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Abstract. We detected five forbidden lines of iron, silicon andable 1. Summary of observations
sulfur in red giants by the ISO SWS. [H&4 um emission was
detected in two carbon stars, TX Psc and WZ Cas, andl [S star sp.type obs.date =MD PV D@
25.2um emission was also detected in TX Psc, while none of
these emission lines were detected in an oxygen-rich giant, 3
Her. On the other hand, the [H¢ 26 um, [Sill] 34.8um and
[Fell] 35.3um emission lines were detected in the spectru Wz cas ©92JLi 22 3ul 1996 026 51 780:
e s Co8) Looviams o7 124 o0
. . . . CrB C6,2e 29 Jul 1996 2.4 7.1 -

carbon stars while the lines of ions were detected in an oxygen-
rich giant. () The mass loss ratel@~ " Mgyr~') and the expansion velocity

This result suggests that the ionization states of metals(ikms ') measured by Kahane & Jura (1994) for M giants and b
the outer atmosphere as well as the ultraviolet radiation field@lofsson et al. (1993) for carbon stars.
carbon stars are different from those of M giants. We estimateé The distance based on the Hipparcos catalogue.
that the mass of the line forming region is sevexad =%

and the temperature is several hundred Kelvin or higher. This

implies that there is a rather dense and warm region close to @S & Glassgold (1993) using Kuiper Airborne Observator
star in addition to the well known expanding envelope. They concluded that these emission lines arise in dense &

warm gas in the inner part of the expanding envelope.
Key words: stars: AGB and post-AGB — stars: chromospheres Ve have observed six red giants by the Short Waveleng

— stars: circumstellar matter — stars: late-type — stars: mass-lgB§ctrometer—SWS (de Graauw etal. 1996) aboard the Infra
—infrared: stars Space Observatory — SO (Kessler et al. 1996), and detected

fine-structure emission lines of iron, silicon and sulfur in twe
carbon stars and an M giant.

g Her M6l 23 Aug 1996 11 8.0 110
Vir  M7-8IIl 20 Jul 1996 4.0 7.0 140

miXpPsc  C7.2 26 Nov1996 0.91 105 230

1. Introduction

The outer atmosphere of cool evolved stars is considered to p?a)p bservations and results

an important role in the acceleration of the mass-loss outfloiie objects we observed are given in Table 1. Both carba
as well as in the nucleation of dust grains. However, our urieh and oxygen-rich stars are included in our sample. All t
derstanding on this region has not yet been sufficient. For thigservations were done by the use of the SWS normal grati
study of the outer atmosphere, forbidden lines of metals in thende (AOT06) with the resolution 00 ~ 1200 in the wave-
infrared region are good probes. For example, thg 3 um  length regions studied in the present work. The data reductia
and [Sill] 35 um fine-structure lines were detectednrOri by  were done by the SWS Interactive Analysis software. The spe
a around 2xm are shown in Fig. 1, where some neutral an

* Based on observations with ISO, an ESA project with instrument{s

funded by ESA Member States (especially the Pl countries: Franb%r,]'zed atomic lines were observed. Since these emission li

Germany, the Netherlands and the United Kingdom) with the partidi€r€ detected in the spectra both by the up and down grati
pation of ISAS and NASA. scans, these are very unlikely spurious features.

** Present addressnstitut fiir Astronomie und Astrophysik, Tech- ~ We detected forbidden lines of iron, silicon and sulfur i
nische Universit Berlin, Hardenbergstr. 36, D-10623 Berlin, Gerthree stars (30g Her, TX Psc and WZ Cas) as summarized
many Table 2. These lines were detected in red giants for the fi
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N Nt e e e s s s s s B The solid line indicates the best least-square fit on the assump-
30g Her (Mélll) ([;g,lllr]n) tion _ofafl_at cqnt!nuum and_a Gaussian line proflle. In the fitting,
the line width is fixed at the instrumental resolutidh£ 1200),
because of the low signal-to-noise ratios in some lines. There-
fore the free parameters in the fitting are the continuum level,
the line strength and the central wavelength of the line.

We estimate the temperature of the line emitting region
= B B B to be as high as several hundred Kelvin, because the up-
[Fe I(z4um)  TX Psc (C7,2) per excitation potentialsH,’s) of the lines detected are be-
tween 287 and 667 cmt. On the other hand, [F&] 17.9:m
(E, = 2430cm~1t) was not detected in any spectrum and the
temperature would not be so high as 3000K. The temperature
of about 1000-2000K is derived from the flux ratio of the two
P R I R R N A R R A [Fe 1] lines in 30g Her, though the line flux of A 35um
is rather uncertain. For carbon stars we can not estimate the
temperature by flux ratios of emission lines, because of the low
signal-to-noise ratio in the wavelength region longer than 27
pm. Summarizing the above discussion, the temperatures of the
line emitting regions of the three stars are estimated from several
hundred to 2000 Kelvin.
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3. Discussion
Fig. 1. Examples of the observed spectra aroung26 o ]
3.1. lonization state in the outer atmosphere

Ho ‘3‘0‘ ‘H‘ ‘ ”F‘ :I‘ B STTTTTITTTITITTTH - The contrast of the emission lines observed in carbon stars and
100 g ferfFe 4 40 ;* TXPsclFell *; in an M giant is remarkable; the emission lines of neutral metals
=~ N = 41 (Fel and/or ) were detected in two carbon stars (TX Psc and
= % B = 4 WZ Cas) while emission lines of ionized metals (Fand Si
&= 1 L : | Il) were detected in an M giant (30g Her).
R A o W S e SR e The ionization of metals by the chromospheric ultrviolet
8 Lol 25 iH bl Hj (UV) radiation is expected in the inner part of the circumstellar
383 384 385 386 387 a4 215 a16 a17 a18 envelope, while the interstellar UV radiation ionizes metals in
70 Crr T TS T T the outer part. Since the I_ine e_mitting region should be as warm
= _ . 35 — —] as several hundred Kelvin, this region would not be the outer
65 3OgHer[Si - TXPsclSH 7 part of the circumstellar envelope, but the inner part where the
3 60 =R - < photoionization by the chromospheric UV radiation is effective.
— - - Unfortunately, the spectra in the far UV region of our sample
= " B - starsarenotavailable. However, our infrared observations imply
50 25 thatthe activity of the chromoosphere where the UV photons with
Py S R N Sl bbb high energy (e.ga < 1575A corresponding to the ionization

286 287 288 289 394 395 396 307 308 potential of iron) are emitted is not so strong in TX Psc as in
w(em ) w (em ) 30g Her, or there is some attenuation of the UV radiation in TX

Fig. 2. Examples of the lines detected in 30g Her and in TX Psc. Tlll:)esc' ThOUQh our sample is small, we suggest that thg Ionl.zatlon
dot is the median of the signals in each grid defined by the resolutig@tes in the outer atmosphere of carbon stars are quite different
and the error bar indicateislo. The solid line indicates the best leastfrom those of oxygen-rich stars.
square fit assuming a flat continuum and a superposed Gaussian lineThe neutral metals (Mn and Fe) in the circumstellar en-
profile velopes of TX Psc and 30g Her were observed as the overlying
absorption on the Mgy h andk emission lines around 2880
(e.g., Eriksson et al. 1986, Luttermoser et al. 1994). The col-
time, while the [Sil] 34.8um line has been detected in an Mumn densities of Mn and Fel estimated are larger in TX Psc
supergiantv Ori so far (Haas and Glassgold 1993). In the spectilaan in 30g Her, though the values are quite uncertain due to the
of the other three stars (SW Vir, T Lyr and V CrB), no emissiosaturation of the overlying absorption. Further, the recent UV
line was detected. observation of Fal emission lines by Carpenter et al. (1997)
The lines detected are shown in Fig. 2, where the dot is thleowed that the ionization fraction of iron (Fé~el) is signifi-
median of the signals of each grid defined by a resolution etmntly lower in the outer atmosphere of TX Psc than in that of M
ment, and the error bar indicatéd o (the standard deviation). giants. Our result that the lines of neutral metals were detected



W. Aoki et al.: Detection of fine-structure line emission L2

Table 2. The emission lines detected in the observed spectra

A species transition E, E Au line flux (10~ 1%Wm~—2)
(um) (em™Y)  (em™') (1073s7!') 30gHer TXPsc WZCas
24.042  [Fel] 5D4-°Ds 415.9 0.0 2.50 - 11.2 3.07
25.249  [S]] P3P 396.8 0.0 1.39 - 5.70 -
25.988 [Felll °Dy/»-°D;/»  384.8 0.0 213 16.3 3.22 -
34.814 [Silll *Pi;»-*Py  287.0 0.0 0.217 5.41 - -
35.349 [Felll °D;;,-°Ds,, 667.6  384.8 1.57 5.41 - -

in TX Psc but not in 30g Her is consistent with the results dhble 3. Estimation of mass in line forming region
these UV observations.

Next we discuss the characteristics of ionization in the in- Ny Netem  Nu M
dividual objects. In 30g Her no emission line of neutral metals (10*)  (10") (10°") (107°Mp)
was detected. This fact means that metals, at leastiron and s ba H
fur, are fully ionized in the outer atmosphere, or that the region
where metals recombine is too cool to emit the lines, or that thée I} 26um 15 6.6 21 17
metals are suddenly depleted by grains after the recombinatioff:€ !l 35.3:m 089 8.0 2.5 2.1

In the spectrum of TX Psc, Band Fel were detected si- [Sill] 34.8:m 6.3 12 34 2.8
multaneously. In cool and carbon-rich environment, generallyrx psc
the major part of sulfur atoms is locked up into CS and/or SiS

er

. . IO 1) 1)
molecules if the chemical equilibrium is assumed. However[':i :]”2246’? ;j i57 6.7 5.6
L L .
neutral sulfur atoms should exist in the outer atmosphere of T i 25,m 33 132 8.4 70

Psc, because the [R25 um line clearly appears in TX Psc. The
photodissociation of CS whose dissociation energy is 7.86 €V The sum of theVy's (the masses) derived from [Fe 1] 26n and
will not be so effective, because iron, whose ionization potefire I] 24 m.

tial (7.87 eV) is nearly the same as the dissociation energy of

CS, is not so ionized in TX Psc. The neutral sulfur atoms mgye |ines are optically thin and neglect the depletion of the
be supplied by the photodissociation of SiS, which has lowgfatg)s by grains and/or molecules.

dissociation energy of 6.36 eV. To investigate where these emission lines arise, we exam
two extreme cases; (a) expanding circumstellar envelope

3.2. Location of the line forming region a constant mass loss rate, and (b) dense and static zone in
upper photosphere.

In this section we estimate the mass and location of the line (a) The extension of the line forming region can be estimat

forming region of 30g Her and TX Psc. _ if these lines form in the spherically symmetric and expandi

I the line is optically thin, the line flux£.) is envelope with a constant mass loss ratg) (On these assump-
tions, the number of hydrogen atoniég) fromr» = R, (stellar

NyAwEy .
Fy = surface) tar = Ryyax IS
' 4Dz ) *
Rmax Rmax 1
2
whereN, is the total number of atoms in the upper lev@ljs Nu = /R nudmridr = prowm /R ;edr’

the distance to the star, and the other quantities are expressed in
standard notationiV, is derived from the line flux measured forwhereny = M /(4nr2v.my) is the number density of hydro-
30g Her and TX Psc (Table 2) by the use of the distance givgen, andy, is the expansion velocity. If the constant mass lo
in Table 1. The derivedV, is given in Table 3. rate (M = 10~"Mgyr—1) and the constant expansion veloci
The number of nuclei of the elemenV..,) is estimated (v. = 10kms!) are assume®,,., mustbe aslarge as f@&m
from N, on the assumptions that the level populations are (& 40R,) for 30g Her and 210'cm (~ 100R,) for TX Psc
thermal equilibrium, and all the atoms are in the ionization staieexplain the mass of the line forming region derived above.
of the detected line. Then the number of hydrogen ataWig ( we assum@ = 1000K atr = 10**cm (severak R,.) from the
corresponding taV.em IS derived assuming the solar abuneentral star, around where dust grains might form, and temp
dance. TheéV,..., and Ny are also given in Table 3. Th¥y's  ature declines withk—%:>~~1, the temperature at= 40R.. or
derived from two or three lines agree well and they correspond= 100R, would be abouti00 ~ 300K or lower. This may
to about Z10-M, and 6<10~%M,, in 30g Her and in TX not be high enough to excite the metals to the upper levels
Psc, respectively. These values are probably the lower limitstbé lines detected in our observations. The line fluxes obser
the masses of the line forming regions, because we assume ithaur sample stars will not be explained by this picture.
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(b) On the other hand, a dense and quasi-static molecwtamposition (carbon-rich or oxygen-rich). This will give an im-
formation zone in the outer atmosphere has been found froertant restriction in the modeling of the chemical processes in
the excess absorption of low excitation lines of the CO firte outer atmosphere. Further, no emission line was detected
overtone bands in M giants and carbon stars including 30g Herthe three sources (SW Vir, T Lyr and V CrB), which have
(Tsuji 1988) and TX Psc (Ohnaka 1997). According to thelower effective temperature than the other three stars showing
analyses, the molecular formation zone is characterized by the emission lines. This fact is also important to understand the
temperature of about 1000K, the high column densig(CO)~ condition of the formation of these emission lines. It should be
10%2°cm~—2), and the proximity to the star. Further, the existenagoted that we assume the homogeneous and spherically sym-
of a rather warm molecule forming region around red giantsetric outer atmosphere in the above discussion. However, the
is revealed by the ISO observations of the absorption featudewviation from these assumptions has been discussed for 30g
of H,O and CQ (Tsuiji et al. 1997) and of the CQemission Her and TX Psc (Plez & Lambert 19945rdensen & Johnson
(Justtanont et al. 1998). 1991). The more comprehensive and detailed study is required

If we assume that the emission lines detected by otarinterpret consistently these metal emission lines as well as
observations form within B, (~ 10'*cm) from the central molecular and/or dust features.
star, the density of the line forming region must be as high as
10°cm~3 to explain the mass of the region derived above. TMg:knowIedgementsWe thank Prof. H. Okuda for tak_ing initiative in
gives the hydrogen column density of abou??n—2, which _our ISO project. We also thank Dr. . Yamamura for his helpful suppor;
is consistent with that derived by the CO excess absorption.mthe data re.duc.tlon.W. A.andK. O. are supported by JSPS Fellowship

for young scientists.

The real outer atmosphere of red giants would be the in-
termediate one between the above two extreme cases, i.eRéaferences

consists of the dense _reg'on CI_Ose to the central _Star with @grpenter K.G.,RobinsonR.D.,JohnsonH.R., Eriksson K., Gustafsson
small (or zero) expansion velocity and the expanding envelope g Pijpers F.P., Querci F., Querci M., 1997, ApJ 486, 457
with v, ~ 10kms~!. We cannot derive the velocity structuréye Graauw Th. et al., 1996, A&A 315, L49

from the fine-structure lines due to the limited resolution of theriksson K., Gustafsson B., Johnson H.R., Querci F., Querci M.,
SWSO06. However, the high resolution UV observation of TX Baumert J.H., Carlsson M., Olofsson H., 1986, A&A 161, 305
Psc by Carpenter et al. (1997) revealed that the fluorescent likess M.R., Glassgold A.E., 1993, ApJ 410, L111

of Fel and the absorption features of Fand Mnl overlying Jgrgensen U.G., Johnson H.R., 1991 A&A 244, 462

the Mgll emission lines show the outflow of about 5 kmir  JusttanontK., Feuchtgruber H., de Jong T., Cami J., Waters L.B.F.M.,
no sign of an outflow. This result of the UV observation sup- Yamamural., OnakaT., 1998, A&A 330, L17

ports our proposition that the fine-structure lines form in tH§Ahane C., Jura M., 1994 A&A 290, 183

. h . . Kessler M. F. etal., 1996, A&A 315, L27
?h”eaijstzt:gsrse%'gt?l;J\?fsentgt Lzee?ftgét;’\‘l’gere the aCCEIeratlonL§§ermoser D.G., Johnson H.R., Eaton J.A., 1994, ApJ 422, 351

Ohnaka K., 1997, Ph. D. Thesis, The University of Tokyo
Olofsson H., Eriksson K., Gustafsson B., CadstrU., 1993, ApJS
4. Concluding remarks 87,267

Plez B., Lambert D.L., 1994, ApJ 425, L101
We detected the five forbidden lines of Fe, Siand S in the thresuji T., 1988, A&A 197, 185
red giants by the ISO SWS. It is found that the ionization stat@suji T., Ohnaka K., Aoki W., Yamamura I., 1997, A&A 320, L1
of metals in the outer atmosphere are related to the chemical
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