band
28 um are real and explained below. 3. The structure in the energy distributionat> 30 um is

possibly real and due to several dust features.
Table 1. The program stars

Star logC.) M. d E(B-V) 4. Modelling the free-free emission
Lo Mo kpc _magn 4.1. AG Car

AG Car 6.22 53 6 0.63 . L . .

HR Car  5.63 30 54 10 The star shows large photometric variations in the visual of
about 2 magn due to large irregular changesinand Tes.

The visual photometry of AG Car is not known at the time of

Each spectrum was processed at fl§€) Science Opera- heSWSDb X Theref h . dih
tions Center at VILSPA using software of t§&V S Interactive the se rvations. Thereiore we have to es.t Imagnd the
grrespondlng values dfet and R, on the basis of th&WS

Analysis (IA) package. General descriptions of the softwal ) S ;
and the calibrations may be found in de Graauw et al. (1998)3\,ta. We adopted the Galactic extinction curve of Rieke and
Schaeidt et al. (1996) and Valentijn et al. (1996). Combinir{gebOfSky (1985). )

the output of each of the 12 detectors in each of the four grat- The observed contlnuum flux Of AG. Car betweer? 2".1 and
ing bands was done iteratively, treating each combination pm, corrected for interstellar extinction, is shown in Fig 2.

detector block, aperture and order separately. The up and dc;Wr? energy distribution is almost a powerlal, ~ v* with
= 1.28. We extrapolate this powerlaw to a wavelength of

grating scans were inspected for memory and dark current n ) . ,
fects. Further details on the data reduction will be given in 00A and derive a reddendd = 5.5 at the time of the&§W.S

future publication. The flux in Band 1 (2.4 — 4an) has an observations. Thisis only a rough first estimate, because the real
accuracy of about 10 percent. The flux in the other bands hai%ﬁwegatgizzzr%y%?”zgggg r']z ?ﬁé ?J(rﬁ’]?r%ig;%fb?a%?gsltant
accuracy of about 20 percent. e ) ' . .

y P and the relation between Bolometric Correction dig from
T Kurucz (1991) we find for a first estimate thég ~ 10 000 K
3. The energy. d|§tr|put|ons andR,. ~ 280R, at the time of observations. We then iterated
The energy distributions of AG Car and HR Car are shown jje modelling.

Figure 1. o . The free-free emission of AG Car was modelled with the
AG Car. The CS nebula of AG Car was studied in the Opt'cﬁlrogramEMISSEI(Van Gent and Lamers, 1996), which cal-
by Paresce and Nota (1989), Nota etal. (1992) and by de Frefggyes the spectrum of an atmosphere and wind with a given
Pacheco et al. (1992) and in the IR by McGregor et al. (1988 mperature structure, density structure and composition. We

The optical nebulais elliptical with a diameter of 389 arcsec adopted @ e/ H ratio of 0.4 which is about the value derived
(Thackeray 1950). The dust has a bipolar structure along §3¢ several LBVs. The density structure is related to the velocity

NE-SW direction extending from a few tel5 arcsec. law and the mass loss rate via the mass continuity equation
TheSWSenergy distribution of AG Car shows that the flux
decreases from 2.4 to about 12 or A% and increases againAf = 4rr2p(r)v(r) = 4rr?p(r)vee {1 — ry/7}° (1)

to longer wavelengths. The first part is due to the photospheric

radiation and the free-free emission and the second partis dueberev., is the terminal velocity of the wind? describes the
CS dust. There is a jump in the energy distribution negui29 steepness of the velocity law amd is the radius where the
at the transition between spectral scans with Band 3 and 4. Téusind velocity (typically about 20 knT8) is reached withr, ~

is due to the fact that the aperture of Band 3 is<127 arcsec, R.. The free parameters for fitting the energy distribution are
whereas that of Band 4 is 2033 arcsec. The jump shows tha{)M /v..) andj3. We adopted a very simple temperature structure
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estimate of the reddened visual magnitud&of 7.5. This is

very close to the value at maximum visual brightness (Spoon

et al. 1994). Adopting the luminosity of Table 1 and using the

same procedure as for AG Car we find as a first estimate of the

stellar dataZey ~ 8000 to 10000 K and, ~ 340 to 220R,.

The model calculations with the spectral fits are derived in the

same iterative way as described above. The resulting spectral

fit is shown in Figure 2 and the data are listed in Table 2. The

uncertainty in the flux calibration introduces an uncertainty in

the mean spectral slope between 2.4 angrhf 1.47 < o <

1.78. Since the star is close to visual maximum, we adopted

L L L ‘ Voo=150 km st and3=1.0 or 2.0. The resulting mass loss rates
0.4 0.6 0.8 1.0 are 2.0 and 1.5<10° M yr—!and the visual magnitude is

Log M\ (nm) vV =7.82.

Fig. 2.The observed near IR energy distributions of AG Car and HR Cgfn . _—

compared with predicted free-free energy distributions. The spectr Modelling the dust emission

of AG Car has an offset of 0.5 dex. We have modelled the IR energy distribution of AG Car and

HR Car with an optically thin dust model, following Sopka

et al. (1985). We assume a spherically symmetric model with

22f 1

Log F, (Jy)

Table 2. The stellar data derived from free-free emission

Star  Tet Ra v Voo B M a density distribution of the dust that varies with distance as
kK Ro (mag) kms* Mg yr pa = po(r/R,)~2. The dust is assumed to be in radiative equi-
AGCar 13 250 6.00 150 1.0 1010° librium with the stellar radiation. The wavelength dependence
13 250 600 150 20 &10° of the opacity is approximated by a powerlaw dependence as
HRCar 10 220 7.82 150 1.0 R10° Q., ~ v?, wherep ~ 1 to 2 (Draine and Lee 1984; Mathis

5
10 220 7.82 150 20 5x10 1996). The free parameters of the models are: the inner and

] ) _outer radius of the duspp and the value op. The assumption
of T(r) = Te(r/R.)"™ with m = 0.5, which roughly fits ¢ ragiative equilibrium gives the temperature distribution in
the temperature structure in detailed wind models (Morris aggh cs qust shelll'(r) = To(r/R.)~%/**, whereTy is a nor-
Lamers, 1996). The free-free emissionis formed close to the s{akisation temperature usually of the order o @, (Sopka
sothe modelis notvery sensitive to thg details othetemperatyg%a_ The inner radius determines the highest dust tempera-
structure. The fitted spectrum also gives the ratio of the flux@te \hich is directly reflected in the short wavelength rise of

5500A and at 2.4um. With this ratio, thel” magnitude was e qyst emission. The outer radius determines the coolest dust
recalculated and a new value’Bify and R,. were derived. The and its distance from the star.

method is then repeated until it converges. The resulting model |, fitting the data we took into account the size of the aperture
produces a spectrum that fits thé’.S energy distribution for ¢ the S\WSspectrograph for the different bands. The aperture
a star with the luminosity as given in Table 1. was oriented nearly along the NE-SW direction during$héS

We adopted two values ¢f, in the range of values found ypseryations of AG Car. However, there may have been a small
for the lower layers of the winds of LBVs (Smith et al. 1994yset of the star from the center of the slit by as much as 4
Lamﬂs, Najarro et al. 1996). and a terminal velocity of 154.cqec. For simplicity we adopted a circular aperture centered at
km s, whichis a typical value for LBVs close to visual maxyne star, with an area equal to that of the real aperture. Although
imum (Lamers, 1989). The observed and fitted energy distjiis approximationis a crude one, itis suitable for discriminating
butions are shown in Figure 2 and the resulting stellar data &g dels for which the projected dust distribution does not agree
given in Table 2. The stellar temperature and radius turn out{gn the observations. The result is shown in Fig. 3.
be rather insensitive to the choice@fonly the mass lossrate  aG car. The jump in the flux between Band 3 and 4 is
changes. The final estimate of the temperature is 13000 K whigh,ost a factor 3, whereas the ratio of the apertures is a factor
corresponds t¢"=6.00. We note that the match is not perfecy, 75 This means that most of the "cold dust" is outside the
and that the uncertainty in the calibration of &5 flux of  aherture of Band 3 of 14 27 arcsec. The best fit is reached for
10 % limits the accuracy of the final model to about a factgf 1 aninner radius of the dust of3ix 10° R, = 1.44 x 108
1.5 in the mass loss rate within the context of our model. which corresponds to an angular distance of 16 arcec. The
conclude that the mass loss rate of AG Car at the time of thgier dust radius is best constrained by using bothl 8@
SWSobservations was 8 10-° Mg yr—* within a factor 1.5.  s\ygpservations and photometry at longer wavelengths, IRAS

(60 zm) and KAO (50 and 10@m) measurements (McGregor

4.2.HR Car et al. 1988). This gives an outer radius of the dust@t510°
The method used for HR Car is the same as for AG Car. R.= 1.67 x 108 cm.
this case the dereddengdl’ S spectral energy distribution is ~ The inner radius of 16 arcsec corresponds roughly with the
almost a power law with a slope of 1.53, which results in a firginer radius of the optical nebula which indicates that the dust




L228 H.J.G.L.M. Lamers et al.: The ISO-SWS spectra of Luminous Blue Variables

AG CAR ISO-SWS0l1 — IRAS - KAO modelled the free-free emission and derived the mass loss rate

T at the time of the IR observations.

The lightcurves of AG Car and HR Car have been published
by Spoon et al. (1994). The derived valuelof= 6.00 for AG

Car during theSO observations (July 1996) is brighter than

V' = 6.53 measured in March 1996 (L.J. Smith, private comm.).

So either AG Car has brightened in early 1996SMW Sflux

between 2 and 1@m was severely affected by emission from

the nebula. This will be investigated in a forthcoming paper.

The derived magnitudgé = 7.82 of HR Car agrees with recent

visual estimates (L.J. Smith, private comm).

0.5 i We have modelled the dust with a simple optically thin dust
T model, taking into account the different sizes of the entrance
1.2 1.4 1.6 1.8 2.0 apertures of Band 3 and Band 4. For AG Car we find areasonable

Log wavelength (um) fit of the observed dust emission. For HR Car however the fits

Fig. 3. The far-IR energy distribution of AG Car, based 6#’ S, do not match the observations at all. Obviously a single shell

IRAS and K AO data, are fitted with an optically thin dust modelmodel with a standard temperature distribution is too simple

The jumps are due to the difference in apertures. to explain the observations of this star. This will be studied in

more detail in a forthcoming paper. In forthcoming papers we
and the gaseous nebula coincide. Assuming a circumstellar gggim study the many permitted and forbidden emission lines in
size of 0.1um, a mass density of grain material of 3gchand  the spectrum of the LBVs and the dust features.

a grain emissivity of 7.5<10~4 at 125m (Hillebrand 1983),

we find the total dust mass is 0.08,. This is higher than the

dust mass of 0.018/;, derived by Smith et al. (1994) who
assumed an isothermal dust cloud. With the canonical gasReferences
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