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Abstract. The spectrometers onboard the Infrared Telescopbsorption features depends on stellar variability. For exam-
in Space (IRTS) reveal water vapor absorption in early M-tygse, Mira variables show very deep,8 absorption, and the
stars, as early as M2. Previous observations detegt@dMpor depths of HO features in Miras vary from phase to phase (Hy-
absorption only in stars later than M6, with the exception of thend[1974). High-resolution spectroscopic observations of the
recent detection of D in 3 Peg (M2.5 II-111). In our sample of Mira variable R Leo by Hinkle & Barnes$ (19179) revealed that
108 stars, 67 stars have spectral types earlier than M6. The spesignificant fraction of the kD molecules were in a compo-
tral types are established by means of their near-infrared coént with a distinct velocity, and a cooler excitation temperature
ors on a statistical basis. Among the 67 stars of spectral typlean molecules near the photosphere. They interpreted this ‘cool
earlier than M6, we find water vapor absorption in six starsomponent’ as an overlying layer above the photosphere.
The observed absorption features are interpreted using a localThese previous studies were mostly based on ground or air-
thermodynamic equilibrium model. The features are reasonablyrne observations, where the terrestrigCHnterferes with a
fitted by model spectra with excitation temperatures of 100@etailed study of the center of the stellar water bands. In con-
1500 K and water column densitiesof 10'9to1x102° cm=2.  trast, observations from space are ideal for investigations of stel-
These numbers imply that the,® molecules are present in dar H,O features. Using the Infrared Space Observatory (ISO),
region of the atmosphere, located above the photosphere. Hiauji etal. (1991) discovered aweak® absorptionin the early
thermore, our analysis shows a good correlation between Meype star,3 Peg (M2.51I-111). They argued that the observed
H,O absorption band strength, and the mid-infrared excess di€O is in a ‘warm molecular layer’ above the photosphere.
to the circumstellar dust. We discuss the relation between the Inthis paper, we present the results of a studygdtbsorp-
outer atmosphere and the mass loss. tion features, using data from the Infrared Telescope in Space
(IRTS, Murakami et al. 1996 and references therein).
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This study is based on data from the two grating spectrometers
) onboard the IRTS: the Near-Infrared Spectrometer (NIRS), and
1. Introduction the Mid-Infrared Spectrometer (MIRS). The IRTS was launched

Water is one of the most abundant molecules in the atmosphiyiarch 1995, and it surveyed about 7% of the sky with four in-
of late M-giants, and it is a dominant absorber in the neaqt_ruments.durmg its 26 day mission. The NIRS covers.the wave-
infrared (near-IR) region. Water vapor in stellar atmospher€9th region from 1.43 to 2.54 and from 2.88 to 3,88 in 24

has been studied by theoretical and observational methods. $gnnels with a spectral resolution for point sourceaaf=
strength of the KO absorption possibly correlates with the sped:10-0-12 um. The MIRS covers the range from 4.5 to 14

tral type, the effective temperature of the star, and the neari[R32 channels with a resolution @\ = 0.23-0.36 zm. Both
color (Kleinmann & Hall1986; Lanen & Rocca-Volmerange SPECtrometers have a rectangul_ar entrance_aperttﬁ”emB’.
1992), even though such correlations were not clearly found b€ total number of detected point sources is about 50,000 for
Hyland {1974). According to Spinrad & Wing (1969) and Hyghe NIRS (Freund et al. 1997) gnd about 1,000 forthe M.IRS (Ya-
land [1974), HO could only be detected in giants with spectrdl@mura et al. 1996). The estimated absolute cal_lbratlon errors
type M6 or later. This was consistent with hydrostatic modefé® 5% for the NIRS, and 10% for the MIRS. This may cause
of the atmosphere of red-giants (T$uji 1978; Scargle & Streck%fStemat'C errors in the colors and thetHindex discussed in
1979). As a further complication, most late M-giants are lorf§iS Paper. The spectra are not color corrected.

period variables, and in general, the band strength of #@ H All stars used in this study were observed both by the NIRS
and the MIRS between April 9 and 24. We only include stars
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mize source confusion and interstellar extinction. Each selected COy CoO
; Nc Inter _ 105 Y

star has a unique association with the IRAS Point Source Cata- (a) /\

log (PSC[1988), within’drom the nominal NIRS position, and

each associated PSC entry hasreliable 12 apar®band fluxes (b) /\

(FQUAL=3; IRAS Explanatory Supplement1988). Knowncar;,  10% -
bon and S-type stars (Stephenson 1989, 1984), as well as ngn- —
stellar objects were discarded from the sample. The current sagg:— © /\/\ L
ple contains 108 stars. The signal-to-noise ratio for all starsg 10° " e 1
larger than 5 in all NIRS bands. o i e
Of the 108 stars used in this study, 43 have a unique asso- () /—N\\_/—\\
ciation in the Bright Star Catalogue (BSC, Hoffleit & Jascheig ' ﬁ‘
1991). The distribution of spectral types for these 43 stars af®;, 102
1B,2F 4G, 22 K, and 14 M-types. A total of 31 M-giantsx (e) X
are found in the General Catalogue of Variable Stars (GCV.S
Kholopov et all_'1988), and the distribution of variable types i 1
the GCVS is as follows: 10 Miras, 13 semi-regulars (SR, SRa 10° - ®
or SRb, hereafter SR), and 8 irregulars (L or Lb, hereafter L).
No M-dwarfs or M-supergiants were found in the BSC or the

GCVS associations. 100
1.0

Silicate|

Wavelength (um)

3. Results

In Fig.[T, we show the composite spectra of six representatfyd-1- The C%mbi”ef" N'F:_lsR&l'g'éss '\jgﬁ::trabof I:/IF;giZaSn;S ’?/Irf”slhown.
M-giants observed by the NIRS and the MIRS. We indicate thy f'r:r t(i/?emgogg;)' ((‘3)) RR Aqg| (M(66_M3’ lE/Ii)ra) © AK(Cap ()M(g)
position of the molecular absorption features QUe to CO (1L ) and (f) V Hor (M5lll, SRb). The error bars represent the noise
2.3, 4.6pm), H,0 (1,'5’_1'9* 2.7, §.2¢m), a”d, ,S'O (8.2um). in the subtracted background level. Water absorption bands at 1.9 and
The broad-band emission at Q.7 is due to silicate dust. The 7,,m are seen in the two early M-giants (e) AK Cap and (f) V Hor,

H,O bands at 1.9 and ZMn are visible in two early M-giants, in contrast to other early M-giants ((a) and (b)).
AK Cap (M2, Lb) and V Hor (M5, SRb), where noJ@ in the

photosphere was expected to be detectable. 0.10 ‘ ‘

One could argue that the early M-type stars witfCHab- [ -
sorption had spectral types later than M6 at the time of observa- o5 [ | BSC ]
tion, because of their variability. However, this is not the case. A L S e -
We can estimate the spectral types, using the relation between g o | SV ‘ GCVsS I
the spectral type and color (Bessell & Briett 1988). We use thg L
colorCs 5/, 7 instead of the photometric coldf — K, where g 005 & LE T
C.9/1.7 is defined as: o ""'o"'g'%i:i ,,,,,,,, 0085
02'2/1,7 = log(Fg_g/Flj). (l) -0.10 r i<M6 . : g . -
F5 5 and F 7 are the IRTS/NIRS fluxes at 2.2 and Ju in 015 | s s e : o 4 M57
units of Jy, respectively. For the NIRS wavelength region, the 2.2 let 8 $ : ¢
and 1.7um bands are least affected by stellay@Habsorption 020 Lt L ‘
bands. Fid.2 shows; ,/, 7 versus the spectral types from BSC KO K5 K7MO M5 M10
and GCVS of all the known K- and M-giants (59 giants) in Spectral-Types

the sample. There is a clear increas toward later
P Eﬂm/” Fig. 2. The colorC, 5,47 is plotted against the spectral type derived

i[ijgtsl’aijtypet ex?ept Iﬂr erla? Or;)e tM9 star (EIch_Lfyr,tADS ,\&g’)m BSC and GCVS. Ranges of spectral types of some SRs and Miras
) deviates from this relation, but we regard this star as e represented by dotted bars. The thick horizontal line indicates the

according to Abt[(1988). boundary of stars with spectral typesM6.
All stars of spectral type M6 and later are abdve, /.7 =
—0.085. Thus, stars bluer thar0.085 are expected to have
spectral types earlier than M6. There are 67 stars intthé6
region, defined byC5 5/1.7 < —0.085. C52/1.7 for AK Cap We now discuss the relationship between th@®Habsorp-
and V Hor is—0.130 and—0.102, respectively. These numbergion strength and the spectral type. For this, we define th@ H
confirm that these 2 stars have spectral types earlier than Ménalex Iy, as follows:
the time of the IRTS observation, even though both stars show
clear H,O absorption. In,0 = 1og(Feont/F1.9), (2
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whereF,,.; is the continuum flux level at 1,8m in units of Jy, 0.4 5000 K 3000 K 2000 K
whichis evaluated by linear interpolation betwdén, andrs ». . .

F1 9 is the observed flux (Jy) at 1/8m. In Fig[3, we plot/y, o 5 %R .

as a function of’, ;7. The dominant measurementerrorsfor 0.3 | % Ro'ib ]

Cs.2/1.7 andIy,o are due to the slitless spectroscopy, and they
are roughly 0.01 and 0.002 for statrsM6, respectively. —_ .

Fig 3 can be used to find candidate starsM6) with H,0 O, %[ B I
absorption. Since we estimatéd,,; by linear interpolation, L A g % E-
In,o is not zero even in the absence of &1 We evaluatethe — 1| |5 [\ | . ,
relation betweetfy, o andCy 5/, 7 for stars without HO, using R P g xdm y
a linear fit for the 67 stars in the M6 region, by minimizing —
a merit function)_" |y; — a — bz;| for n data points(z;, y;) 0.0 — ]

(Press et al._1986). This fit is robust against outliers, i.e. stars ‘ ‘ ‘ ‘
with H,O. The result is indicated as a thick line. The thin lines  -0.2  -0.15 -0.1  -0.05 0 005 01
indicate+20 level from the fit, wherer is standard deviation Coonz

of IH_QO. Here, we use the-20 level as a threshold to find Fig. 3. I,o is plotted as a function of near-IR colGk,./1 7. Sym-
candidate stars with $#D, because no star appears below thg)|s represent variable types in GCVS. The blackbody color temper-
—20 line. The stars above the2o are supposed to be starstures corresponding 16, 5/, 7 are indicated on the upper x-axis.
with H,O absorptions. There are 6 such stars in the region|afit of the vertical line at-0.085 is the region of starsc M6. The

< M6. The value of2¢ is almost equal to that of 3 standardhick horizontal line indicatedu,o Vv.s. Cs.2/1.7 relation for stars
deviations after the outliers are excluded. The spectra of thigh spectral type< M6. Six stars above the upper thin lingZo)
stars are shown in Figl 4. These 6 stars above-theline show With spectral types< M6 are supposed to have,B absorption. Two
clear evidence of KD absorption bands at 1.9 and 2. Only Stars from the sample lie outside of this plot(&k 2/1.7, n,0) =

AK Cap and V Hor have identifications of spectral type in BS¢Y-888,0.301), (~0.213,0.025).

or GCVS. On the basis of theff, 5/, 7 (ranging from—0.113

to —0.086), the other four stars are probably M-type stars, and 3107 ‘ H,0
not K-type stars (see Fig. 2). Y
= HZO
— 5
4. Discussion *g /\v
[} S .
In Fig[8, we plotly,o versus the color defined by the NIRSS 102"~ "\ \.__ —\\ A)
2.2 ym band flux and IRAS 12m flux (F12) as: x /\_\ x ~ (B)
2D XD (©)
Cra/2.2 = log(F12/F2.2). @ 5 S S e J\/\/ (D)
T . .
C12/2.2 is ameasure of the IR excess due to circumstellar dust, _/\A’\'\ (E)
and is roughly equivalent t& — [12], which is an indicatorof N\’\ (F)
mass-loss rate in Miras (Whitelock et @l._1994). Eig. 5 shows 210! w ‘ ‘ :
boundary atC’;5/2 > ~ —1.0 between early M-type stars with 15 2.0 2.5 3.0 3.5 4.0

H,O and those without kD (we regard all stars below the2o Wavelength (um)

line 'n_F'gB as early M-t_ype stars withoutB). Furthermpre, Fig. 4. The six early M-type stars with clear.® absorption bands,
there is a clear correlation betweén,o andCz/2.2, Which — yhich are above the-20 line in Fig[3. From top to bottom: (A)

implies that the HO absorption is related to the circumstellapk cap, (B) IRAS 21222 4155, (C) V Hor, (D) IRAS 212693711,
dust emission. However, as we show below, th®©Hinolecules (E) IRAS 20073-1041, and (F) IRAS 051244936.

are not necessarily located in the circumstellar envelope.

We estimate the excitation temperatu¥g,(, and the col-
umn density (V) of H,O molecules in early M-type stars. The
spectrum of a representative star, AK Cap is normalized wishx 10 cm~2. A similar analysis for V Hor (M5lII) results
respect to the spectra of two early M-type stars, which haweT,, ~ 1000-1500 K and N ~ 1 x 10%° cm™2. If we as-
the same spectral types and similar near-IR calgry; ), but sume that the 5O molecules were in the circumstellar enve-
do not show HO absorption [1,0), or dust exces{;3/2.2). lope, the mass-loss rate obtained from these column densities
The resulting normalized spectrum of AK Cap is fitted by would exceedl0~® Mg, yr~! (assuming an abundance ratio
simple plane-parallel model with a uniform molecular layer asf H,O/H, = 8 x 10~%; Barlow et al.”1995), which is about
suming local thermodynamic equilibrium (LTE) (Fig. 6). The factor of 10—100 larger than those expected for Ls and SRs
H,O line list is taken from Partridge & Schwenke (1997). Thel0~"-10~% My, yr~!, Jura & Kleinmanri_1992). Thus, the
turbulent velocity is assumed to bek3x s—!. For AK Cap, H,O molecules responsible for observed feature cannot be in
we obtain a reasonable fit far., ~ 1000—-1500 K and N ~ the circumstellar shell.
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© Wiiﬁgsut H.O | Fig. 6. The observed spectral profile o£B in AK Cap (M2), divided
‘ 2 by the spectra of HR 1667 (M2; open circle) and HR 6306 (M2; filled
12 08 04 00 04 circle), and normalized to 1 at 22m. Both HR 1667 and HR 6306
012,2_2 have no HO absorption bands and no dust emission. The three lines

indicate LTE model spectra with a column density of®*° cm™2,

Fig.5. Im,o correlates well withCiz/2.5. The color temperatures and temperatures of 500, 1000, and 1500 K. The excess at longer wave-
are indicated on the upper x-axis. The open rectangles denote thaeiwth is possibly due to dust emission.

stars K M6) with H>O. The early M-type stars withoutJ® are over-

lapped by diamonds. There is a systematic dependenCe,gf » on ] ) )
variable types: Miras show the deepestHabsorption, as well as red-layer correlates with the thickness of the circumstellar shell.

destC2 /2.2, and the SRs are second. Ls are scattered in a regime froiis may suggest that the outer layer influences the mass loss
no-H, O to lower end of the KO absorption in Miras (see also Hid. 3of the star.
for variable-type dependence). In conclusion, we demonstrate thai® absorption can be
seen in early M-type stars, and that thegGHmolecules are lo-
cated in the outer atmosphere. The observed correlation between
In contrast, our measured values far. andN are in good the intensity of the HO absorption and the mid-infrared excess
agreement with results by Tsuiji et dl. (1997), who suggest#aplies that the extended atmosphere is connected to the mass
that the HO molecules in M-type stars are located in the layé@ss of the stars.
abovethe photosphere.QurnumbPJ,sare also conS|sten‘tW|th AcknowledgementsThe authors acknowledge Drs. M. Cohen and
Tex ~ 1150 & 200K by Hinkle & Barnes [T97P) for the ‘cool M. Noda for their efforts on the NIRS calibration. M.M. thanks the
component’ of the Mira variable R Leo, which is an Overlqymgéesearch Fellowships of the Japan Society for the Promotion of Sci-
layer of photosphere. Because thgdimolecules responsible gce for the Young Scientists. 1.Y. acknowledges financial support from
for the near-IR absorption cannot be in the circumstellar shellnwo PIONIER grant. M.M.F. thanks Dr. H.A. Thronson at NASA
and because our results are consistent with Tsuji etal. (1997) ar@dquarters for discretionary funding, as well as the Center of Excel-
Hinkle & Barnes|(1979), we conclude that they are in an outhcy of the Japanese Ministry of Education.
atmosphere, i.e. the layer above the photosphere, but below the
cwcumstel!ar envelope.. . References
Numerical calculations of the atmospheres of Miras (e.g.
Bower( 1988; Bessell et al. 1996) show that the pulsation of thet H.A., 1988, ApJ 331, 922
star extends the stellar atmosphere. Our observations show Bfow M.J., Nguyen-Q-Rieu, Truong-Bach, et al., 1996, A&A 315,
such an extended region could also be presentin some SRs agsés‘iﬁ'}vl S. Brett J.M. 1988. PASP 100. 1134
Ls. The dependence of,® intensity on variable types as seefl ) \'s” sonol, M. Wood P.R., 1996, A&A 307, 481
in Elg.[E andb may result from differences in the phy5|c§ of pukven G.H., 1988, ApJ 329, 299
sation. Not all Ls and SRs show,B absorption, which is not preng M.M., Cohen M., Matsuura M., et al., 1997, In: Okuda H.,
surprising, because of their complexity (e.g. Jura & Kleinmann  patsumoto T., Roellig T.L. (eds.) Proceedings for Diffuse Infrared
1992). Using the light curve of V Hor (Mattei 1998), we con-  Radiation and the IRTS. ASP Conference Series vol.124, p. 67
firm that V Hor is probably an SR, although it shows a suddetinkle K.H., Barnes T.G., 1979, ApJ 227, 923
increase of its visual magnitude before the IRTS observatidtoffleit D., Jaschek C., 1991, The Bright Star Catalogue. 5th ed., Yale
Unfortunately, no light curve is available for AK Cap. University Observatory (BSC)
Hinkle & Barnes [1979) found that in Miras the;B in an Hyland A.R., 1974, Highlights of Astronomy. Vol. 3, 1AU, 307 .
outer layer is responsible for the near-IR absorption, and we fifif\S Catalogs and Atlases: Explanatory Supplement, 1988, Beichman

the same situation in some early M-type stars. If we assume aC'A" _NeugebauerG., Habing H.J., Clegg P.E., Chester T.J. (eds.),
Washington DC

constant abundance r_at',o Oia/H?’ thenly, o is ameasure of IRAS Point Source Catalog, 1988, Joint IRAS Working Group, Wash-
the total column density in the outer layer. Furthermaotg, ; » ington DC

is @ measure of the amount of the hot circumstellar dust, if thgra M., Kleinmann S.G., 1992, ApJS 83, 329
circumstellar shells of the stars in Hig. 5 have a similar dugholopov P.N., Samus N.N., Frolov M.S., et al., 1988, General Cata-
composition. Therefore, the total column density of the outer logue of Variable Stars. 4th Ed., Nauka Publishing House (GCVS)



M. Matsuura et al.: Water vapor absorption in early M-type stars 583

Kleinmann S.G., Hall D.N.B., 1986, ApJS 62, 501 Stephenson C.B., 1984, General Catalog of S Stars. 2nd ed., Publication

Langn A., Rocca-Volmerange B., 1992, A&AS 96, 593 of Warner & Swasey Observatory

Mattei J.A., 1998, Observations from the AAVSO Internationabtephenson C.B., 1989, General Catalog of Cool Galactic Carbon Stars.
Database, private communication 2nd ed., Publication of Warner & Swasey Observatory

Murakami H., Freund M.M., Ganga K., et al., 1996, PASJ 48, L41 Tsuiji T., 1978, A&A 62, 29

Partridge H., Schwenke D.W., 1997, J. Chem. Phys. 106, 4618  Tsuiji T., Ohnaka K., Aoki W., Yamamura I., 1997, A&A 320, L1

Press W.H., Flannery B.P., Teukolsky S.A., Vetterling W.T., 1986, NiWhitelock P., Menzies J., Feast M., et al., 1994, MNRAS 267, 711
merical Recipes. University of Cambridge Yamamura I., Onaka T., Tanafd., Roellig T.L., Yuen L., 1996, PASJ

Scargle J.D., Strecker D.W., 1979, ApJ 228, 838 48, L65

Spinrad H., Wing R.F., 1969, ARA&A 7, 249



	Introduction
	Sample data
	Results
	Discussion

