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Abstract. Model atmospheres for pulsating Mira variables In the case of Mira variables, calculation of the correction
have been used to examine the correction factor that shoulddetor is much more complicated. In the first place, the parts of
used to convert radial velocities derived from the Doppler prthe atmosphere contributing to line formation contain a large
files of observed infrared lines into the velocities immediatelelocity gradient which is comparable to the total velocity am-
above and below the strong shock inthe atmosphere. The corgditude. In addition, different wavelength regions sample very
tion factor varies by a moderate amount depending on the lirdilerent parts of the atmosphere as demonstrated by the fact
selected. Correction factors ef1.25 and 1.4 are appropriatethat the velocities and velocity amplitudes obtained from op-
for the conversion of the observed velocities of the outflowingcal and infrared spectra are very different. The full velocity
post-shock and infalling pre-shock material, respectively, whamplitudes obtained from absorption lines in the optical region
the lines are strong. This is the case for the low excitation CPe small (about 10 km™$, Joy 1954) and appear always to
1st vibrational overtone lines in the K band. A correction fade positive with respect to the velocity of the stellar center-of-
tor of 1.6 or more is appropriate for the weaker lines of Okhass, thus always representing infalling matter (Wood 1979).
and the 2nd vibrational overtone of CO in the H band. The3de optical spectra sample only the upper layers of the pulsating
results mean that the true pulsation velocity amplitude of a typkmosphere where velocities are relatively small. On the other
ical Mira variable is~34 km s™!. Such large pulsation velocity hand, infrared spectra in the H and K bands yield much larger
amplitudes are inconsistent with current models for Mira vankelocity amplitudes (eg. Hinkle 1978) spanning the center-of-
ables pulsating in the first overtone mode but are consistent witlass velocity: the atmospheres of Mira variables are much more
pulsation in the fundamental mode. transparent in the infrared.

A second complicating factor concerning spectral line for-
Key words: line: profiles — stars: atmospheres — stars: late-typ@ation in Mira variables is the large extension of the atmo-
— stars: oscillations — stars: variables: general sphere. In such an atmosphere, the large volumes of matter in
the outer layers, although they may emit only weakly per unit
volume, can still cause substantial “nebular” emission compo-
nents to the line profiles, which often have a P-Cygni shape.
1. Introduction Because the velocity of the outer layers can be either positive

The estimation of the true pulsation velocity of a radially puf2r negative with respect to the deeper layers forming the main

sating star from the observed Doppler shift of absorption ”ngfsorptlon line, the P-Cygni-like emission can be on either the

in the stellar spectrum requires a conversion factor of order 1 ue or red side of the absorption component. Furthermore, mat-

1.4 (eg. Parsons 1972 and references therein). In the caset én the outermost layers is sometimes seen on the far _side of
star such as a Cepheid variable, where velocity gradients iné star by the observ_er S0 _thatthe same layers may cont_rlbut_e o
stellar atmosphere are small at nearly all phases, the con eor—h rgd and blue shifted line cpmpo_nents. The P-Cygni emis-
sion factor from observed to true velocity is mostly a geometr?&on will clearly affect the velocity derived from the absorption

one arising from the fact that matter seen by the observer chﬁnponent of any line. . : .
fIn past studies of Mira variables, it has been usual to as-

be moving at any angle between zero (matter at the centre o0 . X .
the disk) and 99 (matter at the edge of the stellar disk) to théume that observed infrared H and K band line velocities can

. . . . g e converted to true pulsational velocities by using a conversion
line of sight. Limb darkening contributes further to the purel i ) .
geometric correction factor. actor of~1.4 (e.g. Willson 1982; Wood 1987). In this paper, the

correction factor appropriate for infrared spectra is evaluated.
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Table 1. Properties of Mira model series Table 2. Typical absorption line properties
Series Mode P(days) M/Ms Rp/Re Tes Av Line Type x loggf Ao(um)

z f 334 1.0 236 3370 36 CO 1st 0.0 -6 2.32

D f 330 1.0 236 2900 31 0.6 -5 2.32

E 0 328 1.0 366 2700 15 1.2 -5 2.32

P f 332 1.0 241 2860 40 CO 2nd 0.3 -8 1.62

M f 332 1.2 260 2750 42 0.9 -6 1.62

O o} 320 2.0 503 2250 22 15 -6 1.62

R, isthe radius of the static parent star at Rosseland optical depth urﬁ?t'ill Ist 10 55 __55 11 6622

and Avw is the total pulsational velocity amplitud¢.ando stand for . .
fundamental and first overtone pulsation, respectively. x is the excitation potential in e\, is the assumed rest wavelenth of

the line.

2. The pulsation models and line profile calculations

The pulsation models used here are from six model series 4889) indicate thatitis so thin (typically 10~° R ) compared
scribed in Bessell et al. (1996) and Hofmann et al. (1998). Th& the line formation region of a Mira atmosphere (typically
basic properties are summarized in TaBle 1. Limitations aftl0”Eo) that its contribution to line optical depths should be
shortcomings of the models are discussed in these two paﬂ@gl|g|ble. Furthermore, the h|ghtemperature5|nthe post-shock
and should be kept in mind. In particular, numerical smearifiggion (-6000K) mean that there will be no molecules there to
of quantities close to shock front discontinuities in the puls{rm the lines that are discussed in this paper. We also note
tion models was only partly removed for the line computation@‘.at deviations from our assumed LTE Planck source function
Details of predicted profiles may be affected by an inadequé%“'ting from post-shock relaxation should bg confined _to the
treatment of the shock region but the positions of the dedfin shock layer and therefore should not be important in the
absorption parts of profiles important for converting Dopplétverall line formgnon process.
positions into pulsation velocities should be reliable. Representative CO 1st overton&:(= 2), CO 2nd overtone
The presently available atmospheric models cover sevekaw = 3) and OH Qv = 2) lines (TabléR) calculated in this
phases and pulsation cycles with a time resolution of 0.2 to G#!dy were so chosen that they exhibit typical behaviours in
cycles. The most interesting phases are those around maxintlifferent models. Adopted combinations of excitation potentials
when the shock amplitude is largest. It is this maximum val@d oscillator strengths are rounded values similar to those of
of the shock amplitude that is mostly used for comparison bf€s in the 2.3m and 1.62m spectral regions (Hinkle 1978;
observations and pulsation models. Further research on the tpRaith & Lambert 1985).
dependence of spectra, based on alarger number of phase points,
is intended in the future.
The principles of line calculation were outlined in Bessell
al. (1996). The stellar disk was divided into about 50 to 100 rin@s1. Atmospheric velocity structure
from the centre to the model surface, and the intensity emit

towards the observer was calculated in each ring from Planc illqstrate the typical Ve.'OC”Y structur € of aMiraatmosphere
source functions. Summing up all rings yields the observai'ﬂ&varlous pha;es by using six D-sgnes m.o.dels from Bgssell
tal. (1996). Fid.l1 shows the velocity (positive = outflowing,

line profile. The contribution from any layer to the intensit ) ) ) : _
depends on the line absorption coefficient (Voigt profile wit egative =infalling) plotted against Rosseland optical depth and

2 km s~ depth-independent microturbulent velocity) and th_%gainst radius forthese models. The velocity structures are dqm-
Doppler shift in that layer due to the projected outflow or infalpated by one or two shock waves that can.be seen p_ropaggtlng
velocity. Near the model surface of very extended configur%l-ﬂ.from deep in the atmosphere. For the six models in t.he time
tions, contributions from the star’s far side may be noticeabl eres shown here, the'f|rstsh.qckto propagate outwardils stalled
The hot post-shock zone is considered as a transparent | ewfalllng matter and its pogltlon actually moves back '“V_Vard-
general, below the strong inner shock, matter is outflowing at

of negligible thickness, so that no emission lines from this lay L L .
are considered in the present models. The emission compon?njtgl(lm s while above the shock material is infalling 20

found in various lines in the current models are solely due Th. nlv well-defined reference velocities in a Mira at
the above-mentioned “nebular” effect. P Cygni type profiles € only well-detined reterence velocilies n a Mira at-

in M-type Miras have been reported for various metallic Iiner£IOSphere are the velocities immediately below and above the

(e.g. Ferlet & Gillet 1984; Gillet et al. 1985a,b) and cannot bsetrong inner shock. The aim of this paper is to find the correction

readily excluded in the crowded published infrared line Spec@ctct)%at.nee%s tot bz applicter(]j tq obse(jry(id veIociti((ajs (detfinﬁd iE
(e.g. Hinkle 1978; Hinkle & Barnes 1979). ect.3.8) in order to derive the immediate pre- and post-shoc

Our justification for neglecting the shock layer is that dev_elomnes.

tailed models of this layer (e.g. Fox & Wood 1985; Gillet et al.

63[. Results
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Fig. 1. The velocity in a time series of six Mira models plotted again$tig. 2. The flux in various line profiles plotted against velocity, with
the Rosseland optical depth{left panels) and the radius (right panels)positive velocity corresponding to motion towards the observer (see
The D-series model number (see Bessell et al. 1996) is indicatedtext). The model number and its phase is indicated on each panel. The
the left panels and the pulsational phass given on the right panels. three sets of line profiles in each panel correspond to lines of the CO 1st
R, is the Rosseland radius of the static parent star. vibrational overtone (bottom), the CO 2nd vibrational overtone (mid-

dle), and of OH (top). The solid, dashed and dotted lines correspond

to lines of increasing excitation potentig) respectively. See Tabé 2
3.2. Line profiles for the actual values of and the corresponding valuelog g f.

In Fig.[4, the flux in various representative (see Tdble 2) in-

frared lines is plotted against velocity. For easier comparisthe star’s near side) are displayed at positive velocities. This
with Fig.[, the velocities are displayed reversed in sign frooonvention will be used throughout this paper.

the traditional spectroscopic Doppler shift, i.e. blue-shifted line In general, the low excitation, 1st vibrational overtone CO

components (usually produced by outflowing material seen limes are very strong, the low excitation OH lines are next in
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CO 1st overtone lines E

10 - Fundamental mode pulsation L
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2 | Fig. 3.The observed velocity of CO
= | 1st overtone lines (defined as the
0 velocity at minimum flux in the

line, with the sign convention of
- this paper) plotted against the im-
mediate pre- and post-shock veloci-
ties in fundamental mode pulsation
- models. Solid symbols come from
models near maximum—0.25 <
¢ < +0.25) while open symbols
-20 = . . —| come from models near minimum
Infalling pre—shock matter e’% Outgoling post— (0.25 < ¢ < 0.75). Circles repre-
shock matter | sent lines with excitation potential
L L ‘ ‘ - 22 ex, iquaris (:hG eV ar|1d tria??ties
.2 eV. Lines for three values of the
—<0 —10 0 10 conversion factor from observed to
v(model) pulsation velocity are also shown.

strength and the 2nd vibrational overtone CO lines are weakeugtitten to find the minimum in all line profiles automatically,
This general line strength sequence was noted in real Miasd the velocity was considered observable (and hence stored
by Hinkle (1978). At all times, absorption lines with positivdor plotting) if the central depth relative to the continuum was
velocities can be seen, these lines being formed in the outflowin@.9.
material below the strong shock. Before and around maximum, In Fig.[3, the velocity at line flux minimum in fundamental
the lower excitation and stronger lines are double, these limasde pulsation models is plotted against the velocity of mate-
being formed in the both the outflowing post-shock material ani@dl immediately above and below the main shock wave in the
the infalling pre-shock material. Because the infalling materiatmosphere. The first point to note is that there is a substantial
is cooler, only the low excitation lines are formed there. Sudtatter in the conversion factgrfrom observed to pulsation
double lines are seen in the observed infrared spectra of Mixaocity. However, for infalling (pre-shock) material, a value
(e.g. Hinkle 1978). f =~ 1.4is generally a good approximation while a lower value
The final point to note in Fi§]2 is the existence of emiwf f ~ 1.25 seems more appropriate for the outflowing (post-
sion components on the edges of various lines as a result ofsheck) material. The reason for the highly discrepant points is
“nebular” effect noted in the Introduction. These emission corthe existence of strong “nebular” emission from the outermost
ponents can fall on either the red or blue edges of absorptiagers of the very extended atmosphere which distorts the ab-
lines. When lines are double, the emission can fall between gwption line profiles, especially when both pre- and post-shock
two absorption components. lines are significant.

Fig[4 plots the “observed” line velocity against the appro-
gate model pre- or post-shock velocity for the OH and CO
nd overtone lines. Here, the required conversion factor of 1.6
In order to actually derive a Doppler shift from an observed liner more is larger than for the CO 1st overtone lines, particularly
a technique has to be adopted to measure the line velocity. ¥dfethe warm, outflowing, post-shock matter. The reason for the
follow the method of Hinkle and co-workers who use the podtigher conversion factor for these lines is that they are formed
tion of maximum line depth as the line velocity. A program wadeeper in the star. Because there is usually a significant velocity

3.3. Observed velocities versus pre- and post-shock velocitig
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OH and CO 2nd overtone lines

10 — Fundamental mode pulsation

| Fig.4.The observed velocity of OH
and CO 2nd overtone lines plot-
ted against the immediate pre- and
- post-shock velocities. Solid circles,
squares and triangles represent CO
2nd overtone lines from models near
4 maximum and with excitation po-
tential 0.3, 0.9 and 1.5 eV, respec-
tively. The corresponding open sym-
-+ bols are from models near mini-
mum. Six and four pointed stars rep-
resent OH lines in models near max-

v(observed)

-20 = . . —| imum having excitation potentials
Infalling pre—shock matter e’% Outgoling post— of 0.5 and 1.5 eV, respectively. Plus
| signs and crosses represent the cor-
L L ‘ ‘ - rLgspo?dinrgl; OH Iir:es ne?rrr]ninimum.
ines for three values of the conver-
—<0 —10 0 10 sion factor from observed to pulsa-
v(model) tion velocity are also shown.

shock matter

gradient behind the shock front around maximum (Hig. 1), thgpical value slightly above 2 knTs. Tsuji (1986, 1991) found
main region of line formation is expanding at a smaller velocityystematically higher microturbulent velocities ranging from
than is the immediate post-shock region. 2.7t0 4.0 km s! and discussed evidence of depth-dependence,
Figs[% and b show the observed and model velocities fanisotropy and an additional macroturbulent broadening com-
first overtone pulsation models. The CO 1st overtone lines shpanent. Recent model atmospheres of non-Miras using modern
a large scatter with a value ef1.2 being appropriate for the opacity sampling data (Plez 1992; Plez et al. 1992; Fluks et
conversion factor from observed to pulsation velocity. The C&. 1994) usev,,» = 2 km s™. In view of these factors, we
2nd overtone and OH lines require a larger conversion factoraxfoptel a 2 km s depth-independent microtubulence for our
~1.6. The larger conversion factor for the CO 2nd overtone alide profiles. As a check on the robustness of our results we also
OH lines is as expected (see the previous paragraph). performed test calculations for the CO 1st overtone lines with
The results above assume a microturbulent velagity, of v, = 0 and 4 km s'. For infalling matter, these calculations
2 km s7!. In fact, very little is known about microturbulenceproduced conversion factors that were not significantly different
in Miras because Doppler profiles are so strongly dominatédm those withv; .., = 2 km s~*. For outflowing (post-shock)
by macroscopic outflow and infall velocities that deriving,, matter, however, the test calculations suggest that the conver-
from line shapes is impossible. Furthermore, curves of growdlon factor decreases with increasing microturbulent velocity so
are not suited for straight-forward interpretation in terms d@hat it should be more like 1.05 whef,,, = 4 km s™! rather
microturbulent broadening (cf. Scholz 1992). Two additionshan the value of-1.25 derived forv,,, = 2 km s !, If mi-
complications are that,,,, possibly depends on depth and omroturbulent velocities are indeed as large as 4 kiis Mira
phase, the latter being found in RR Lyrae ari@ephei variables atmospheres, interpretation of line profiles in terms of pulsa-
by Fokin et al. (1999) and Gillet et al. (1999). tion velocities will require a thorough investigation of micro-
For non-Mira M giants, depth-independent microturbulemtirbulent line broadening, including possible deviations from
velocities reported by Harris & Lambert (1984) and Smith &e conventional, simple, depth-independent, isotropic, micro-
Lambert (1985, 1990) range from 1.6 to 2.9 ki svith a most  turbulence concept.
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[ \ \ \ \ ]
| CO 1st overtone lines g
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v
3 - v(mod)/v(obs)=1.6 g
(@] [ - o]
\; L ~1. -
—20 , ) ) _
Infalling pre—shock matter e’% Outgoling post—
shock matter
L L \ \ il
—<0 —10 0 10 Fig.5. The same as Fifil 3, but for
v(model) first overtone pulsation models.
4. Discussion true velocity amplitude has involved a guess at the value of

the conversion factor from observed to pulsation velocity. The

The conversion factor from observed velocity to pre- and po%t- nversion factors found in the present paper confirm that Mi-

_sho_ck_velocmes varies with the Ilng excitation potential ands do indeed have true pulsation velocity amplitudes that are
intrinsic strength. For the strongest lines, the results for the 1S . oo .

. : . 00 large to be consistent with first overtone pulsation and that
overtone CO lines suggest a conversion factortf4 for in-

falling, pre-shock material and1.25 for the outflowing, post- the Miras must therefore be fundamental mode pulsators. This

shock material. Laraer conversion factors mav be appropri sttgtement remains true even if one uses the somewhat uncertain
- 9 ) ; y pprop %orrection factor of-1.2 derived from the CO 1st overtone lines
for the outflowing material when weaker lines are used.

. o . in first overton Isation models, in which h Isation
The observed, uncorrected infrared velocities of a typlcgl st overtone pulsation models, ch case the pulsatio

. ) . i ' -amplitude is 30 km st rather than 34 kms'. Similarly, the
Mira variable can be obtained from Hinkle (1978) and Hinkl doption of a microturbulent velocity as high as 4 km ¢see

et al. (1982; 1984). These velocities have been converte St - .
. ct{3:8) would not significantly affect our conclusion that the
center-of-mass velocities by Wood (1987) and they show ﬂ}\%ras must be fundamental mode pulsators. A completely inde-

. ! L 1
wﬁirgfﬁ mi)glmrﬁg(;ﬁjﬁ:\&igx}gﬁgf\;ﬁl\?g;gﬁ142{2 im pendent identification of the fundamental mode as the pulsation
yp y ode in Mira variables has recently been made by Wood et al.

—1 . . .
s Takmg_the conversion fz_ictors (.)f 1'25 and 1.4, respective ¥999) using MACHO observations of long-period variables in
as appropriate, a typical Mira variable is seen to have a trlje

X : 1 X . e LMC. A remaining unsettled question is why, with a few
\F/)glsc;[c?tgogfkfzu(;ﬂsr\:]\/ vgello;]té/ Zﬁiﬁ' \l;(rerl]oiit)’/ Zr?]rpeliij Z%Cl;f'vn;j" exceptions, the observed period-radius relation of M-type Mi-
km s ras strongly indicates first-overtone pulsation (e.g. Haniff et al.

: - . . 995; van Belle et al. 1996; van Leeuwen et al. 1997).
One of the main reasons for considering Mira variables to %e )
Iﬁn??? enkt)al mo?je ralthetr. tha? fIrISt O.;/ertonel.{)l':jlsators hals bﬁ%l@nowledgementSNe thank the referee for useful comments and
at the observed puisational velocity amplitudes were argse(fggestions. M.S. wishes to thank the members of the Chatterton De-

than could be produced by first Qvertone pulsators _(BOWen 198G tment of Astronomy, University of Sydney for their hospitality dur-
Bessell et al. 1996). However, in the past, the estimation of thg 4 research visit in February to April 2000.
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OH and CO 2nd overtone lines

10 — First overtone pulsation

O -
%\ L
0}
> L
3 - V(modl)/v(obs):]l.@:f g
o _
Y - .
—20 , ) ) _
Infalling pre—shock matter e’% Outgoling post—
shock matter
L L \ \ il
—<0 —10 0 10 Fig. 6. The same as Fifl 4, but for
v(model) first overtone pulsation models.
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