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Abstract. We emphasize the limits of the classical paradigm explaining the periodic appearance of emission lines by shock
waves induced by radial periodic pulsations. In particular, we argue that, if pulsation occurs, it would not be purely radial and
the light curve resulting from the contribution of zones at different phases would have a shape different from what we actually
observe. The discovery of low mass companions to numerous G stars, some of them very close to the star, led us to look at the
fate and the influence of this companion when the star becomes a giant. After Rudnitskij (2000), we suggest that the behavior
of the Mira variables is mainly due to the presence of a companion in the tenuous atmosphere of the giant instead of the effect
of a pulsating atmosphere explaining the presence of emission lines and the periodicity of these variables. We argue that the
presence of a companion may account for the shape of the light curve and the observed phase lag between the maximum visual
and the maximum maser light.
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1. Introduction

Following the main sequence evolution, a low-mass star
(3–5 solar mass), experiences a somewhat complicated se-
quence (Iben & Renzini 1983) of adjustments owing to the pas-
sage from hydrogen- to helium-burning. After a preliminary
phase where the star is burning helium in a shell around its
core (early asymptotic giant branch, E-AGB) energy is mainly
produced by hydrogen burning in a shell. As the luminosity
increases, the star inflates and its surface temperature lowers:
high luminosity and low temperature locate these stars in the
top left of the HR-diagram, along the so-called asymptotic gi-
ant branch (AGB). At the end of their evolution these stars ex-
pel their external envelope leading to planetary nebulae with
hot white dwarfs in their center.

The General Catalog of Variable Stars (GCVS, Kholopov
et al. 1988) records with certainty 5277 Miras, 877 type A
(SRa) and 1175 type B (SRb) semiregular variables. These two
last types are only distinguished from Miras by their smaller
amplitude (less than 2.5 mag against 2.5 to 11 for Miras) or
period or their less regular light curve. Moreover 1725 type B
irregular variables (Lb) are listed. All these objects fall into the
“pulsating variables” type.

Many attempts have been made at deducing the main char-
acteristics of these stars (mass, luminosity, radius) from the
characteristics of their light curves (period, amplitude, color).
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To account for the variations of light, the appearance of emis-
sion lines near the maximum, and the variable velocities of the
absorption and emission lines, a scenario progressively came
out: the star experiences radial periodic pulsations, the emis-
sion lines appearing when an expanding shock, induced by the
pulsation, emerges from the photosphere. According to this
view, the periodic behavior of the star reveals the periodic
pulsation.

Due to the difficulties, work in this field has been carried
out in different ways; we quote some of them:

– analysis of many spectra of Miras variables (Joy 1926;
Merrill 1946, 1947, 1953; Deutsch & Merrill 1959;
Maehara 1968; Tsuji 1971);

– development of pulsation theory (Eddington 1941, 1942;
Baker & Kippenhahn 1962; Zhevakin 1963; Fox & Wood
1982);

– dynamics of atmosphere (Willson 1976; Willson & Hill
1979; Bowen 1988; Feuchtinger et al. 1993);

– shock wave models (Fox & Wood 1985; Gillet 1988).

In spite of many attempts, we are far from having a satisfactory
understanding of these objects. In particular, we are not able
to link, in a consistent way, models of pulsation with models
of atmospheres, or models of atmospheres with shock waves
models. Thus, so far, it has not been possible to give a qualita-
tive interpretation of the outstanding features of these spectra.

Joy (1926) looked at the binarity to explain the velocity
curve of the absorption lines of Mira: he derived an elliptic
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orbit with a semi-axis projected on the sky of 16 200 000 km
that he found to be far inside the known size of the star, and
this idea has not been followed up.

Rejecting the pulsation hypothesis, we found that the pres-
ence of a companion in the atmosphere would be able to ex-
plain the observed properties of Miras. A year later, this pa-
per being almost fully written, we knew of a poster (Rudnitskij
2000) proposing, two years before us, the same explanation.
We chose to maintain the whole argumentation we indepen-
dently conceived in order to show similarities and eventually
differences of the two approaches. We only modified this in-
troduction, the title, the order of sections, emphasizing the
origin of our work in the limits and failures of the pulsation
theory rather than in the fate of planets in the atmosphere
of AGB stars.

In his poster, Rudnitskij (2000) discusses the effect of a
low-mass companion revolving around a red giant inside its
circumstellar envelope. He quotes Soker (1999) examining the
effect of a planet inside planetary nebulae which may lead to
the formation of a tail strongly emitting in Hα. Rudnitskij con-
siders that Jupiter-like planets can survive a significant time
during the AGB stage at a distance of 1 AU from the star and
would produce a conical shock. The shock may add light vari-
ations and account for the observed emission lines. Regarding
semiregular variables, Rudnitskij interprets these stars as hav-
ing less massive planets than Miras or being seen almost per-
pendiculary to their orbital plane. He proposes the effect of
a close companion as an alternative to the pulsation-driven
shocks mainly because of the weakness and the too low veloc-
ities of the observed shocks with respect to what is deduced
from pulsation theory. Finally, Rudnitskij concludes that his
model may explain the asymmetry in brightness distribution,
the light curve, and the velocity structure of emission lines (e.g.
doubling).

In Sect. 2, we emphasize the objections to the pulsation
theory , in Sect. 3 we examine the consequences of the axisym-
metry, in Sect. 4 the fate of a companion in the atmosphere of a
giant, in Sect. 5 the effect of a companion in the atmosphere of
AGB stars, in Sect. 6 we search after observable properties able
to discard one explanation, and in Sect. 7 we reconsider the in-
terpretation of the features of masering source found around
Miras and semiregular variables before concluding.

2. Are Miras pulsating variables?

The classical explanation of the variability of Miras is based
upon the periodic development of shock waves appearing be-
low the photosphere and expanding outward. These shocks
may explain the emission lines. To explain the periodicity of
the variability, the shock waves are supposed to be induced by
a pulsation. This pulsation must be radial, i.e. it must affect the
whole sphere of the star. This condition is necessary to explain
the shape of the light curve with a well-marked main period.
Non radial modes should produce a light curve with several
out-of-phase variations different from that we actually observe.

Two main arguments that we develop hereafter, may dis-
card a purely radial pulsation:

1. if pulsation occurs, it is unlikely that it should be radial;
2. purely radial pulsation and convection are not compatible.

2.1. Non radial modes

Mira variables are supposed to be radial pulsators, which
means that the pulsation is synchronized on the whole sphere
of the star. But, if pulsation occurs, we must expect that a non-
radial mode would be with certainty excited because during a
pulsation period a sound wave starting somewhere inside the
star cannot reach simultaneously the whole surface of the star
but only a limited part of the pulsating sphere, making a pure
radial pulsation unlikely. Thus the growing of two perturba-
tions sufficiently far from each other can lead to two neighbor-
ing zones having opposite phases.

The fact that the only possible driving mechanisms is lo-
cated into the ionization zone of hydrogen or helium (see
hereafter), i.e. at about 20% of the radius of the star below its
surface (not at the center) strengthens this argument.

2.2. Coupling between pulsation and convection

A further difficulty is linked to the highly convective envelope
of late-type giant stars. Schwarzschild (1975) showed that a
maximum of 200 and maybe as few as a half-dozen convective
cells occupied the visible half of a red giant. He estimated an
average convective velocity of the order of the sound velocity
(5 km s−1) and a time scale for convection of ∼200 days. Even
if these estimates are not accurate, the motion of convective
cells will again disturb the propagation of the pulsation leading
to a phase lag between neighboring area and hence non radial
pulsation.

Zhevakin (1963) claims that “a zone with convective en-
ergy transfer cannot maintain stellar auto-oscillations” and thus
explains why dwarfs and sub-dwarfs cannot pulsate. As a con-
sequence, he asserts that “in spite of the convective instabil-
ity, [...] radiative energy transfer predominates over convective
transfer”. This last argument is difficult to accept: model atmo-
spheres in hydrostatic equilibrium show that 90% of the flux
is still transported by convection at 95–97% of the radius (e.g.
Plez 1992).

Moreover, energy transfer along a cycle of pulsation is an-
other doubtful process: Mira variables have at least 0.7 mag of
bolometric variations (Habing 1996), that is to say at least a
luminosity ratio of 2 between maximum and minimum light.
Assuming a period of 400 days and a luminosity of 7000 L�,
the energy to be stored for half a cycle is ∼2 × 1044 erg. If
a (κ)-mechanism is invoked to explain pulsation, this energy
must be stored as ionization energy. The mass to be ionized is
∼0.01 M�. The ionization zone lies between 5 and 20% of the
stellar radius below the surface: the conditions of heat transfer
have to change in such a large region for a time of ∼200 days:
it is unlikely that the efficiency of convection will drastically
change in a so short time. Around the time of minimum, with
increasing ionization, we expect that convection would be en-
hanced. Is there a mechanism able to inhibit convection?
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2.3. Pulsation modes and driving mechanism

Other difficulties about the pulsation of Miras are well known:

– the pulsation mode (fundamental or overtone) is debated;
– the driving mechanism of the pulsation is, at this time,

unclear.

Pulsation studies have been performed in order to derive the
period-mass-radius relation: this relation is obviously differ-
ent according to the mode of pulsation (fundamental or first
overtone). This question was not answered conclusively in the
course of IAU Symp. 191 (1999): there was evidence for the
first overtone for Miras and semiregular variables (Feast 1999),
at the same time observations were found to be compatible with
the fundamental mode (Tuchman 1999), and a survey of the
Large Magellanic Cloud led to the identification of Miras as
radial fundamental mode pulsators and semiregular variables
as fundamental, first, second or third-overtone pulsators (Wood
et al. 1999).

Regarding the driving mechanism, Gautschy & Saio (1996)
reviewing the stellar pulsations ascribe it to the combined ac-
tion of partial H and He I ionization but they stress that “energy
transport by convection dominates”, and that “the timescale of
convective overturn is of the same order as the pulsation cy-
cle. Hence, any statements on the pulsational driving and on
the extension of the instability region depend crucially on our
understanding of the coupling of pulsation and convection [...].
Both aspects are not well comprehended at present”.

3. Spherical symmetry versus axisymmetry

Barring clear evidence to the contrary, astrophysical objects
are normally assumed to be spherical. Interferometric obser-
vations make it possible to obtain a 2D-power spectrum as far
as phase information is available which needs one sufficiently
large telescope or three telescopes and good signal-to-noise. In
most cases, only diameters are available from interferometric
measurements. According to this view, any variation of the ob-
ject is thought of as affecting its whole surface simultaneously
with central symmetry: physical conditions are the same on a
sphere of given radius and all displacements are radial.

By contrast, many planetary nebulae appear to be ax-
isymmetric spherically symmetric, rather than. Many stud-
ies (Morris 1981; Eggleton 1990; Soker 1997 and references
herein) explain these structures by the presence of companions
(planets, brown dwarfs or stars). Furthermore, many recent ob-
servations show disk-like structure around red giants and Mira-
like AGB stars: a dust disk is observed (Molster et al. 2001)
around the carbon star IRAS 09425-6040. A rotating disk is
suspected around an AGB star (Bergman et al. 2000). The pres-
ence of a ring of material needs a progenitor: a planet or a group
of planets are indispensable progenitors of the disks and rings
observed.

Furthermore, companions have been invoked to explain the
following:

– fast rotating horizontal branch stars (Soker & Harpaz
2000);

– the presence of SiO masers (Struck-Marcell 1988);
– the oxygen-rich circumstellar envelopes of carbon stars

(Barnbaum et al. 1991);
– the rotation of V Hya (Knapp et al. 1999).

4. The fate of planets around red giants

Since the first discovery (Mayor & Queloz 1995) of
an exoplanet around a star in 1995, already 87 stars
(http://www.obspm.fr/planets/) have been shown to
possess one or several planets leading us to think that it is a
common situation. During the AGB stage, the luminosity rises
to about 104 L� and the radius of the star increases. Lunar oc-
cultation and interferometric methods make it possible to mea-
sure visibility functions of Miras and semiregular variables. To
convert these visibility functions into linear radii, one needs to
know distances and limb darkening which are not well known.
The resulting linear radii are all the more uncertain as they may
vary with phase and wavelength. Thus the results for 18 Mira
variables (van Belle et al. 1996) range from 224 to 580 R� and
for 10 Mira variables other observers (Haniff et al. 1995) de-
rived radii between 392 and 606 R�. With this range of radii, a
planet around a star of 1–1.5 solar mass will orbit near the pho-
tosphere if its period is in the range 320–780 days. The actual
range of periods of the sample is 284 to 430 days: considering
the uncertainties, planet interaction is not excluded.

Wood et al. (1999), analyzing MACHO observations of
LMC red giants, find that perhaps∼25% of AGB stars are semi-
detached or contact binary systems: they identify contact bi-
naries lying on the first giant branch (their sequence E) with
periods ranging from 30 to 250 days and stars with “long sec-
ondary periods (LSP)” (their sequence D) ranging from ∼150
to 1200 days. For this last sequence, Wood et al. (1999) pro-
pose that “the LSPs are due to an eclipse of the AGB star by a
cloud of dusty accreted matter surrounding an orbiting, invisi-
ble companion star”. Wood et al. (1999) do not think these stars
are pulsating variables, because they lie on a period-luminosity
sequence with periods greater than that derived from funda-
mental pulsator models: only shorter periods may be explained
by higher harmonic modes. The only way to mark out pulsat-
ing variables and binaries is from their periods. But we must
suppose that many stars belonging to the Mira sequence also
have near companions. In particular, what happens to sequence
E stars when they reach the AGB with orbital periods in the
range of that of Miras?

What one wants to know is if the planet will survive, close
to the star, for a length of time of the order of the Mira phase
(∼105 years). One argument (Lin et al. 1996) to explain the
survival of the companion of 51 Peg at 0.05 AU from the
star is based upon the comparison of the escape velocity at
the surface of the planet and the thermal velocity of hydro-
gen atoms: from the surface of a planet similar to Jupiter, the
escape velocity is ∼62 km s−1 and the mean thermal veloc-
ity of hydrogen atoms at the effective temperature (2200 K) of
the star is ∼6 km s−1 leading to a negligible mass loss during
the AGB phase. Moreover, the point where the gravitational
attraction from the planet and the star are equal is ∼0.03 AU
from the center of the planet (∼65 planet radii) and the inner
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Lagrangian point is located at ∼0.07 AU from the planet center
(∼150 planet radii): the planet will not fill its Roche lobe and
no matter will escape this way to the star.

One important element of the system evolution is the an-
gular momentum conservation. The moment of inertia is esti-
mated by Spruit (1998):

I = k2 MR2 (1)

with k2 being ∼0.2 for an AGB envelope, M and R the mass
and external radius of the envelope.

Thus, assuming that the variation of angular momentum of
one Jovian mass shifted from an orbit of 5.2 to 1 AU is de-
posited in an envelope of 0.1 M� in rigid rotation and with an
external radius of 1 AU, the envelope initially at rest would
have a period of rotation as a solid body of 16 years. In the
same way, the angular momentum of a planet of ∼16 Jovian
mass shifted from the orbit of Jupiter to the external radius of
the AGB star, would be sufficient to enhance the rotation rate
of the envelope to such a value that the external equatorial sur-
face would be Keplerian. In conclusion, the orbital momentum
of a planet with a mass equal or greater than a Jovian mass, de-
posited into the envelope of an AGB star produces a rotation of
a part of the envelope eventually close to a Keplerian rotation.

Various physical mechanisms have been examined to ex-
plain the transfer of angular momentum inside a binary system
(Zahn 1977) from the rotation of the more massive component
to the orbital motion of the other one: tidal forces are invoked
which create a torque between the primary rotating star and the
secondary orbital motion – until synchronization occurs, i.e.
when the period of rotation of the primary is the same as the or-
bital period. The rate of angular momentum transfer (and thus
the characteristic time of this exchange), will depend upon the
dissipation rate of the tidal perturbation in the envelope of
the primary, mainly related to the viscosity of the envelope.
The efficiency of such mechanisms is poorly known, evalua-
tions (Zahn 1977) give a characteristic time much greater than
the duration of the AGB phase. Anyhow, if this time is so long
that the planet would not move for the duration of the AGB
phase, the recent discoveries show many planets at least as
massive as Jupiter the orbits of which are inside the radius of
an AGB star. If this time is shorter than the AGB life time,
there would be many planets with sufficient mass and distance
to deposit angular momentum in the envelope such as to ob-
tain synchronization, thus stopping the exchange of angular
momentum.

The main mechanism of angular momentum exchange is
probably due to the drag force on the planet in the atmosphere.
This may be evaluated through the momentum exchange rate
due to accretion onto the planet. The radius Racc where the mo-
mentum exchange due to gravitational force exerted on the gas
is equal to the momentum of the gas is:

Racc =
GMP

v2
(2)

with G the gravitational constant, MP the mass of the planet,
and v the velocity of the planet. Following our example of a
Jovian planet at 1 AU from its star, we find Racc ∼ 2 Jovian
radii.

Assuming that all the gas swept up in this radius is accreted
on the planet leads to an accretion rate Macc:

Macc =
π (GMP)2

v3
ρ (3)

with ρ the medium density.
We estimate the characteristic accretion time as:

tacc =
MP

Macc
· (4)

With a planet of one Jovian mass orbiting at 1 AU around an
AGB star of 1 M�, a characteristic time of 105 years corre-
sponds to a density of ∼10−10 g cm−3, close to the density of a
red giant near the photosphere.

Some Miras show clear period decreases: Whitelock (1999)
quotes R Aql (1.0 day per year) and R Hya (1.3 day per year)
which gives for both cases a density of ∼10−8 g cm−3. This
would locate the planet inside the photosphere for these ex-
treme examples.

5. Effect of a planet inside a red giant star
atmosphere

The passage of a companion in the tenuous atmosphere of the
AGB star will induce tidal forces and movements leading to
wave shocks owing to the relative slowness of the sound speed
in such an atmosphere (∼5 km s−1) with regard to the velocity
of the companion and its associated perturbation (∼30 km s−1).

This interaction with the stellar atmosphere will probably
enhance the local temperature leading to a reduction of the
opacity: thus the light curve of the star may be explained by
a zone of reduced opacity passing through the stellar disk. We
tried to reproduce the light curve: Fig. 1 shows the observed
visual light curve of Mira (o Ceti) for two successive cycles
drawn together with a synthetic light curve adjusted accord-
ing to:

Fφ =

φ+ π2∫
φ− π2

Iθ cos(θ + φ) sin i exp
( −τθ

cos(θ + φ) sin i

)
dθ (5)

with:

Fφ flux received from star at phase φ;
φ phase of the light curve in radian;
θ longitude on the star;
Iθ intensity at longitude θ;
τθ optical depth at longitude θ;
i inclination of the orbit plane on the sky.

A finer tuning of parameters is limited by the scatter of the data
inside a cycle and the cycle to cycle variations of the actual
light curve of Mira (evident from the differences between suc-
cessive maxima). We don’t claim this simple model accounts
for the complex interaction between the atmosphere and the
companion but we only want to show there is some way to ex-
plain the light curve shape.

Another consequence is that the inclination of the orbit on
the sky being randomly distributed, the amplitude would be re-
duced with increasing inclination giving an explanation of the
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Fig. 1. Light curve of o Ceti (dot) as a function of phase for two
successive cycles and synthetic light curve (line). Ordinates are
fluxes (not magnitudes) on an arbitrary scale. (Data from Association
Francaise des Observateurs d’ Etoiles Variables AFOEV).

bad correlation between amplitude variation and mass-loss and
a possible link between Miras, semiregular (of same period)
and irregular variables; possibly these last stars are viewed
pole-on.

Figure 2 shows detailed profiles of Balmer emission lines
of χ Cygni at three different phases obtained at the William
Herschel Telescope in March, June and July 2000. These lines
reveal at least three components of different velocities: the dif-
ference between extreme velocities of ∼52 km s−1 may be ex-
plained by the rotation of matter. A general trend is the dis-
placement of the blue component with advancing phase. This
effect may be similar to what is observed around some cata-
clysmic variables during their quiescent phases. These systems
show hydrogen emission lines whose features are supposed to
originate in a rotating disk of matter: Hα and Hβ emission
lines profiles exhibit two extreme peak whose positions are
constant throughout an orbit and a central peak with a sinu-
soidal evolution tracing a hot spot corotating with the com-
panion (Mennickent et al. 2001; Skidmore et al. 2000; Mason
et al. 2000). Due to the relative slowness of matter around a
Mira (±20 to 50 km s−1), the effects on the emission lines
are much less noticeable than for cataclysmic variables (±200
to 800 km s−1) and are perhaps complicated by overlying ab-
sorption and turbulent motions. Nevertheless many aspects
would be comparable. The more so as these cataclysmic vari-
ables have probably experienced a Mira phase in the past.

The same kind of explanation may account for the dou-
bling of absorption lines around maximum constated by Hinkle
(1978) or Alvarez et al. (2001).

Recently Struck et al. (2002 presented numerical hydrody-
namical models of planets in Mira winds. They examined the
effect of a planet in the wind of a pulsating Mira. They esti-
mate the luminosity of the accretion burst to explain the short-
timescale optical flashes from Miras. They stress the complex-
ity of the accretion process through, for example, the possible
coupling of the partially ionized gas and the magnetic field.
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Fig. 2. Hα and Hβ lines of χ Cygni at three different phases: 0.22 (+),
0.54 (×) and 0.58 (o) assuming an heliocentric velocity of 7.5 km s−1.
Fluxes are scaled to be comparable.

6. Comparison with the observable properties
deduced from the pulsation theory

What observations allow us to decide between the two expla-
nations? There are actually no observations that show the pul-
sation of Miras unequivocally.

In order to see whether some arguments may discard the ex-
planation by a companion interaction, we find only two which
are directly related to a pulsation: the period – mean density
relation and the behavior of masers.

6.1. Period – mean density relation

No observations are directly related to the pulsation (e.g. radius
versus phase), and only global relations between period, mass,
radius and luminosity are available.

If the companion is close to the photosphere of the star,
there is a relation between the mass M, the radius R of the star,
and the orbital period P:

P =
2π√

G

√
R3

M
(6)

with G the gravitational constant.
This relation is similar to the period – mean density relation

yielded by the pulsation theory with a pulsation constant Q:

P = Q
√
ρ�
ρ

(7)

with ρ� and ρ the mean densities of the sun and the star
respectively.

In the case of a companion interaction, Q has a constant
minimal value of 0.116 day for a companion orbiting at the
radius of the star or beyond. By contrast, in the case of a
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pulsation, the value of Q varies with the mode of pulsation
and the structure of the star. From theoretical models, Fox
& Wood (1982) derived pulsation constants for 1 M� models
from 0.077 to 0.114 day with periods and luminosities ranging
from 175 to 666 days and from 2510 to 6310 L� respectively.
For the first overtone, they found pulsation constants ranging
from 0.039 to 0.046 day and periods from 90 to 260 days. Non
adiabatic pulsation calculations led Gautschy (1999) to favour
the fundamental mode for Miras with a value of Q from 0.085
to 0.095 for 1 M� models with periods of 260 and 380 days
respectively – whereas for the first overtone, Q is found to be
about 0.04 day.

Thus we must expect that the qualitative relations estab-
lished in the frame of the pulsation theory are valid in the case
of a companion interaction – and the numerical values are ex-
pected to be close to those obtained for the fundamental mode.

6.2. Maser

Many semiregular and Mira variables are associated with maser
emission from hydroxyl, water and silicon oxide molecules.
OH masers are observed at three wavelengths: the 1612 MHz
satellite line, and the 1665 and 1667 MHz main lines. Some
of the maser source variations are related to the variations of
the visual light curve. For the 1612 MHz line two peaks in the
spectrum are frequently observed and interpreted as a blue, ap-
proaching maser and a red, receding maser. Also a delay has
been observed between the maximum of the blue and the red
features (Reid & Muhleman 1977; Herman & Habing 1985).
The general trend is that the blue peak maximum occurs before
the red one.

The “thin-shell” standard model (Reid & Muhleman 1977)
for the OH 1612 MHz maser comes into conflict with the
explanation invoking a companion because it supposes that
light variations are simultaneous on the whole surface of
the star. Thus, in the following section, we will propose another
explanation.

7. Interpretation of maser phase lag

In the classical interpretation (Reid & Muhleman 1977), the
blue peak comes from the approaching side of a thin expanding
shell while the red peak comes from its receding side. The ob-
served phase lag is explained by the light travel time to reach
the opposite side of the shell and come back to the observer
(Fig. 3). The diameter of the shell is found to be ∼8 × 1015 cm
(∼500 AU) for Mira variables (Herman & Habing 1985). This
interpretation is questionable:

– 1665–1667 MHz OH maser main lines appear to be formed
in a shell near the H2O maser (Szymczak et al. 1999;
Masheder et al. 1999) at a radius of ∼50 AU (8 × 1014 cm),
far inside the radius of the shell deduced from phase lag;

– 1665–1667 MHz OH or H2O maser components bluer than
the 1612 MHz OH blue peak (supposedly originating from
the outer accelerated shell) have been observed (Szymczak
et al. 1999; Masheder et al. 1999; van Langevelde et al.
2000);

Difference of light
travel between approaching
and receding masers

Star

Expanding
OH thin shell
(masering zone)

Fig. 3. Scheme of the standard expanding thin shell model. For an ob-
server, the time of maximum of the receding (red-shifted) maser is
delayed after that of the approaching (blue-shifted) maser. The diam-
eter of the shell is deduced from the delay between the two maxima.

– the intensity of the most blue-shifted spot is not always the
brightest (van Langevelde et al. 2000) whereas it should be
amplified by the photosphere of the star;

– radial velocities deduced from visible absorption lines are
red-shifted with respect to the velocity deduced from the
1612 MHz OH maser mean velocity (Barbier et al. 1988).

Thus, if the expanding thin shell model is no longer valid, the
phase lag between the blue and red 1612 MHz OH maser peaks
cannot be explained.

We account for these observations as follows: at maser
maximum light the pencil of light from the star encounters the
masering region near the ecliptic plane. The phase lag is de-
duced from the rotation of the bright zone of the star. Due to
this view if the masering region is rotating around the star, the
maximum of approaching (bluer) masers will be seen before
the maximum of receding (redder) masers (Fig. 4). This con-
ception is supported by high resolution maps showing a sys-
tematic displacement of the blue- and red-shifted emissions of
the OH (Szymczak et al. 1999), and SiO (Hollis et al. 2000)
masers. The rotation of a bright spot would produce a phase
lag of the amplifying maser depending on the distribution of
matter around the star.

It might be objected that the “thin-shell” model explains the
observed well-marked two symmetrical peaks of the 1612 MHz
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Approaching maser

Receding maser

Star
Bright

spot

redshifted spot
maximum at phase 0.15

blueshifted
maximum at phase
−0.15

of masers

Zone of formation

Fig. 4. Scheme of the rotating spot. The first illuminated maser is the
approaching blue-shifted one. Thus the maximum of a blue-shifted
maser spot appears before the maximum of a receding red-shifted
maser spot.

emission. But we note that, while double peaks appear in OH-
IR stars spectra, Miras and semiregular variables have irregular
emission profiles with one or many peaks varying in velocity
and intensity with time (see e.g. Etoka & Le Squeren 2000).

8. Discussion

8.1. Shock waves

Willson & Hill (1979) give examples of “considerable optical
and infrared evidence supporting the existence of shock fronts
in the stellar atmospheres”:

1. emission lines and their behavior with phase (Willson
1976);

2. doubling and velocities of infrared lines (Hinkle 1978);
3. velocities of absorption lines (Merrill 1946; Tsuji 1971).

Merrill (1946), analysing spectra of R Leo, describes the evo-
lution of emission and absorption lines around maximum, but
attempts no explanation. Moreover, in another paper about the
pre-minimum spectrum of R Leo, Merrill (1952) writes “thus
the hypothesis of volume pulsation finds little support in the
measured displacements of the dark lines. In view of the long
period, a pulsation of moderate velocity amplitude is, of course,
not precluded”.

Willson (1976) identifies some fluorescent lines and their
associated pumping transitions and deduces a discontinuity of
velocity through the shock (from the wavelength difference be-
tween excited and exciting transitions) of between 40 km s−1

and 80 km s−1. The fluorescent lines are supposed to be formed
in a tenuous atmosphere ahead of the shock and the exciters lo-
cated near the shock, which seems to be confirmed by the sign
of the velocity differences. Next, the most red-shifted part of
the emission is supposed to be hidden by the star, explaining a
shift of the central wavelength and making it possible to derive

the shock velocity. Combining these elements, Willson (1976)
concludes that the velocity of the shock decays as the inverse
of the shock radius.

Hinkle (1978), observing CO and OH infrared absorption
lines of R Leo, and their doubling around the maximum, claims
that the red- and blue-shifted molecular absorption lines are
formed above and below the shock respectively and that the
line-forming region is on the order of 160 R�. Even with the
large value of the radius of R Leo assumed by Hinkle (1978)
(≥700 R�), it is ∼24% of the radius and Hinkle (1978) points
out that effects of spherical geometry should be considered.
However Hinkle (1978) notes the absence of P-Cygni profiles.
Moreover OH and CO molecules would probably be dissoci-
ated through the shock and, in any case, should produce emis-
sion lines rather than absorption lines in the post-shock region.

Tsuji (1971) supports the existence of shock waves across
the atmosphere. In order to explain the relative velocities and
excitations of different group of lines, and their phase lags,
Tsuji (1971) deduces a comprehensive structure of a Mira vari-
able. From outside:

1. a circumstellar envelope where low excitation blue-shifted
absorption lines are formed;

2. a “normal” atmosphere layer with “normal” red-shifted ab-
sorption lines;

3. a shock layer with emitting hydrogen lines;
4. a layer under the shock where high excitation molecular

absorption lines are formed;
5. a layer responsible for the high-excitation blue-shifted ab-

sorption lines.

If this explanation makes it possible to interpret the radial ve-
locities, it leads one to suppose that:

– the circumstellar envelope, the “normal” atmosphere layer,
the shock and the molecular layer are all optically thin, as
absorption lines are visible from the innermost layer;

– thus, for R And, assuming that line doubling lasts for at
least 15% of a period, and that the shock velocity relative
to the “normal” atmosphere is about 35 km s−1, the shock
extends over ∼1.9 × 1013 cm or 270 R�.

Assuming the value of the radius given by Tsuji (1971)
(440 R�), the “normal” atmosphere has to be optically thin over
at least ∼0.6 R? below this external radius. Not only this is an
improbable value, but also such a situation would produce char-
acteristic line profiles (P-Cygni) which are not observed.

This last objection may be applied also to the three pre-
ceding papers because interpreting the emission lines velocities
as radial shock velocities leads one to suppose that the shock
extends over distances of the order of the radius of the star.
Spherical geometry effects should then appear. Thus, we con-
sider that there is no clear evidence supporting the existence of
radial periodic shock waves in the atmospheres of Miras.

8.2. Other pulsating variables

It is noteworthy that new “non-radial pulsating variables”
types have been progressively added to successive issues of
the GCVS.
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Similar arguments to those developed here may lead one
to reject radial pulsation for other pulsating variables such as
Cepheids. We then have to find another mechanism to account
for their variability. As explained, we believe the solution is to
drop the spherical view and turn to a motion around an axis.
A full discussion of this point is outside the scope of this pa-
per. We just note that the value of the “pulsation constant”
we obtained may apply to Cepheids too. This minimal value
of 0.116 day is at least twice the value obtained by pulsation
theory, therefore reducing the discrepancy between the mass
obtained by evolution and the mass deduced from pulsation
theory.

9. Conclusions

Habing (1996) gives some good reasons to study AGB stars:
“the stars have sufficiently complex structure to make them
challenging tests of our ingenuity” and because “they are good
testing grounds for ideas and theories”.

We have presented some strong arguments against the ra-
dial pulsation theory, and in support of an external influence;
however, many problems remain unsolved. In particular, as-
suming companion interaction, the evolution of AGB stars will
certainly depend upon the characteristics of the planetary sys-
tem around it (masses, distances of the companions) and the
interaction between the atmosphere and the companion – mod-
eling such interaction is not easy.

The presence of companions around common stars drew
the attention to the influence of such a presence on the evolu-
tion of the central stars: thus matter around a star plays a role
as the young star emerges from the enshrouding dusty cocoon,
and at the end of its life, influences its last transformation into
a planetary nebula and a dying white dwarf – the companions
keeping, in the meantime, the main part of the system angular
momentum.
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