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ABSTRACT

Observations of vibration votation transitions of silicon monoxide
in VY CMa show that the lines originate in accelevating, expanding,
and cool (600°K) layers of a circumstellar cloud at a distance of ~ 0. 1H°
from the central star.  The central stellar veloeity, as estimated from
observed Si0O P Cygni line profiles, is somewhat vedshifted from the
midpoint of the maser emission features.  Most of the silicon is prob-
ably in the form of dust grains.  The isotopic ratios of silicon arve

nearly tevvestrial,

Subject Headings: infraved: spectrea line profiles  stars: individual

stars: circumsteltar shells  stavs: abundances



I. INTRODUCTION
The dense cloud of gas and dust surrounding VY Canis Majoris
is one of the brightest sources of maser emission and infraved con-
tinuum radiation in our Galaxy. The complex spatial and velocity

structure of the maser emission from OH, H,0 and S10 has been

9
studied by numerous authors (see e.g. Rosen et al. 1978 and refer-
ences therein).  The optical radiation from VY CMa, which is

scattered by the surrounding nebula, consists of a photospherie, M-

type spectrum, together with a number of low -excitation absorption

and emission lines which originate outside the photosphere (see e. g.
Wallerstein 1971; Herbig 1974).  The oplically derived radial velo-

city of the central star has been uncertain, and has appearved to

change frequently by large amounts (Wallerstein 1997).  This is pre-
sumably due to the Doppler shifting of the photo: phevie spectrum by
scattering from different parts of the moving dust shell. Recently

Reid and Dickinson (1976) deduced a stellar velocity of + 17,6 1.6 km s
(LSR) from the centroid of what is believed to be the thermal component
of the v - 0, J = 2 1 millimeter line of Si0 (Buhl et al. 1975) coming
from the circumstellar cloud.  This value lies approximately midway
between the OH 1612 MUz maser features, and if correct, pives VY CMa
the same velocity as the cluster NGC 2362, to which it may belong
(Herbig 1969; Humphries 1975), and which is ~ 1.5 Kpe distant.

2.9 rm and

In the infraved, low - resolution observations belween
14 pm (Gillett, Stein, and Solomon 1970) reveal a tlat aad rather
featureless spectrum, showing that the dust must be present over a

wider range of temperatures than in most M giants or supergiants. At

higher resclution near 2.3 im the stellae photosphere is still observed



via the overtone bandheads of carbon monoxide (Hyland ct al. 1969).
However, the low excitation and blueshifted velocity of the observed
fundamental band absorption lines of CO at 4.7 vym (Geballe, Wollman,
and Rank 1973) indicate that by this wavelength only circumstellar
material can be seen.

In order to learn more about the cloud around VY CMa, observa-
tions have been made near 8.3 um of the fundamental vibration-rota-
tion band of silicon monoxide. Althouwh this band is quite complex in
stellar atmospheres, the cool temperatures and low column densities
in the circumstellar cloud of VY CMa permit only a relatively few

lines to be prominent and have allowed a simplified analysis.

II. OBSERVA TIONS

Five frequency intervals of good atmospheric transmission which
contain lines of the fundamental band of SiO were observed. The work
was carried out at the Las Campanas Observatory 2.5 m du Pont tele-
scope between 17 January and 26 January 1978. The spectrometer con-
sists of a liquid nitrogen-cooled Fabry-Pecrot interferometer with one
order scanned across the bandpass of a liquid helium-cooled tunable
grating. The beam diameter of 7", combined with the exit aperture,
produced a grating bandpass of ~3.5 cm _1. The Fabry-Perot mirror
spacing was set to give a resolution of 0.09 cm = (~23 km s—l) at Si0
wavelengths. The lines in VY CMa are partially resolved at this setting.

Figure 1 shows the spectrum of VY CMa in one of the observed

intervals. The strongest line, which has a P Cygni shape, is from the

ground vibrational state of ?BS 16 0. Weaker lines of qS‘ 16O,
308'1 6O and the 2-1 band of 2851160 are also apparent. T.ines of
28,.17 28

.18 ;
Si 'Oand ""Si O were not detected and indeed are not expected,
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= 29..16 30,16
piven the weakness of ‘S\ “0 and "si'%

A 28..16
In total, seven lines of the Ssi (‘0 1 0 band and somewhat fewer

g ‘ : -1
lines of the other detected hands were observed belween 1167 em  and
o -1 ; .

1235 cm (8. Lpwm and 8.6 jsm).  The rotational levels observed ranged

fromdJ =2 toJ 38,

L ANALYSIS

The measured absorption equivalent widths of the 510 lines were
matched to isothermal shell line strengths to devive the excitation
temperatures (for cach band), column density, and isotopie ratios shown
in Table 1. While it is doubtful that the lines of cach band of Si0Q arise
in layers describable by a single temperature, there is insufficient
information on the density and tempervature stracture of the civcumstel
lar cloud to warrant the use of a more detailed model.  In addition, the
absorption line shape is not known and may be quite peculiar.

- 28 .

In the present model several of the ""S10 10 lines arve saturated,
with optical depths near 2. The column density in Table Uwas esti-
mated using the transition probabnlities caleulated by Hedelund and

rsana = : , . S B SN :

Lambert (1972). Derivation of the isotopic vatio ""8Si1/ St is straight
forward since lines of both species of S10 ave of nearly equal strength.
28..,29... : " . :

Si/ 7781 was determined by three methods, none of which alone is
foolproof. In order to facilitate the caleulations, "corrected™ equiva

. : 28 : : :

lent widths of the weakest “7S10 1.0 absorption lines (which are
asymmetric due to neavby emission) weve computed by doubling the
equivalent widths of the high frequency sides of these lines. By com

s 29
paring these equivalent widths with those of 77510 one obtains
28 29
“8i/ Si L7

¢

t TR :
4. If it is assumed that even the high {requency sides



of the 2BSiO lines are partially filled by emission, and the 28SiO absorp-
tions are widened by giving them the same central velocity as 29810
(see Table 2), one obtains the ratio 23 * 5, Finally, isotopic lines
and the weak 2-1 band lines of 28SiO were compared, under the
assumption that vibrational LTE holds. Values of 2881/2981 were
obtained ranging from 10 to 25 as the temperature varies from 700°K
to 500°K. A reasonable conclusion from the three results is that
2851/29s1 = 20 * 5.
Velocities of maximum absorption and emission for each SiO
band are listed in Table 2. They were determined by comparing
measured frequencies to those calculated from molecular constants
kindly furnished by D.N.B. Hall (1974). The frequencies were mea-
sured relative to observed atmospheric absorption lines and NH 4
lines. In order to verify that the different absorption velocities found
for different bands of SiO in VY CMa :n'(‘z real, the molecular constants
as well as the calibration procedure were checked by calculating the
radial velocity of @ Orionis from SiO spectra of it obtained during the
same observing period as VY CMa. The 1-0 band and 2-1 band lines
of 28SiO independently gave the same radial velocity of 23 . 3km s_1
(heliocentric) for a Ori, which is in satisfactory agrecment with the
photospheric value. i
ORIGINAL P’}Gﬁn}$
IV. LOCATION OF THE SiO AND oF POOR QUAL
PHYSICAL CONDITIONS IN THE CLOUD
The SiO excitation temperalures which are near 600 K,imply that
the 8 um spectrum is formed well beyond the photosphere of VY CMa.

Distances from the central star of between 0.13” and 0. 18" for the SiO

are obtained from Figure 2 of lerbig's (1970) gray body model of the



cloud and the range of S10 excitation (cmperatures in Table 1 of this
paper. A second distance estimate, which uses the votational tempera
ture and estimated flux density at the deconvolved bottoms of saturated
| BORE SNEe = : . : . .
Si0 lines (using the continuum flux density given by Gillett et al 1970),
givesavalue of -0, 13", This value would be reduced if a sigoaificant
fraction of the continuum radiation near 8 ym comes from the dust out-
side of the 510, The measurvement of 0,210, 06" by MceCavthy et al
(19797) for the rvadius of VY CMa at 8. 3 tm (assuming a uniform civcular
cnergy distribution) suggests that this may be the case.  However, a
vadius as large as ~0. 217 would result in observed tempervatures at
8.3 tm near or below 400 K, which is soomewhat lower than the tempora
tures found here. In conclusion, most of the 510 obsevved near 8 im
probably is located near a distance of 0. 157 from the centeal stav, or
just outside the region of radius 0. 1 where H,0 maser emission is
found (Rosen et al. 19798). The S10 masers, which require excitation
femperatures of up to 3500 K (Buhl ot al, 1974, probably originate
closer to the star.

The abundance of 510 velative to hydrogen may be estimated

e : . 1H
voupghly from the column density in Table 1, adistance ot X 10 ¢m
. 28 . . : .
over which the “Us10 lines are formed (assuming a distance to VY CMa
= . 8 e

of ~1.5 Kkpe) and an H, density of 4 X 107 em 7, The density assumes

. . cant) g . —
the estimated density of 107 ¢m 7 in the region of H,0 maser emission

= = . ; .
(Rosen et al. 1978) and a 1/v® dependence. The result is [sitOV/ 1)

6 = . . “ 1/
1 x 10 , voughly 30 times lower than the solar value tor i85l LH I
Although this vesult may not be very accurate, it does supgest that most

of the silicon is in dust prains, a condition expected at this distance

from the contral star.



ORIGINAL PAGE 18 8
ar POOR QUALITY

The present observations rule out SiO as the source of a broad
depression between 7.6 #m and 9. 3 pm observed in a low-resolution
spectrum of VY CMa obtained by Gillett, et al (1970). The feature
scen by those authors has a depth of perhaps 30‘7-‘, whereas the observed
Si0 band on the average depresses the continuum by only ~5% In
addition, the low temperatures found here indicate that the band is not

as broad as the depression scen at low resolution.  The apparent
depression may be a result of the cmission spectrum characteristic
of the circumstellar grains. Such cmission features have been observed
in several infrared sources (Russell, Soifer, and Willner 1977; sce also

Allamandola and Norman 1978).

V. P CYGNI LINES AND THE STRUCTURE AND
MOTION OF ik CLOUD

P Cygni line profiles were observed for at least five 28Si() 1-0
band transistions. The emission features must avise in portions of the
cloud not in the line of sight to the continuum source. The cmission is
always redshifted from the absorption (see Fig. 1), corresponding to an
expanding cloud. Indeed, the line shape rules out rotation as a large
component of the cloud motion in the region of SiO line formation.

The peak intensities and equivalent widths ¢t the emission features
generally appear much smaller than the corresponding absorption depths
and equivalent widths. However, simple models of P Cygni profiles
observed at the present spectral resolution show that the deconvolved
emission and absorption equivalent widths are more nearly equal, with
the ratio of emission to absorption as much as twice the observed

v

ratio. For the few “"510 P Cygni lines observed, an inverse relation

between the ratio of emission to absorption strength and the rotational



o=

level appears to exist.  For example the emission (o ahsorption vatio
is about one-sixth for the P17 line in Fig. 1, but about one -half for the
R3 line (which has a weaker absorption component than does the 17
line). The inverse correlation should be confirimed by observing more
lines. If the inverse corvelation were between emission strongth and
: ‘% 2 : : 28

absorption strength, which is also consistent with the ""S510 10 band
observations, then one would expect to observe emission features on
the weak lines of the rarve isotopes- -this was not scen. The weak
28, - = .
Si0 2-1 band also does not show emission, but this may be expected
since its absorption velocity and excitation indicate that it oviginates
closer to the exciting source than do the other bands.

While in principle several mechanisms could lead to the obsevved

—=r . : : : : 28
emission from the first excited vibrational s{ate lines of 77510, the
dominant one in this case is simply reemission (resonant seatteving).
By using equations given by Millikan and White (1963) for computing
collisonal relaxation times, it can be shown (hat at the densities expec -
: 3 9 3 oa .

ted in the emitting part of the cloud (-107 ¢m %) the collisional vibra-
: — 5 3 — T
tional excitation rate is only 10 = of the radiative excitation rate at
8 tm. Vibrational excitation by 4 pm or shorter wavelength photons
followed by relaxation via 8m emission is also velatively unlikely be-
cause of the low fransition probabilities for overtone band absorption.

For resonant scattering in a sphevically symmetrie and expanding
cloud without dust, symmetry and conservation of energy require that
the line absorption and emission observed from any divection be equal,
if the central continuum source is small. 1, as may well be the case
for VY CMa at 8 pm, the continuum souvce is not small compared to
the Si0 cloud, the emission is veduced due to the absovption of seat-

tered radiation by the continuum source. Dust in the line forming
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region absorbs photons reemitted by SiO, and further rcduces the
cmission, most strongly for the optically deepest transitions. The

limited data for the 28

SiO 1-0 band is in agreement with this model.
However, the lack of emission for the optically thin transitions of
29SiO and 30810 is puzzling. It is possible that much of the absorp-
tion equivalent widths of these lines may originate in layers which are
close enough to the opaque surface that the emission is highly sup-

pressed. In contrast 28

Si0 may absorb a substantial fractional
amount of radiation in cooler outer layers, where reemitted photons
are more likely to escape.

Clearly, a detailed model and observations a‘t higher spectral
resolution are necessary to better understand the observed line
shapes. However, on the basis of the present observations, it is
possible to draw some conclusions about the shape of the circumstellar
cloud and its central velocity. The presence of some emission fea-
tures at least one-half as strong as the corresponding absorption
lines limits the possible geometries of the expanding cloud. Some
authors (Herbig 1969; van Blerkom and Auer 1976) have proposed
that the circumstellar material at certain distances from the central
star is in the form of a disk seen nearly edge on. The resonant
scattering mechanism, would, in the case of a disk of this orientation,
produce in our direction a very weak SiO emission line, whose maxi-
mum (small continuum source, dust free) equivalent width relative to
the associated absorption would be roughly the ratio of the thickness
of the disk to its diameter. Thus, the maximum observed ratio of

~1/2 rules out a thin, nearly edge on disk, near the radius of ~ SiO

line formation (r ~ 0.15"). B 18
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The central stellar velocity may be estimated from the P Cygni
profiles in the following way. For the case of a cloud expanding sym-
metrically about a continuum source and with the exceptions noted
below, the central velocity of the emission feature corresponds to the
velocity of that source. Fits to the observed profiles based on various
simple models of P Cygni line formation show that the observed velo-
city of peak emission is redshifted by 7 +3 km s-l from the central
velocity of the emission feature (due to the present instrumental reso-
lution). Thus, the observed velocity of peak emission (39 + 4 km s—l)
implies a central velocity of 32 +7 km s—1 (LSR).

Two effects not included in the simple maodels could alter this
result. Reabsorption by SiO in outer parts of an accelerating eloud (sce
betow) will decrease the appavent emission from the front lulf causing
the peak emission to occur behind the limb and be move redshifted
than the central veloeity., Absorbing dust within the line forming region
will have the opposite effect, reducing the contribution from the rear
parts of the shell more than from the front. Scattering of radYation by
dust external to the SiO could shift the 8 pm spectrum to the red in a
manner similar to that proposed by Herbig (1969) and calculated by
van Blerkom and van Blerkom (1978) for the opticalspectrum of VY CMa.
However, the scattering cross section of normal size dust grains is
negligible at 8xm. To the extent that the first two effects are small or
compensate, and for the cloud shapes which are either spheres or
disks, the above velocity should represent the stellar velocity.

Two lower limits to the stellar velocity can be obtained from the
8 um data and are consistent with the above value. The midpoint of the
entire P Cygni profile (absorption and emission), averaged over scve-

: e -1 . . ==
ral lines, is 25 +5 km s ~. This value is a lower limit to the central



vcloc.ity because emission from the most redshifted SiO is bloched by
the continuum source. The second lower limit is the most redshifted
absorption velocity, 18 +4 km s—l which is that of the ?‘8810 2-1 band.
Since the SiO lines are formed far from the stellar photosphere, the
gas containing the observed SiO is expected to be moving away from
the star. "This implies that the stellar velocity is redshifted with
respect to the velocity of the 2-1 band.

The above arguments indicate that the stellar velocity, although
in between the 1612 Mz OH features, is probably not central to them.
Only the lower of the two lower limits, from the 2-1 SiO band, is
consistent with Reid and Dickinson's (197€) proposed stellar velocity
of 17.6 ‘t 1.5 km s-l, which is central with respect to the maser
velocity structures. The stellar velocity of ~32 km\s"l proposed here
apparently requires some asymmetry in the expanding envelope, such
that no 1612 MHz OH cmission from the \:xlrcmc rear of the envelope
is directed towards us at present. In addition, it requires that most
of the HzO and SiO maser emission arises in the front half of the cloud.

It is interesting that the absorption line velocities of the various
bands of SiO are not all the same (sce Table 2). The velocity of the
ground vibrational state lines of 258i0 is blueshifted by about 13 km s~ 1
relative to that of the first vibrational state lines. The latter lines
must arise in a region interior to the former lines; thus, the velocity
difference corresponds to outward acceleration. This interpretation
is consistent with that of the P Cygni lines. The intermeoediate velocity
of the ZQSiO and 308’10 lines indicates that they form largely in between
the two 28SiO bands. The expansion velocity at r~0. 15" where 8 pm
Si0 lines originate is roughly half the expansion velocity at r ~1" where

OH 1612 MHz emission originates. RIGINAL PAGE 18

3% PO( R (»l\ll]\'
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VI. THE SILICON ISOTOPIC RATIOS

The terrestrial ratios 28Si/2931 and :)'gh‘i/:mb‘i are 20 and 1. 5,
respectively.  Within the uncertainties, the results for VY CMa differ
from these only in a probable slight enhancement of 3OSi. Silicon
isotopic ratios ave available at present in only twe other objects out-
side of the solar system (Beer, Lambert, and Sneden 1974; Clark and
Lovas 1977) and are also nearly terrvestrial.  The results are begin-
ning to suggest a uniformity of these ratios over a larvge region of our
Galaxy.

Isotopic abundances of silicon in a stellav interior ave not expected
to change until advanced stages of red giant stetlar evolution are
reached.  Only as carly as helium shell burning might s -process
reactions change (increase) the abundances of the rare isotopes rela-

: 28 . - v
tive to “Si.  In the still later stages of oxygen burning and silicon

: . ; 28... /29 . 28 .. 130,
burning, cores ave produced in which " Si/ ' Siand © Si/  Siarve
larger than their tervestrial values (Bodansky, Clayton and Fowler

-
1968, Woosley, Arnett and Clayton 1972). All of these nmechanisms
require some mixing process to alter the surface abundances.

Whether VY CMa is a newly formed star or an cvolved object has
been a matter of considerable discussion (e. g. see Herbig 1969; Hyland
et al. 1970; Geballe et al. 1975). The observed isolopic abundances of
silicon might restrict VY CMa {o an evolutionary phase carlier than He
shell burning, but certainly do not rule out earlier red giant phases,

Thus, the present results in themselves leave open thequestion of the

cvolutionary state of VY CMa.
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SUMMARY
The 8 pm SiO lines in VY CMa are formed in ~600°K accelerating
and expanding gas at a radivs of ~0.15". In this recion, the gas
is not in the shape of a thin disk scen nearly cdge-on.
The radial velocity of the central star appears to be shifted by
about + 15 km s~1 from the midpoint of the 1612 Mz OI pallern.
Most of the silicon probably is in the form of dust grains.

The silicon isotopic ratios are roughly terrestrial.
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FIGURE CAPTION

Figure 1 - Observed spectrum of VY CMa near 1203 em ' (8. 31 wm).

The instrumental transmission has been removed. A weak tellurie

absorption line occurs near 2024 em . Spectral resolution and ran-

dom noise are as shown,
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