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Abstract. Long-slit spectrograms of the circumstellar envelope
of the M2Ia luminous supergiant µ Cep are presented. This
cool wind emits fluorescent KI 7665-7699Å lines and has been
resolved along two north-south slits, located 5′′ and 10′′ west
from the star. The angular resolution was∼0.6′′ . A low spectral
resolution of 40 km s−1 , i.e. about the emission line width, was
used, permitting to be sensitive and to detect KI emission up to
∼60′′ from the star. The distributions of KI line emission along
these two strips display bumps and breaks, which suggest that
important inhomogeneities exist in the flow. Their apparent size
is about 1′′-3′′ , corresponding to ∼1-3 1016 cm for a distance
of 830pc. The data suggest that density contrasts of an order
of magnitude occur in the wind at the above scales, although
interpretation of the KI line intensity is subject to uncertainties
concerning ionization and line transfer in a clumpy medium.
Assuming that these inhomogeneities are in fact arc-like shells
ejected episodically by the star, a typical mass-loss timescale of
∼1000 years is derived.
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1. Introduction

The structure of circumstellar envelopes around cool late-type
stars (asymptotic giant branch stars and red supergiants) is of in-
terest with regard to both mass loss mechanism and circumstel-
lar physico-chemistry. Recent observations, in particular those
made at high angular resolution, point to a process which, at
a given time, may not be spherical, and bipolar in some cases
(see for example Kahane & Jura 1996, or Plez & Lambert 1994
and references therein). Other techniques which probe a much
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larger extent of the envelopes with low resolution such as the
IRAS or ISO far-infrared images, suggest that the mass loss
rate can strongly vary (e.g. Waters et al. 1994, Izumiura et al.
1996, Olofsson et al. 1996). Episodic mass loss has also been
invoked in the past because of the presence of discrete velocity
components in circumstellar optical absorption lines (Ridgway
1981).

The case of massive red supergiants (RSGs) is important
because they evolve into Wolf-Rayet stars or/and Type II super-
novae (SN). After SN explosion, optical emission is produced by
interaction of the expanding SN gas with the cool wind. In their
model of this emission, Chevalier & Fransson (1994) assume
a smooth r−2 RSG wind density, and this hypothesis should
be tested as far as possible, especially regarding the effect of
clumpiness. An equatorial density enhancement of RSG winds
is also possible: it has been invoked both concerning the ge-
ometry SN 1987A circumstellar matter (Blondin & Lundqvist
1993, Meyer 1997), and concerning the elongated shape of some
Wolf-Rayet bubbles (Brighenti & D’Ercole 1996). Whether this
geometry is general in optical and dusty RSG, whether it is
linked with rotation, magnetic field, binarity or other processes,
are still open questions.

In this context, we present high angular resolution ob-
servations of the wind of µ Cep. This M2Ia supergiant is
one of the most luminous RSG: if one adopts a distance of
830pc (Humphreys 1978), its parameters are: L ∼4 105 L�,
Teff=3560K, R = 1600R� (Jura & Kleinmann 1990, di
Benedetto 1993). The main sequence progenitor mass should
be ∼35M�. There are also indications that this star is single,
with at least no hot main sequence companion like α Sco or VV
Cep, since no characteristic emission lines or ultraviolet excess
are detected (Rogers et al. 1983), and since its large envelope
is essentially neutral (Mauron et al. 1986, Guilain & Mauron
1996).

In order to probe circumstellar matter over a large extent (for
studying mass loss history) and with a high angular resolution
(for structure), long-slit spectroscopy in the KI λ7665 − 7699
lines was used. A low spectral resolution of ∼40 km s−1 was
chosen in order to have a relatively high sensitivity, at the ex-
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pense of kinematic information. In the following, Sect. 2 de-
scribes the observations and the data reductions. The results are
given and analysed in Sect. 3. Discussion is in Sect. 4, and the
main conclusions of this work are summarized in Sect. 5.

2. Observations and reductions

The observations were carried out on 1992 July 5 with the CFH
3.6-m telescope and the Herzberg spectrograph. The detector
was a thick blue-coated PHX 512x512 CCD chip having a quan-
tum efficiency of 30% at 8000Å, a read-out noise of 8e, a gain
of 1.8 e ADU−1 and a pixel size of 20µm. The spectrograph
was used with a 0.75′′-wide and 131′′-long slit, a grating of 830
lines mm−1 working in the first order, providing a dispersion
of 0.97 Å pixel−1. Along the slit, the 20µm pixel represented
0.611′′. The sky was clear and the seeing was about 0.5′′.

We made two off-star spectra, with exposure times of 1000
and 2000s, and with the slit oriented north-south and located
at ∼5′′ and ∼10′′ west of the star. There is unfortunately a
significant uncertainty in the accuracy of these offsets for two
reasons: first, after positionning the slit, we noted that switch-
ing the guiding system on could occasionally induce a supple-
mentary shift of ±0.5′′ ; secondly, the telescope position was
erroneously not recorded in the headers of the FITS files dur-
ing observations of µ Cep. This was corrected later on in the
run for other objects, but we realized that requested offsets of
e.g. 3.0′′ were in fact between 1.5′′ and 4.5′′ . Consequently,
the ∼5′′ and ∼10′′ offsets are known within 1.5′′ at best.

We also took on-star spectra through a neutral filter of den-
sity 2, and one such spectrum was done with opened slit, in
order to calibrate the shell brightnesses on the stellar flux.
The latter, measured on the average “continuum” beside the
7700Å absorption line, gave 5.7 105 ADU s−1 Å−1. Bias and
flat-field exposures were also secured in order to clean on-star
and off-star frames in a standard way.

The bulk of off-star signal along the slit comes from scat-
tered stellar light and from an east-west diffraction spike, but
KI shell emission is already visible on uncleaned frames. For
each given position along the slit, one gets a linear spectrum
along a CCD row, showing sky lines, shell emission lines and
scattered light. The latter was substracted by scaling the on-star
spectrum (see Mauron & Caux 1992). The result is a net spec-
trum with the KI lines spread over 2-3 pixels, and numerous sky
emission lines. The flux integrated over each KI line was mea-
sured for every such spectrum, finally providing line brightness
distributions along the slit, displayed in Fig.1. In the following,
the height on slit is noted h, which is null nearest to the star and
positive to north; the radial distance to the star is r = (r2

0 +h2)1/2,
with offsets r0 beeing 5′′ or 10′′ , except otherwise specified.

Several comments are in order concerning these distribu-
tions. First, the λ7665 line may suffer from telluric O2 absorp-
tion; in addition, a faint sky line on the blue side of λ7665
prevented us to measure its intensity at very faint levels. Never-
theless the λ7665 distributions are a useful check of the λ7699
ones. Secondly, at very low brightnesses, we had to make av-
erages over 2 to 5 CCD rows, which degrades the angular res-

Fig. 1. Distribution of the KI line emission along the slits at 5′′ and
10′′ west of µ Cep (binned curves labelled 7699 and 7665; for clarity,
the 7665 curve has been shifted down by 0.7 in log). The distribu-
tion of continuum scattered light is also shown for comparison. The
dotted lines represent: -a/ in the top plot, two r−3 distributions with
r = (h2 + r2

0)1/2, r0 beeing 5′′ and 3′′ (upper and lower curve, respec-
tively); -b/ in the bottom plot an r−3 distribution with r0=10′′ (see
text). The coordinates are linear-log.

olution to 1.2′′ or even to 3′′ along the slit, as can be seen on
Fig. 1. Finally, relative uncertainties (1 σ) on line fluxes are es-
timated to be about±5% at high levels and about±30% at low
ones, i.e. ±0.02 and ±0.1 in log scale, respectively.

3. Results and analysis

3.1. Reliability of the data

Fig. 1 shows important bumps and breaks in the KI distributions,
and, as noted by the referee, one might ask “are they real”? We
claim they are, for the following reasons:
- Examination of sky emission lines and flat-fields show the in-
trumental sensitivity to be smooth along the slit, with a large
scale amplitude of at most ±10%. This effect is corrected and
cannot produce the bumps.
- On the 5′′ slit frame, the lines are very strong and seen in
emission well above continuum for |h| <10′′ , even on not
flat-fielded frames. We checked that the very steep declines at
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h = +5′′ and h = +10′′ are real, and much larger than the stel-
lar continuum gradients. The bump at h = −13′′ is also visible
before and after any cleaning.
- One can note however that the continuum also presents small
bumps. Its distribution cannot be perfectly fitted by a smooth
radial law (ignoring the diffraction spike), and there are sig-
nificant north-south asymmetries. We believe that this is at-
tributable in part to the telescope scattered halo itself, in qual-
itative agreement with coronographic imaging experiments at
CFH by Walker et al. (1994). One can also think about para-
site reflections inside the spectrograph since the spike and line
emissions are very intense in the middle of the slit. In principle
reflections might create at any h some artificial KI bumps. How-
ever, this effect may be reasonably excluded by the fact that we
do not find any correlation, neither in position nor in amplitude,
between continuum and line spatial fluctuations.
- the best slope fitting the continuum is near -2, in agreement
with the seeing profile of King (1971), whereas we find for KI
lines a best slope of about -3, or more negative (see below),
which further supports the correctness of data reductions.

3.2. The general shape of KI line distributions

The λ7699 or λ7665 distributions of Fig.1 can first be com-
pared with a simple model distribution in which one assumes
a circumstellar density of KI atoms running as r−2, isotropic
illumination from the star and optically thin line scattering.
These assumptions imply a brightness distribution I ∝ r−3,
i.e. I ∝ (r2

0 + h2)3/2, with r0 being the slit offset. Fig.1 shows
that such a model can reasonably fit the general shape of the
observed KI distribution along the 10′′ slit. In the case of the
5′′ slit, choosing r0=3′′ considerably improves the fit, and as ex-
plained in Sect. 2, such a 3′′ value is not completely excluded.
If however the offset was really 5′′ , an excess of emission by
a factor of about 5-10 is suggested for |h| < 10′′ , possibly
due to a density enhancement∼5′′ west of the star. In any case,
substantial discrepancies, much larger than experimental errors,
remain between any smooth model and the observed bumpy dis-
tributions.

3.3. Discrete shells

Many interpretations can be proposed to explain the bumps. A
first possibility to consider is extinction by small interstellar KI
clouds located on the line of sight to the envelope. Structures
with appropriate scales (800-4000AU, i.e. 1′′-5′′ at 800pc) are
known to exist in the diffuse interstellar medium (Watson &
Meyer 1996), but due to a favorable stellar radial velocity, not
much KI absorption is expected to occur (Mauron & Le Borgne
1989, appendix B; Mauron & Querci 1990).

One could also think that bumps reveal in fact the patchi-
ness that would result from superposition on the line of sight of
numerous small circumstellar clumps randomly located in the
whole volume of the envelope. This structure has been proposed
by Olofsson et al. (1996) for the detached envelopes of carbon
stars, and this possibility cannot be ruled out by the present data.

In our opinion, it is however more tempting to imagine the
bumps and breaks as due to limb brightening by several more
or less spherical bubbles separated by low density gaps. Such a
structure is qualitatively consistent with other observations of µ
Cep: discrete circumstellar components are seen in the KI and
CO absorption lines (Bernat 1981); at least 2 shells are sug-
gested by Fabry-Perot images made in the NaI lines (Mauron
et al. 1986, Mauron & Le Borgne 1989), by polarization mea-
surements (Le Borgne & Mauron 1989), and by far-infrared
scans (Hawkins 1993). Arc-like structures or detached shells are
also present in many winds of very different stars, for example
the Cepheid RS Pup (Havlen 1972, Deasy 1988), IRC+10216
(Crabtree et al. 1987), the post-AGB CLR 2688 (Sahai et al.
1995).

After adopting this kind of geometry and still assuming sin-
gle scattering of KI line photons, it is possible to get a first (and
admittedly coarse) approximation of the KI density distribution
n(r), by fitting the intensity distributions with the relation:

Ir∝
∫

n((r2 + l2)1/2) (r2 + l2)−1 dl (1).

Fig. 2 shows such a fit for the 10′′ strip, for which we con-
sidered separately the north and south parts. We have assumed
that within any individual shell, the density obeys a r−2 law, as
if the star had experienced successive periods of steady mass-
loss, with alternatively high and low mass loss rates. From this
analysis, we find that the widths of high mass loss shells would
be typically 1′′-3′′ , whereas the widths of low mass loss shells
appear to be statistically larger (3′′-10′′ ). The KI density con-
trast between these shells can reach a factor of ∼30. Such a
large value comes in part from the observations, but also from
our assumption of spherical symmetry in applying Eq. (1). This
is because any given dense shell produces a significant intensity
for a line of sight passing just inside its inner radius, and this
limits the amount of density for the next inner tenuous shell.
But, as can be seen in Figs. 1 and 2, north-south symmetry is
not well respected.

4. Discussion

The first inescapable conclusion of the above analysis is that the
envelope of µ Cep (M2Ia) is not smooth. Even if we drop the
assumption of shells, the observed distributions suggest typi-
cal clump sizes of one to several arcseconds, and large density
variations. This is significantly more inhomogeneous than one
could have thought from previous findings. The wind of Betel-
geuse (M2Iab), which is possibly very similar, has been studied
with long-slit spectra or maps in the KI lines by Bernat et al.
(1978), Honeycutt et al. (1980) and Mauron et al. (1984), but
has not revealed such a structure. This may be due in part to
improvement of observational techniques: the data of this work
are deep, have good photometric precision, high dynamic range
and subarcsecond angular resolution. Another possibility is that,
as suggested by its numerous circumstellar absorption compo-
nents, the wind of µ Cep is intrinsically more inhomogeneous
than Betelgeuse’s one.
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Fig. 2. Fits of the KI intensity distributions with several shells. The
observed data are in thick stepped lines, and the model intensity su-
perposed in thin lines. The KI density distributions are in dotted lines.
Only relative values of intensities and densities are significant. The
scales are log-log.

Physically, the specificities of the KI tracer and induced un-
certainties are important to consider, regarding the analysis done
in Sect. 3: the question is how fluctuations of KI line intensity
are linked to those of hydrogen density, and this involves line
radiative transfer and KI fractional ionization. Concerning the
line opacity, reliable measured values of the ratio 7665/7699
range from 0.7 to 1 (±0.05) at ∼5′′ cut, and from 0.9 to 1.1 at
10′′ . Telluric O2 absorption at λ7665 certainly lowers the true
values: assuming that the 7665 line is gaussian, 2Å wide and
centered on vstar,helio=19.3 km s−1(see the spectra in Mauron
and Guilain 1995), this absorption can be shown to be 20-30% at
most in the present data (O2 line profiles are given in Chaffee &
White 1982). So the real 7665/7699 ratioes should be between
0.9 and 1.40. This is in favour of a significant optical depth,
τ ∼ 1 or larger at ∼5-10′′ .

Concerning the ionization fraction γKI=nKI/nK and the
link to nH , local equilibrium between photoionization and re-
combination was adopted by Mauron & Caux (1992) and by
Guilain & Mauron (1996), following on this point the analysis of
Glassgold & Huggins (1986) and their equation (5.1). Recently,
the validity of equilibrium has been questioned by Gustafsson
et al. (1997). These authors find that assuming γKI=1 yields
mass-loss rates in good agreement with values derived from

CO for three carbon stars. However, it is premature, as they
admit, to reject the equilibrium approximation on the basis of
these stars because large uncertainties exist on their ultraviolet
fluxes or other parameters involved in equilibrium calculations,
and on CO-based mass loss rates as well. On the other hand,
the assumption γKI=1 and their related equation (6) cannot be
valid in general: when applied to warmer stars like α Ori or α
Her with much surer information on UV fluxes and mass-loss
rates, one finds too small mass loss rates (3 10−8 and 7 10−10

M� yr−1 for these two stars, respectively, i.e. about 100 times
too low), and this supports γKI <<1 on average in their winds.
To summarize, a correct estimation of γKI has to be done in all
cases to interpret KI emission, and this is not easy even when
equilibrium is assumed, since local values of T , ne and ionizing
UV field are required. This applies a fortiori in the present case,
where the obvious inhomogeneity should be taken into account.
At this stage, we cannot decide whether fluctuations δnKI scale
as δnH or as (δnH )2, or in between.

Consequently, we consider that the shell characteristics de-
rived in Sect.3 may be somewhat biased by this KI tracer: for
instance, the hydrogen density contrast between dense and ten-
uous shells may be lower than the obtained high value (i.e. up
to∼ 30), but it would still reach at least∼5 if δnKI ∝ (δnH )2.

Finally, in the hypothesis that discrete arc-like shells are re-
ally present and due to episodic ejections from the star, one can
derive a characteristic time-scale of outbursts: with typical an-
gular separations between shells in the 3′′− 10′′ range, we find
1200 years (after taking d = 830 pc and v = 20 km s−1). This
timescale is much larger than the pulsation periods of 2.4 and
13.3 years found inµCep’s photometric variations (Mantegazza
1982). It also cannot be related to thermal pulses, since this star
is a true red supergiant. This intriguing situation was already
pointed out by Ridgway (1981) from a statistical analysis of
absorption circumstellar lines, and is not changed by observa-
tions which angularly resolve the envelopes, like in the present
work, or like in the case of IRC+10216 (Crabtree et al. 1987) or
CRL 2688 (Sahai et al. 1995, Deguchi 1996), for which ejection
timescales of 200-400 years are derived.

5. Conclusions

In this paper, we presented KI long-slit spectroscopy of the en-
velope of µ Cep, made with slits ∼5′′ and 10′′ west of the star.
Accurate and deep photometry of KI line emission along two
0.7′′ x 100′′ strips, with an angular resolution of ∼0.5′′ , have
been obtained. The wind has been detected up to∼60′′ from the
star. These observations show that important inhomogeneities
exist in the wind of this massive red supergiant, with typical sizes
of ∼1′′-3′′ , or ∼1-3 1016cm. It is possible that these inhomo-
geneities are due to episodic mass loss with a typical timescale
of ∼1000 years.

Further observations, especially imagery, are needed in
order to ascertain the possible circularity of these inhomo-
geneities, and a possible density enhancement at 5′′ west of
the star. Since the size of these inhomogeneities is also not very
different from our resolution, investigating the structure at even
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smaller scales should also be attempted. Observing envelopes
at high resolution with various tracers like fluorescent KI and
NaI, CO emission, and scattered light by dust should also be
useful to reduce uncertainties specific to the interpretation of
each species, and finally obtain a better characterization of their
density distribution, clumpiness and kinematics.
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