
 

 

 University of Groningen

Evolved stars with circumstellar shells
Oudmaijer, René Dick

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
1995

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Oudmaijer, R. D. (1995). Evolved stars with circumstellar shells. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/90eec8fe-97a6-46af-ae3c-6669120d369a


9 The spectral energy distribution
and mass loss history of IRC +10420 ?

Abstract. We present a study of the spectral energy distribution of the
peculiar hypergiant IRC +10420 . To this end, we have collected published
photometry of IRC +10420 and obtained some new data, in order to construct
the spectral energy distribution and fit it with a radiative transfer model. In
addition high quality 12CO spectra of the rotational J = 1-0, 2-1, 3-2 and
4-3 transitions have been obtained to determine the gas outflow velocity and
independently estimate the gas mass loss rate.
The main conclusions from this work are firstly that the photometric changes
over the last 20 years indicate that the object increased its temperature by more
than 1000 K, secondly that the spectral energy distribution can not be fitted
with a single shell model, but that a hot component has to be invoked. This
hot component is likely to be a circumstellar disk seen pole-on. Finally, we
present evidence that IRC +10420 is not a post-AGB star.

1 Introduction

The hypergiant IRC +10420 (19h24m26.7s +11d15m10.9s, (1950.0)) is a peculiar star.
The object exhibits a large far-infrared excess attributed to circumstellar dust, making it
one of the brightest sources in the IRAS Point Source Catalog, and was one of the earliest
known ‘warm’ central stars associated with an OH maser (Giguere et al. 1976).

Two explanations for the nature of IRC +10420 have been put forward in the literature.
The first is that IRC +10420 is a low- to intermediate mass post-AGB star. Indeed, IRC
+10420 resembles in many respects the group of ‘optically bright post-AGB stars’ (Kwok,
1993; Waters et al. 1993a). These are low to intermediate mass stars that have evolved
off the Asymptotic Giant Branch (AGB) and are in the transition to the Planetary Nebula
phase. The sample of optically bright post-AGB objects mainly consists of G-A type
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supergiants surrounded by a cool dust shell, from which often OH maser emission has
been detected (te Lintel-Hekkert et al. 1992).

However, over the last years evidence has been growing that IRC +10420 is in fact
a massive star. The inferred distance of 3 - 5 kpc to IRC +10420 led people to place
IRC +10420 in the upper part of the HR diagram, where it should be evolving from the
Red Supergiant phase to the Wolf-Rayet (WR) phase (Jones et al. 1993, hereafter J93;
Humphreys 1991; Nedoluha and Bowers, 1992). A distance of 5 kpc (J93; Nedoluha and
Bowers, 1992) places IRC +10420 on evolutionary tracks computed for stellar masses
of 20 - 40 M� (See e.g. Schaller et al. 1992, and references therein). Although several
F-G hypergiants are known, IRC +10420 is the only one with a significant infrared flux,
indicating large mass loss rates in a previous Red Supergiant phase. This makes the object
unique for the study of massive star evolution, and would make IRC +10420 the only
star that is observed in the transition between OH/IR supergiants and WR stars.

The main aim of this paper is to derive the mass loss rate in the previous mass loss
phase. If IRC +10420 is a post-Red Supergiant, such information is extremely important
for the understanding of the evolution of high mass stars.

To this end, we have collected published photometry of IRC +10420 and obtained
some new data, in order to construct the spectral energy distribution and fit it with a
radiative transfer model. High quality 12CO spectra of the 1-0, 2-1, 3-2 and 4-3 transitions
have been obtained to determine the gas outflow velocity and independently estimate the
gas mass loss rate.

The outline of this paper is as follows: in Sec. 2 the spectral energy distribution will
be constructed, where the drastic changes in the photometric behaviour of IRC +10420
will be discussed in terms of an increasing temperature of the object. In Sec. 3 the CO
spectroscopy will be presented, and the findings of Sec. 2 and 3 will be used as input in
Sec. 4, where the spectral energy distribution of IRC +10420 will be fitted with a radiative
transfer code. The results are discussed in Sec. 5, and we conclude in Sec. 6.

2 The spectral energy distribution of IRC +10420

2.1 New photometry

IRC +10420 was observed on 23 April 1994 with the IAC 80cm telescope of Observatorio
del Teide operated by Instituto de Astrofìsica de Canarias, Tenerife. One CCD exposure
of 5 minutes was taken in the Johnson V band. For calibrations, two exposures of a nearby
field containing the stars L111-773 and L111-775 were taken. The observed V magnitude
of IRC +10420 was found to be 11.03 � 0.02 magnitudes.

Near-infrared photometry was obtained on several occasions with the 1.5m Carlos
Sanchez Telescope at Observatorio del Teide of IAC, Tenerife. The photometer is a single
channel photometer equipped with a liquid nitrogen cooled InSb detector, coupled to a
focal plane chopper. Standard JHKL0M filters are used, details of this photometric system
are described by Alonso et al. (1994). An aperture of 1500 diameter was used during these
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Table 1 New photometry of IRC +10420

Date V J H K L0

� (�m) 0.55 1.258 1.647 2.205 3.830
August 25 1993 5.45�0.02 4.45�0.03 3.37�0.03 1.02�0.09
August 28 1993 5.51�0.07 4.50�0.02 3.52�0.05 1.06�0.03
August 30 1993 5.55�0.01 4.50�0.02 3.50�0.02 1.04�0.04
August 31 1993 5.50�0.01 4.46�0.01 3.48�0.01 1.04�0.04
April 5 1994 5.34�0.03 4.36�0.03 3.33�0.03 0.98�0.03
April 23 1994 11.03 � 0.02

observations. The sky background is corrected by means of a chopper which works at
a frequency of 8Hz and a chopper throw of 3000. To correct for any gradient in the sky
brightness, the background is observed on both sides of the object and the mean is used.
Three cycles of observations in each filter, each with an effective integration time of 1
minute, were usually taken to check the consistency of the observations. The final value
is the mean of these 3 cycles of observations. In the week of 25-31 August 1993 IRC
+10420 was observed 4 times, an additional measurement was made in April 1994. The
newly obtained photometry is listed in Table 1.

2.2 Photometric variability

Despite the large number of near-infrared photometrical measurements, optical photometry
is sparse. It is surprising that the V magnitude of this well studied object reported in the
previous section is only the third V band measurement since 1973, in the discovery paper
of IRC +10420 (Humphreys et al., 1973). The V magnitudes are identical within the
expected errors of � 0.1 magnitude over the last 20 years, the NIR photometry however
is highly variable; between 1974 and � 1980 IRC +10420 decreased in brightness by
about 0.75 magnitudes, and after that the NIR magnitudes varied erratically within 0.2
magnitudes as noted by J93 and noticeable in Fig. 1.

J93 show the evolution of the broadband K magnitude with time, and conclude that
thermally reradiating hot dust, located close to the star, has moved away from the star
during these 20 years, giving rise to a decrease in flux, at first, at the near-infrared
wavelengths and later at longer wavelengths.

In Fig. 1 we show all V, J, and K measurements (not corrected for the different
systems) listed in J93, with the new points added. Since no errors are given in the original
photometry and different systems are used, the errors on the data points may be of order
0.1 magnitude. This is still smaller than the symbols used in Fig. 1 indicating that the
changes are real. The V magnitude has remained essentially constant, while both the J
and K magnitudes show an increase of 0.75 magnitudes in the period 1975 - 1983. After
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Figure 1 The V, J, and K magnitudes are plotted versus time. The errors are smaller than the plot
symbols.

this rise, the magnitudes vary with an amplitude of about 0.2 magnitude. Note that the
decrease of the J and K magnitudes occur in a period in which the emerging of hydrogen
emission lines has been found by Oudmaijer et al. (1994).

From the plot it is clear that simultaneously with the K band, the J magnitude has
increased as well. If this were the result of an expanding dust shell, then strong excess
emission should have been present at the J band in 1974. A simple way to determine the
possible excess flux at J is by fitting Kurucz (1979) atmospheric models to the spectral
energy distribution (SED).

We therefore constructed two photometric datasets from the available photometry.
Bearing the variability in mind, we used only the most recent measurements listed by J93,
V R I photometry for October 1991 and two sets of near-infrared O’Brien photometry
obtained in March and April 1992. The conversion from magnitude to the flux scale was
performed using the tables by Ney et al. (1973). This set will be denoted the ‘1992’ set
(see also Sect. 2.4).

It turned out that it was possible to construct an almost simultaneously observed
spectral energy distribution for 1974 (‘the 1974 set’). These are the optical 13 colour
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Table 2 Best fitting Kurucz models to the photometry

1974 1992
Teff log g E(B – V) E(B – V)
6000 0.5 2.33 2.08
6500 1.0 2.47 2.18
7000 1.0 2.28
7500 1.0 2.41

photometry by Craine et al. (1976), and two near-infrared sets from the O’Brien system
observed in July and November 1974 (listed by J93). For the latter two sets, we have
taken the logarithmic mean of the two measurements. Craine et al. list a different zero-
magnitude flux at V than the original paper on the 13 colour system published by Johnson
and Mitchell (1975), where the zero-magnitude flux density is 8% lower. We used the
latter value.

The 1974 and 1992 energy distributions of IRC +10420 are plotted in Fig. 2, along
with the best fitting Kurucz models in the 0.4 - 1.4 �m wavelength range. If the J band is
rejected from the fitting procedure, the results are very similar.

Several things are apparent from the plot; the J magnitude is entirely photospheric
at both epochs. It is not possible to obtain a reasonable fit to the optical data, and get
an excess flux at J. The J magnitude is thus a measure of the photospheric flux at 1.25
�m. Secondly, the excess emission at the K band, tracing the hot dust, is at both epochs
0.75 magnitudes. It is hard to envisage the decrease at the K band due to an expanding
dust shell, while the excess at K remained the same. Thirdly, by fitting Kurucz models
to an SED, there are essentially two free parameters, the effective temperature and the
circumstellar and interstellar extinction, E(B – V), for which the formulation by Savage
and Mathis (1979) is used.

For the 1974 energy distribution, we fitted the SED for Teff = 6000 and 6500 K,
where the temperature range was more or less restricted to the spectral type F8 determined
by Humphreys et al. (1973) from spectra obtained in the early seventies. For the 1992
data, the situation is not so clear, and we used temperatures from 6000 to 7500 K for the
Kurucz models. The large extinction suffered by the photosphere at different temperatures
cancelled out in such a way that good fits could be obtained for temperatures between
6000 and 7500 K, with increasing E(B – V) for higher temperatures. All fits have about
the same quality, and the fitted E(B – V) values for the different Teff are listed in Table 2,
some fits are shown in Fig. 2. Note the lower E(B – V) for the 6000 K fit to the 1992 SED,
compared to the 6000 K fit to the 1974 data.
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Figure 2 Photometry of IRC +10420 in 1974 (circles) and in 1992 (triangles). The solid line
represents a Kurucz model fit to the 1974 data, while the dashed and dotted lines represent Kurucz
fits of 7500 K and 6000 K respectively to the 1992 data.

2.3 Decreasing luminosity or constant luminosity

In the above section, we confirm the change in the K band found by J93. It appears however
that their explanation for the decrease in terms of an expanding dust shell is not correct.
From fits to the data, we find that the excess emission at K compared to the photosphere
has remained the same over 20 years, while a similar change at the J band is found, where
no excess emission is observed.

Another finding is that the reddening towards IRC +10420 apparently has decreased
between the two epochs if the temperature has remained constant; for the 1974 6000 K
model, an E(B – V) = 2.33 is found, while for the 1992 6000 K fit, an E(B – V) = 2.08 is
determined. The errors in the derived E(B – V) are quite small; changing this parameter
by 0.05 results in significantly worse fits.

The fact that the extinction at V (AV = 3.1 � E(B – V)) has decreased by � 0.75
magnitude is in contrast to the observation that the V magnitude remained constant. If the
temperature of IRC +10420 was 6000 K at both epochs, then, in order to counter-balance
the decrease in extinction, the V magnitude (and thus the bolometric magnitude) should
have become fainter by about 0.75 magnitude. The decrease in bolometric magnitude is in
this case traced by the change in the J and K bands, since there the extinction is less severe
than at the V band. This scenario (constant Teff , decrease in bolometric luminosity) requires
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a simultaneous decrease of the circumstellar extinction tuned such that the decrease in AV

would almost exactly equal the decrease in bolometric luminosity.
Perhaps a simpler explanation for the observed changes is a change in stellar tem-

perature while the bolometric luminosity and the extinction (circumstellar + interstellar)
remain the same. The decrease in the near-infrared is then explained by a shift in the peak
of the energy distribution towards higher temperatures. From Table 2 we find that the
reddening has remained essentially constant if the temperature increased from 6000 K in
1974 to � 7000 - 7500 K in 1992. The constancy of the V magnitude can be understood
from the fact that the bolometric correction for objects between 6000 and 7500 K is close
to zero.

One can also look at the intrinsic colours for F type supergiants: from the tables of
Koornneef (1983) we find that the V�K colour for an F8 supergiant is 1.21, 0.93 for F5,
0.75 for F2, and V�K = 0.63 for an F0 supergiant. The bolometric correction for F type
supergiants is approximately 0, so that, assuming E(B�V) remained constant, the increase
of � 0.75 magnitudes in K can almost entirely be explained from the change in intrinsic
colour (0.6 magnitude from F8 to F0).

The increase in temperature is further supported by the spectra of Oudmaijer et
al. (1995), who found significant changes over the last 20 years in the optical spec-
trum of IRC +10420 . They conclude that the spectral type of IRC +10420 is late A. The
spectral changes are an independent confirmation of the interpretation that IRC +10420
has increased its temperature over the last twenty years.

2.4 Completing the 1992 SED

In order to fit a dust model through the SED of IRC +10420 , the 1992 energy distribu-
tion is complemented with Kuiper Airborne Observatory photometry obtained by J93 in
June 1991, the IRAS far-infrared measurements, and 1.3 millimeter photometry listed by
Walmsley et al. (1991).

The IRAS Low Resolution Spectrum was extracted using the IRAS-GIPSY software
available at Space Research Groningen (Assendorp et al. 1995; Wesselius et al. 1992;
van der Hulst et al. 1992). Four scans, two of the short wavelength detector, and two of the
long wavelength detector were usable. A third long wavelength detector scan was deviant
from the others, and it was decided to reject it for further processing during the extraction
process. To align the short wavelength spectrum with the long wavelength LRS spectrum,
the blue spectrum was scaled up by 40%. The agreement between the LRS spectrum and
the mid-IR KAO photometry is excellent (see Fig. 4).

3 CO observations

Observations of the CO rotational J= 3-2 and 4-3 transitions at 345 and 461 GHz re-
spectively, were made with the 15m JCMT on June 7 1993 and June 3 1993. For both
measurements, facility single-channel SIS mixer receivers were used (see Matthews, 1995,
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and references therein). The full-width half-power beamwidths and main-beam efficien-
cies of the JCMT at 345 and 461 GHz are 14.3�0.500 and 0.59�0.03, and 10.9�0.500,
0.53�0.05 respectively.

The observations were made in the standard beamswitched mode, in which the sec-
ondary mirror was nutated so as to move the beam position on the sky�6000 in azimuth at
1 Hz. The telescope azimuth was modified every 60 seconds to place the source in alter-
nate beam positions, thus effectively cancelling sky emission and baseline irregularities.
The total integration times were short; 3 and 20 minutes at 345 and 461 GHz respectively.
Half of this time was spent on the reference position. The data were processed after down-
conversion by an acousto-optical spectrometer with a channel spacing of 248 kHz. The
data were subsequently smoothed over 21 channels, yielding effective spectral resolutions
of 3.4 and 4.5 km s�1 at 345 and 461 GHz respectively. The calibration of the signals
made use of hot and cold load and sky measurements to obtain the sky transmission and
receiver noise temperature. The final temperature scales should be accurate within 25%.

CO J = 1-0 and 2-1 spectra at 115 and 230 GHz were taken simultaneously on
28 December 1994 with the 30m IRAM telescope at Pico Veleta, Spain. Two 1 MHz
filterbanks were used to give a channel spacing of 1.3 and 2.6 km s�1 at 230 and 115
GHz, respectively. The full-width half-power beam width and main beam efficiencies at
115 and 230 GHz are 20.900, 0.67 and 10.400, 0.39. The integration times were 22 minutes
for both frequencies, of which half was spent on the reference position. The spectra were
initially calibrated by observing a hot and cold load. Final calibration was achieved by
comparing to standard star observations. The temperatures (which are on a main beam
scale) are correct within 10% (1�).

These spectra and additional HCN(1-0) and SO(65-54) observations will be presented
and discussed in more detail elsewhere (Blommaert, Groenewegen and Oudmaijer, in
preparation).

3.1 Description of the spectra

The resulting spectra are plotted in Fig. 3. The lineshapes are very different from the
‘normal’ flat-topped or parabolic profiles. The line profiles can be roughly characterized
as flat-topped, with an excess emission on the blue side, or as parabolic, with a deficiency
at the red side. Note however that the lines most likely will not be flat-topped in the normal
sense, as this would imply that the lines would be optically thin, which is probably not the
case, considering the strong emission.

It seems that the asymmetry is less in the (1-0) line than in the (2-1) and (3-2) lines,
suggestive of a stronger asymmetry of the envelope in the regions closer to the star. For
reasons discussed below we prefer the interpretation of excess emission at blue shifted
velocities instead of red absorption. A lower signal-to-noise spectrum of SiO presented
by Olofsson et al. (1982) shows the same shape, but these authors are rather careful, and
describe the line profile as parabolic. The interpretation of the lineprofiles is difficult, it is
noteworthy that many lines observed in IRC +10420 show a blue to red asymmetry.
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Figure 3 The observed spectra, corrected to the Local Standard of Rest. The temperatures are on a
main beam scale. Note the blue excess emission that is visible in all spectra.

The same asymmetry is observed for the OH maser, but an explanation for the extreme
blue to red ratio is lacking (Lewis et al. 1986, Diamond et al. 1983, Giguere et al. 1976,
Nedoluha and Bowers 1992). Possible explanations are free-free absorption by ionized
gas of the receding part of the OH maser, or an asymmetry in the coherent path lengths in
the OH line forming regions.

Derived parameters from the spectra are displayed in Table 3. It presents the integrated
area under the spectra, the peak temperature and the root mean square noise of the spectrum
measured in the continuum (all on a main beam scale). The velocity range of the spectrum
is measured at the zero level and at the 10% level of the spectrum, where the signal-to-
noise of the line is higher. Finally in the last columns, the outflow velocity and the central
velocity, measured from the 10% values are listed.
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Table 3 CO data on IRC +10420

line Area Tpeak � Velocity range V1 VLSR

zero level 10% level
(K km s�1) (K) (K) VLSR VLSR (km s�1) (km s�1)

J1-01 37 � 0.5 0.62 0.024 30 - 120 37 - 117 40 77
J2-1 187 � 1 3.17 0.036 29 - 121 36 - 116 40 76
J3-2 150 � 1 2.70 0.09 30 - 120 39 - 116 38.5 77.5
J4-3 189 � 6 3.81 0.25 30 - 117 40 - 114 37 77

1 : in agreement with Bachiller et al. (1985) where � = 0.14 K

The central velocity is in agreement with other determinations for the central velocity
from other molecular species (Nercessian et al. 1989, Omont et al. 1993).

Note that the velocities measured from the zero level show a slight excess emission at
higher blue-shifted velocities than at the redshifted velocities. This is apparent from the
spectra as well; the decline to the zero level is shallower in the blue than in the red.

3.2 The gas mass loss rates

The gas mass loss rates can be calculated with Eq. 2 in Olofsson et al. (1993). Using
nHe/nH = 0.1 and a CO abundance relative to H2 of 4� 10�4 we find mass loss rates of 2.3
� 10�5 D

kpc
2

and 5.9 � 10�4 D

kpc
2

M�/yr for the (1-0) and (2-1) transitions respectively.

From Eq. 20 in Kastner (1992) we derive (using fCO = 4� 10�4 and � = 0.8 for his scaling

parameter) a mass loss rate based on the (1-0) line of 2.0� 10�5 D

kpc
2

M�/yr.
The results for the (1-0) line of Olofsson et al. and Kastner are similar, but there

appears a difference of a factor 20 between the mass loss rates obtained from the (1-0) and
the (2-1) line. Kastner (1992) warns that for mass loss rates much in excess of 10�5 M�

/yr no simple formula can be used. Detailed modelling of such data is required to obtain
more reliable gas mass loss rates from the CO emission.

3.3 The outflow velocity

The large observed outflow velocity of 40 km s�1 is much larger than the observed mean
outflow velocity for AGB stars which is 15 km s�1 (Olofsson, 1993). In fact, this offers
an indirect argument against the post-AGB hypothesis for IRC +10420 .

The velocity at infinity of an expanding dust shell can be estimated by assuming that
the outflow is a radiative driven wind by photon pressure on dust grains. Habing et al.
(1994) study radiative driven winds for mass losing objects. As approximation for the
outflow velocity they find vesc / L0:3 � Ψ0:5. In their Fig. 8, we find that for mass loss
rates of 10�4 M�/yr, L = 104 L�, and Ψ = 0.008, the expansion velocity is 16 km s�1.
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When taking the same dust-to-gas ratio, but the maximum possible AGB luminosity, one
obtains an expansion velocity of only 26 km s�1. Very high dust-to-gas ratios are needed
to account for the observed expansion velocity of IRC +10420 ; if one increases Ψ to 0.02,
the luminosity should be of order 46,000 L�. Instead, an outflow velocity of 40 km s�1

is obtained for L = 212,000 L� and Ψ = 0.008, or L = 464,000 L� and Ψ = 0.005. These
luminosities are typical for massive supergiants.

If IRC +10420 is a post-AGB object, the observed expansion velocity can thus only
be explained if IRC +10420 were a very luminous AGB star with an extremely high dust-
to-gas ratio. For normal values of the dust-to-gas ratio, the luminosities are as expected
for massive stars.

4 Fitting the SED

In this section we model the resulting spectral energy distribution of IRC +10420 with the
dust radiative transfer model of Groenewegen (1993). In this model the radiative transfer
equation and the equation of thermal equilibrium are solved simultaneously for the dust
in spherical geometry.

The input for the fit is the 1992 SED that is constructed in Sec. 2, other relevant
parameters for the fitting are the outflow velocity of the envelope, taken to be 40 km s�1

from the CO spectra. The extinction towards IRC +10420 is the sum of the interstellar and
circumstellar extinction. The models have been corrected for an interstellar extinction of
AV � 5, as determined by Oudmaijer (1995) from the strength of the “Diffuse Interstellar
Bands", and in agreement with the value determined by J93 for the interstellar extinction
from polarization measurements. A black body of 7000 K is used to represent the stellar
continuum. We chose a black body instead of a model atmosphere because it is shown in
the above sections that the temperature of IRC +10420 is not well determined. A black
body of 7000 K appears to be a good compromise considering the uncertainties in the
temperature of IRC +10420 and the associated extinction as discussed earlier.

The shape of the SED is fully determined by the effective temperature of the central star,
the dust temperature at the inner radius, the dust optical depth at a reference wavelength
and the relative variation with wavelength of the extinction coefficient, Q�. For a particular
choice of Teff and Q�, the dust optical depth and Tinner are derived. These parameters are
independent of the assumed distance. Furthermore, L=D2 is independent of distance.

The relation between the dust optical depth and physical quantities is �� � ( �M
Ψ��)=(R? rinner v) where �M is the total mass loss rate, Ψ the dust-to-gas ratio, �� the
dust opacity (�� = 3 Q� / (4 a �d) with Q� the absorption efficiency, a the dust grain size
and �d = 2 g cm�3 the adopted specific density of the dust grains),R? the stellar radius in
solar radii, rinner the inner dust radius in stellar radii and v the expansion velocity, assumed
to be constant, of the envelope.

The calculations are performed in the small particle limit so that Q�=a is independent
of a, and scattering can be neglected. The relative silicate dust opacity was taken from
Volk and Kwok (1988), scaled to an absolute value of the opacity of �60�m = 150 cm2g�1
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We assume a dust-to-gas ratio of 0.005. The explicit distance dependence is introduced
through the stellar radius (R? �

p
L � D). Hence, both the mass loss rate and the flow

time scales in the envelope scale with distance.

4.1 A single shell

At first we attempted to fit the SED of IRC +10420 with a single dust shell. It turns out
however that this does not provide a good fit to the data. The best fit that we obtained fits
the cool part of the envelope (i.e. � > 10 �m), but at the shorter wavelengths the SED
could not be fitted; at wavelengths shorter than 4 �m the model fit lies significantly above
the photometry, while the model fit lies below the observations in the range 4 – 16 �m.

The detailed fit to the LRS and KAO spectra is an important constraint to arrive at the
fit parameters; the underlying dust continuum peaks at � � 3000/Tinner �m, which for the
values of interest is located in the LRS wavelength region, and the excitation of the 9.8
and 18 �m silicate features. For Tinner <� 290 K the peak of the SED is shifted so far to the
red that the 18 �m feature is much stronger than the 9.8 �m feature. For Tinner

>� 600 K
the reverse is true. The combination of fitting the broad-band SED and the LRS and KAO
spectra the leads to a best fit value of Tinner = 400 K.

This best fit, with parameters Tinner = 400 K (with the inner radius at 486 stellar radii),
�M = 1.8 � 10�4 D

kpc M� /yr and L = 21,700 D

kpc
2

L� is shown in Fig. 4 as a dashed line.

The flow time scale i.e. kinematic age from the stellar surface to the inner radius is 27 D

kpc
years.

For distances in the range 3.5-5 kpc, the mass loss rate derived from the CO (1-0) line
and the model fitting agree better than a factor of 2 and range from about 5 � 10�4 M�

/yr at 3.5 kpc to about 10�3 M� /yr at 5 kpc.
We assume an r�2 density distribution and an outer radius that is determined by the

radial distance where the dust temperature has dropped to 20 K. For the calculated models
the outer radius is located at about 4.1 � 105 stellar radii, or at a timescale of 2.4 � 104

D
kpc years. Thus, the shell would contain about 40 solar masses if the star is located at a
distance of 3.5 kpc. Although high, this value is of the order of what one would expect for
a high mass object that has shed most of its envelope during the RSG phase. Still, the total
mass is subject to a large uncertainty, it is very difficult to actually determine the outer
radius of a dust shell, which could be smaller, reflecting a shorter period of high mass loss.

As far as we know there has been only one other attempt to fit the SED of IRC
+10420 . Hrivnak et al. (1989) fit a single shell, and noticeable in their Fig. 7 is that the
near-infrared part is not fitted. In that wavelength region the model is almost photospheric,
and lies significantly below the observed SED. Their result hints already of the fact that
the SED can not be fitted with one shell, but that an additional, hotter component has to
be invoked, although this is not obvious since the SED does not have a “triple peaked"
behaviour.

The hot dust is responsible for the energy emitted in the near-infrared part of the
SED, while cool dust emits in the far-infrared part of the SED. A two component fit is not
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Figure 4 Model fits through the energy distribution of IRC +10420 . The crosses represent the
‘1992’ set of data discussed in the text. The dashed line is the model fit using a single shell model,
while the solid line represent the model fit, where an additional hot circumstellar component is
introduced. The lower panel shows the LRS spectral range in more detail. The histogram represents
the combined LRS spectrum and KAO photometry.

unusual; Trams (1991) finds that significant amounts of dust in the envelopes of post-AGB
stars are located in a hot shell or disk, with colour temperatures of the order of 1000 K.

4.2 Two shell model

Considering the above, we next tried to fit the SED with a two-component model; for
reasons of simplicity we take the inner radius of the best fitted cool shell in the above
section to be equal to the outer radius of the inner shell. The dust temperature at the inner
radius of the inner shell is taken to be the typical condensation temperature of silicate dust,
i.e. 1000 K.

By keeping the inner and outer radii fixed, we iterated till the best fit was obtained. The
inclusion of an extra shell considerably improves the fits; the best fit is shown in Fig. 4
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Table 4 Model results

parameter single shell cool shell hot shell
Rin (R�) 486 486 86
�M ( M�/yr D

kpc ) 1.8 � 10�4 2.0 � 10�4 1.4 � 10�5

tkinematic (yr D

kpc ) 27 27 5
Tinner (K) 400 400 1000

as a solid line. The inner radius lies at 86 stellar radii, �M (cool) = 2.0 � 10�4 D

kpc M�

/yr, and �M (hot) = 1.4 � 10�5 D

kpc M� /yr, L = 23,400 D

kpc

2
L� Note that the best fit has

slightly different values for the luminosity and the mass loss rate of the cool component
compared to the single shell model. The AV of the cool envelope as we calculate is �
2, independent of the assumed distance to the object, which together with the interstellar
AV = 5 yields 7 magnitudes extinction, just as observed. The hot envelope, if spherical,
introduces an extra AV of 0.9.

5 Discussion

5.1 The cool shell

The kinematic age of the cool shell is 27 D

kpc years. Twenty years ago, the shape and
magnitude of the infrared excess emission due to dust was comparable to the present day
energy distribution. If IRC +10420 is a post-AGB star this would imply it would be at
a distance <1.6 kpc, since the maximum luminosity of any AGB progenitor is �55,000
L�, corresponding to the maximum possible mass of a white dwarf, 1.44 M� (Iben and
Renzini 1983). A dynamical age of the cool shell of <45 years implies that the SED of
1974 would be very different from now, most notably the V band would suffer a much
larger extinction than observed now since the dust would be closer to the star. This problem
is less severe if IRC +10420 were a massive object located at several kpc, since the age
of the shell increases with distance.

The work of Gottlieb and Liller (1978) allows us to compare the photometry with
observations from the beginning of this century. These authors measured the photographic
magnitude of IRC +10420 , converted to the Johnson B band, from a collection of Harvard
photographic plates, and present the photometric evolution of IRC +10420 from 1900
to 1978. In the period 1900 - 1920, where the observational errors are largest, they find
that the magnitude of IRC +10420 scattered between B = 14 and 15, but since 1920, B
decreased from� 15.2 to B = 13.8 in 1978.

The brightening in B can be due to either an increase in temperature, with a constant
extinction, or due to the decrease in circumstellar extinction, or a combination of both. It
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will be useful to calculate a grid of models with the fit parameters derived in this paper in
order to investigate the evolution of the spectral energy distribution as function of time,
distance and temperature. We suffice here however with a simple consideration:

As no U or B band photometry has been obtained since 1978, we restrict the following
discussion to the difference in B between 1920 and 1978 which is 1.4 magnitudes. Assum-
ing that the increase in flux at the B band is entirely due to the dilution of the circumstellar
shell, this translates into a change in circumstellar B extinction of ∆AB = 1.4. Assuming
a wavelength dependent extinction following a Savage and Mathis (1979) curve, ∆AB =
1.4 corresponds to ∆AV = 1.1, hence ∆�V � 1.

The optical depth at V from the model fit for the cool shell is � 2. The change in
AV between 1978 and 1992 is hard to estimate, but is not likely to be large (cf. Sec. 2).
Let us assume that �V = 2 in 1978. The optical depth at the V band should then be 3 in
1920. Because �V / 1

rinner
= 1
v(t�t0)

, one has 3/2 = (1978 – t0)/(1920 – t0), from which
follows t0 = 1804 years. The kinematic age of the dust shell, t � t0, would therefore be
184 years in 1978 corresponding to � 200 years now. This simple calculation does not
take any temperature changes into account, if the temperature of IRC +10420 would have
increased in the same period, the decrease in circumstellar extinction would be smaller,
and the kinematic age of the inner radius larger. The value of 200 years is in reasonable
agreement with the value inferred from the model fits. For a distance to IRC +10420 of
3.5 - 5 kpc the kinematic ages of the present-day shell are 95 and 135 years respectively.
In any case, the possibility of IRC +10420 being a post-AGB star located closer than 1.6
kpc from Earth is effectively ruled out when applying this argument.

One could however argue that the cool dust is located in a disk, oriented pole-on with
respect to the observer. In that case the relatively small change in extinction is naturally
explained by the fact that most material is not located in the line of sight. In Sec. 3, an
indication for deviations from spherical asymmetry in the envelope of IRC +10420 was
already presented, there are however problems with a strong asymmetry of the cool shell.

The shape of the envelope as traced by the dust, CO rotational-vibrational lines, and
the OH maser is roughly an oblate ellipsoid as Nedoluha and Bowers (1992) find from high
resolution maps in OH. The presence of P Cygni profiles in the high resolution spectra
in the CO 4.6 �m rotational-vibrational lines which trace cool gas (Fix and Cobb, 1987)
suggests that deviations from spherical symmetry are probably not large. In addition, if
the cool dust, where the CO (sub)millimeter emission is likely to originate, is strongly
asymmetric, and oriented pole-on, high outflow velocities would not be expected.

5.2 The hot dust component

The model fitting required the presence of a hot dust component, responsible for emission
at the near-infrared wavelength bands. The kinematic age of the inner radius of this shell
is only 5 years/kpc.

This could imply that a recent outflow is responsible for the excess emission. Twenty
years ago, the near-infrared excess was already present when Humphreys et al. (1973)
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observed IRC +10420 spectroscopically, but they did not find spectroscopic evidence for
an outflow.

Perhaps it is more likely that the hot component reflects the presence of a circumstellar
disk around IRC +10420 as already invoked by J93 on basis of extinction and polarization
arguments. A Keplerian rotating disk surrounding IRC +10420 is a likely assumption to
account for the observed near-infrared excess.

Hot disks around evolved stars have been found before, Trams (1991), Waters et al.
(1993a+b), and van Winckel et al. (1995) discuss several examples of evolved (post-
AGB candidate) stars with the same near-infrared properties. These authors find almost
a one-to-one correlation between the presence of hot dust (i.e. circumsystem disk) and
binarity of the star (van Winckel et al. 1995; Waters et al. 1993a, and more recently for
HD 101584, Bakker 1995). In all cases, the secondary object is not observed, and may
be a low mass main sequence object, or an initially more massive object, which is now a
white dwarf.

IRC +10420 may be the member of a binary system, if this is the case, then radial
velocity variations should be observed. However, it is hard to actually disentangle the
velocity shift due to binary motion and the spectral variability that may be due to stellar
pulsations (see Chapter 10). The possibility that IRC +10420 is a member of a binary
system can not be excluded with the present data.

6 Concluding remarks

In this paper we have presented a study of the spectral energ distribution and mass loss
history of the peculiar hypergiant IRC +10420 . The results can be summarized as follows:

1. The spectral energy distribution of IRC +10420 has changed significantly over the
last twenty years. While the V magnitude remained constant during this period, the
(photospheric) J, and K magnitudes increased 0.75 magnitude. We argue that the
temperature of IRC +10420 has increased by about 1000 K.

2. Observations of the CO rotational transitions reveal complicated line profiles, where
there is an excess emission at the blueshifted side of the emission lines. The red to
blue asymmetry is found in many lines tracing different line forming regions, (H�,
SiO, OH) and suggests that the circumstellar envelope is slightly asymmetric over a
large range of distances to the star.

3. The spectral energy distribution of IRC +10420 can not be fitted with one component.
An additional hot dust component responsible for the observed excess emission at the
near-infrared wavelengths was added to the model fit, giving satisfactory fits. The hot
dust component is identified with a disk.

4. The mass loss rate of IRC +10420 as determined from the CO (1-0) lines and the
model to the entire spectral energy distribution is found to be of order 5 � 10�4 M�

/yr for a distance of 3.5 kpc.
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5. We have presented evidence that IRC +10420 is not a post-AGB star. This is based on
two arguments; firstly the observed high outflow velocities in CO can only be reached
for the brightest possible post-AGB objects with extremely high dust-to-gas ratios.
Secondly, the kinematic age of the inner radius of the cool shell is too small to explain
the fact that the V magnitude of IRC +10420 has remained essentially constant over
the last 20 years, and the fact that the B magnitude brightened only by 1.4 magnitudes
in the period between 1920 and 1978.
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