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Abstract. We apply here the Time Dependent Convection (TDC) treatment presented in our earlier paper in this series to the
study of δ Sct and γ Dor pulsating stars. Stabilization of the δ Sct p-modes at the red edge of the Instability Strip (IS) and
the driving of the γ Dor g-modes are explained by our models. Theoretical IS obtained with different values of the Mixing
Length (ML) parameter α are compared to observations and a good agreement is obtained for α between 1.8 and 2. The
influence of each term of our TDC treatment (perturbation of convective flux, turbulent pressure, and turbulent kinetic energy
dissipation) on the eigenfrequencies and on the driving and damping mechanisms is investigated. Finally, we show that our
TDC models predict the likely existence of hybrid stars with both δ Sct p-modes and γ Dor g-modes oscillations.
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1. Introduction

δ Sct stars are variable A–F types stars located at the intersec-
tion of the Cepheid IS with the main sequence. Their pulsation
periods go from 0.5 to 6 h and correspond to low order p- and
g-modes. It is well known that κ−γmechanism in the HeII par-
tial ionization zone is the main driving mechanism in this type
of stars.

The theoretical blue edge of the δ Sct IS has been deter-
mined by many authors for radial, as well as for non-radial
modes (e.g. Pamyatnykh 2000). But determining the theoret-
ical red edge is a more difficult matter, because it requires a
non-adiabatic treatment of the interaction between convection
and pulsation (Baker & Kippenhahn 1965). Houdek (2000)
studied the convective effects on radial p-mode stability in
δ Sct stars, using the time-dependent convection treatment
of Gough (1977), together with the non-local treatment of
Balmforth (1992). Xiong et al. (2001) and Xu et al. (2002) suc-
ceeded obtaining a theoretical red edge for radial modes, us-
ing the non-local time-dependent convection theory of Xiong
et al. (1997). In this paper, we present theoretical blue and red
edges of the δ Sct IS obtained for radial and non-radial modes
as well, using the time-dependent convection (TDC) treatment
presented in Grigahcène et al. (2004b, hereafter Paper I).
γ Dor stars are a recently discovered class of variable stars

with a range in spectral types of A7–F5 and of luminosity
class IV–V, or V (Kaye et al. 1999). Their long periods (be-
tween 0.4 and 3 days) correspond to pulsations in non-radial
high order gravity modes, but the driving mechanism of these

g-modes is not yet fully understood. Using frozen convection
(FC) models, Guzik et al. (2000) showed that the driving of the
γ Dor g-modes can be explained by a convective flux block-
ing mechanism at the base of their Convective Envelope (CE).
Following this approach, a first theoretical IS has been obtained
by Warner et al. (2003); however, in a significant part of the
CE, the FC approximation is not valid, because the lifetime of
the convective elements becomes shorter than the pulsation pe-
riod. Therefore, TDC computations are required to test the va-
lidity of the flux blocking mechanism. We show that the driving
of the γ Dor g-modes by this mechanism is successfully con-
firmed by our TDC models and present theoretical IS which are
in good agreement with observations.

Preliminary determinations of theoretical IS for δ Sct and
γ Dor based on the TDC theory presented in Paper I are given
in Dupret et al. (2004a,b) and Grigahcène et al. (2004a). In
Sect. 2, we recall the role played by the different terms of
this TDC treatment on the mode excitation and stabilization.
Detailed applications to δ Sct and γ Dor stars are presented in
Sects. 3, 4, and 5. Finally, we show in Sect. 6 that our theo-
retical models predict the possible occurrence of simultaneous
δ Sct p-modes and γ Dor g-modes oscillations for the same
stellar model.

2. Time-Dependent Convection (TDC) treatment

Details of the TDC treatment adopted in our study are given
in Paper I. We recall that our TDC treatment, derived in the
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framework of the Mixing-Length Theory (MLT), takes the fol-
lowing into account: perturbations of the convective flux (δFc),
turbulent pressure (δpt), the dissipation rate of turbulent kinetic
energy into heat (δε2), and the the power produced by the buoy-
ancy force (−V · ∇pth). δFc appears in the equation of total en-
ergy conservation; δpt appears in the equation of momentum
conservation; and δ

(
ε2 + V · ∇pth

)
appears both in the equation

of total energy conservation and in the equation of turbulent ki-
netic energy conservation but with opposite sign. Each of these
terms plays a specific role in the excitation and damping of the
modes. More precisely, we showed in Paper I that the total work
integral is W = W fR +W fc +Wpt +Wε2 (we do not consider here
the effect of nuclear reactions on the mode excitation), where
for a radial mode and isotropic turbulence,

W fR = −
∫ m

0
(Γ3 − 1)�

{
1
σ

δρ∗

ρ

d δLR

dm

}
dm (1)

is the work due to radiative luminosity perturbation;

W fc = −
∫ m

0
(Γ3 − 1)�

{
1
σ

δρ∗

ρ

d δLc

dm

}
dm (2)

is the work due to convective luminosity perturbation;

Wpt = −
∫ m

0
�
{
δρ∗

ρ

δpt

ρ

}
dm (3)

is the work due to the perturbation of the turbulent pressure;
and

Wε2 =
∫ m

0
(Γ3 − 1)�
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ρ
δ
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ρ


 dm

=
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0
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δρ∗

ρ

δpt

ρ

}
dm (4)

is the work due to turbulent kinetic energy dissipation
variations.

For non-radial modes, the transversal components of the
flux perturbation also play a role in the work integral. Using
the notation

δFi = δFi,r (r) Ym
� (θ, φ) er + δFi,h (r)

(
r∇hYm

� (θ, φ)
)

(5)

where i = c for convection and i = R for radiation, the contri-
butions of the radiative and convective flux transversal compo-
nents to the work integral are:

Wfi,h = �(� + 1)
∫ m

0
(Γ3 − 1)�

{
δρ∗Fi

rρ2σ

[
δFi,h

Fi
− ξh

r

]}
dm. (6)

The equilibrium stellar models were computed with the evo-
lutionary code CLÉS (Code Liégeois d’Évolution Stellaire)
that uses: standard MLT for convection calculations; the OPAL
opacities (Iglesias & Rogers 1996) completed at low temper-
atures with the opacities of Alexander & Ferguson (1994);
the CEFF equation of state (Christensen-Dalsgaard & Däppen
1992); and the atmosphere models of Kurucz (1998) as bound-
ary conditions. All the models of this study have a chemical
composition given by: (X = 0.7, Z = 0.02) and a convective
core overshooting parameter αov = 0.2. In the present study,
we used more than 10 000 models, and in Table 1, we give the
global parameters of the structure models we used to determine
the eigenfunctions presented in this paper.

Table 1. Global parameters of the models.

M/M� log (L/L�) Teff log (g) α

Model 1 1.8 1.1988 6681 3.7467 1.8
Model 2 1.6 0.9731 6665 3.9172 1.8
Model 3 1.7 1.0615 7267 4.0055 1
Model 4 1.8 1.1421 7824 4.0779 1
Model 5 1.6 0.9564 6935 4.0028 2
Model 6 1.6 0.9829 6443 3.8485 2
Model 7 1.6 0.9399 7086.5 4.0569 1.8
Model 8 1.6 0.9552 6931 4.0031 1.8

3. δ Sct stars

We present in the following subsections application of our TDC
treatment to the study of the excitation and damping mecha-
nisms of δ Sct stars. In Sects. 3.1, 3.2, 3.3 and, when not oth-
erwise specified, the prescriptions of our TDC treatment are
the following: (i) only the perturbation of the convective flux
is taken into account; (ii) Eq. (27) of Paper I is used for per-
turbation of the mixing-length; (iii) parameter β introduced in
Sect. 3.2 of Paper I is equal to zero. We begin by showing in
Sect. 3.1 that the stabilization of the modes in cold models
is obtained with our TDC treatment but not with FC. Non-
adiabatic computations for a series of models with different
masses have allowed us to find the theoretical IS of the δ Sct
stars for radial and non-radial modes. The results for models
with α = 1.8 are presented in Sect. 3.2. Our results depend on
parameters of both the equilibrium and perturbed model. First,
in Sect. 3.3 we discuss the sensitivity of the theoretical IS to the
value of ML parameter α. Secondly, in Sect. 3.4 we compare
the results obtained with different expressions for the perturba-
tion of mixing length l. In Sect. 3.5, the physical interpretation
of our results is considered by more closely analysing the role
played by each term of our TDC treatment on the excitation
and damping mechanisms occurring at the blue and red sides
of the IS. And finally in Sect. 3.6, we discuss the occurrence of
short wavelength oscillations in the eigenfunctions for models
close to the IS red edge and we show the results obtained with
a new local TDC treatment which allows them to be avoided.

3.1. Mode stabilization

In this section, we show that stabilization of radial and non-
radial modes at the red edge of the IS is obtained with our
TDC treatment. The comparison to observations and the analy-
sis of the main sources of damping and driving will be done in
the next sections. In Fig. 1, we give the evolution from ZAMS
to TAMS of the dimensionless frequencies ω of � = 0 and
� = 2 modes as a function of the logarithm of the effective
temperature for 1.8 M� models with a ML parameter α = 1.8
(solar calibrated value for our evolutionary code). ω = σtdyn,

where σ is the angular frequency and tdyn =
√

R3/GM is the
dynamical time of the star. Top and middle left panels of this
figure show the evolution of dimensionless frequencies in the
FC approximation. It is seen that FC models do not lead to
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Fig. 1. Evolution of the dimensionless frequencies of the stable and unstable modes for stellar models of 1.8 M� with α = 1.8. Top and
middle left panels correspond to FC results and other panels correspond to TDC results taking only the perturbation of convective flux into
account. Top panels and bottom panels correspond to � = 0 modes and middle panels to � = 2 modes. In the three right panels, we assume
δl/l = (δHp/Hp)/(1 + (στc)2) and in bottom left panel, we assume δl/l = δHp/Hp. In the bottom right panel we assume β = 1 and in the other
panels β = 0. Stabilization at the δ Sct red edge is obtained with our TDC models but not with FC models.

stabilizing the modes at low temperatures. All the other pan-
els of this figure show that, on the contrary, our TDC models
succeed in stabilizing the radial and non-radial modes at low

temperatures, leading therefore to an IS red edge. The typical
range of unstable modes for � = 0, 1, 2, and 3 modes is given in
Table 2. The frequency range of the unstable modes predicted
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Table 2. Range of unstable modes predicted by our 1.8 M� models,
for modes of degree � = 0, 1, 2, and 3. nmax (resp. nmin) gives the radial
order of the unstable mode of highest (resp. lowest) frequency at the
blue side (resp. red side) of the IS.

� = 0 � = 1 � = 2 � = 3
nmax (blue side) p7 p7 p7 p6

nmin (red side) p1 g6 g9 g11

by our models is in agreement with the frequencies typically
observed for δ Sct stars.

3.2. Theoretical instability strips

In order to determine theoretical IS, a large number of evolu-
tionary tracks were computed with masses ranging from 1.4 to
2.2 M�, and with a step of 0.05 M�. Performing non-adiabatic
pulsation computations for all these stellar models, we de-
termined the theoretical IS for δ Sct stars obtained with our
TDC treatment. In Fig. 2, we present the theoretical IS ob-
tained for radial modes for models with α = 1.8. Each curve
corresponds to the blue or red edge of a mode of given ra-
dial order n. Labels enable us to identify the modes (e.g. p6R

for the red edge of the p6 mode). As the radial order of the
modes increases, the blue and red edges are shifted towards
higher Teff. The small points correspond to the position of the
636 observed δ Sct stars of the Rodriguez et al. (2000) cat-
alogue, for which effective temperatures were obtained using
the calibrations of Moon & Dworetsky (1985). For compari-
son, we also give in Fig. 2 the position of the theoretical red
edge for the fundamental radial mode obtained by Xiong et al.
(2001) (“�”) and by Houdek (2000) (“•”). Xiong’s red edge
is colder than our red edge, while Houdek’s red edge is hotter
than our red edge, which could come from the higher α = 2
value adopted in Houdek’s models. From a theoretical point
of view, Xiong’s theory is more elaborate than those based on
MLT. However, his complex theory also requires static models
to be computed with this more elaborate theory than the usual
one in evolution codes, MLT, which we must use for sake of
consistency. Houdek uses a different MLT than ours and also
neglects the term in Wε2 , which as we will see is, at least for
the stars considered in this paper, of the same order as Wpt . We
also note that he chooses large values for parameters “a” and
“b” (a2 = b2 = 600) in his non-local treatment. The 3 theories
are very different from each other and can be compared through
their numerical result as is done in Fig. 2, while our TDC the-
ory is the only one which applies to non-radial oscillations.

We also obtained theoretical IS for the δ Sct non-radial
modes. In Fig. 3, we present the results obtained for � = 2
modes for models with α = 1.8. Again we see that, as the ra-
dial order of the modes increases, the blue and red edges are
displaced towards higher Teff. For the sake of clarity in the fig-
ure, we only give the results for g3 to p4 modes. For non-radial
modes, the shapes of the blue and red edges are not as straight
as for radial modes, due to the avoided crossings that can be
seen in the middle panels of Fig. 1.

Fig. 2. Blue and red edges of the δ Sct theoretical IS. Lines are our
TDC results for radial modes from p1 to p7 for models with α = 1.8.
The small points correspond to observations. For comparison, we also
give the red edges for the fundamental radial mode obtained by Xiong
et al. (2001) (“�”) and by Houdek (2000) (“•”).

Fig. 3. Blue and red edges of the δ Sct theoretical IS for models
with α = 1.8 and � = 2 modes from g3 to p4, as obtained with our
TDC treatment.

3.3. Influence of the ML parameter α

To study the sensitivity of the theoretical IS to the value of the
ML parameter α, we give the theoretical IS for radial modes
and for models with α = 1 in Fig. 4. For the sake of clarity, we
only give results for modes from p1 to p4, where we notice that
the theoretical red edges are displaced towards lower effective
temperatures when α decreases. The physical reason is that the
red edge corresponds to models with a given size of the CE.
With lower α, the CE is thinner for a given Teff. Therefore, we
must go to smaller Teff to have a CE sufficiently deep to stabi-
lize the modes. Comparing Figs. 2 and 4 shows that we get bet-
ter agreement with observations for the solar calibrated value
α = 1.8. A preliminary study of influence of the metallicity
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Fig. 4. Blue and red edges of the δ Sct theoretical IS for models
with α = 1 and � = 0 modes from p1 to p4, as obtained with our
TDC treatment.

and overshooting shows that they affect the IS red edge loca-
tion much less than α, but this will be analyzed more closely in
future work.

3.4. Influence of the mixing-length perturbation

A source of uncertainty in any perturbation of MLT is in the
way to perturb the mixing length l. In Paper I (Sect. 2.4),
we mentioned different ways to perturb this quantity. In the
top and middle right panels of Fig. 1, we show the stable
and unstable radial and the � = 2 modes obtained adopting
δl/l = (δHp/Hp)/(1 + (στc)2). In the bottom left panel of
Fig. 1, we give results obtained for radial modes, now adopt-
ing δl/l = δHp/Hp. We see that these two ways to perturb l
give nearly the same results for δ Sct stars. More precisely, the
differences between the two red edges are negligible for the
modes p1 to p4, while the effective temperature shift between
the two red edges is about 100−150 K for the modes p5 to p7.
The results are much more sensitive to the value adopted for
the ML parameter α, as shown in the previous section.

3.5. Excitation and damping mechanisms

In this section, we analyse the excitation and damping mecha-
nisms in δ Sct stars in more details. First, at the blue side of the
IS, the κ-mechanism in the HeII partial ionization zone plays
a major role, and the CE is very thin. For hot models, the dif-
ference between FC and TDC works is thus negligible. But for
colder models, where the CE extends deeper, TDC plays a sig-
nificant role in the excitation and damping of the modes. In
Fig. 5, we give the work integrals for the radial mode p3 and a
model at the IS red edge and give the results obtained includ-
ing δFc, δpt and δε2 (6). We also give the contribution of each
of these 3 terms in the total work and the result obtained with
FC treatment. The work integrals are normalized so that their
surface value is the dimensionless growth rate (−�(ω)) that

Fig. 5. Different physical components of the work integral obtained
with FC and TDC treatment for the radial p3 mode of Model 1 of
Table 1. (1) is WfR ; (2) is Wfc ; (3) is WfR +Wfc ; (4) is WfR +Wfc +Wpt ;
(5) is WfR +Wfc +Wε2 ; (6) is W = WfR +Wfc +Wpt +Wε2 , and (FC) is
the work integral obtained with FC treatment. On the IS red side, the
perturbed convection terms play a significant role in all the CE. Wpt

and Wε2 have the opposite effect on the mode excitation.

is positive for unstable modes and negative for stable modes.
Regions where the work integral increases (or decreases) are
driving (or damping) the oscillations.

We see in Fig. 5 that W fR (Curve 1) has a driving effect
at the CE base due to a flux blocking mechanism that will
be explained in detail in Sect. 4.3 for γ Dor stars. The same
flux blocking can be seen in the FC result. We also notice
small variations of W fR inside the CE below log T = 4.8,
which is due to κ-mechanism in the He and H partial ion-
ization zones. However, the radiative luminosity LR is already
strongly reduced in these regions so that the κ-mechanism that
acts through LR can no longer be efficient in driving the pulsa-
tion in the coldest δ Scuti stars. In these stars the main driv-
ing comes from the flux blocking mechanism which, for these
modes, is efficient enough to make all those stars with an ad-
equately deep convection zone unstable in the FC approxima-
tion. This explains why no red edge of the IS is found in the
FC case.

However, for δ Sct stars, W fc (Curve 2 of Fig. 5) is signif-
icant in all CE and compensates for the driving effect of W fR
(as shown in Curve 3 = W fR + W fc ), so that the stabilization
of the modes at the red edge of the IS is obtained with TDC
models. Wpt (difference between Curve 4 and Curve 3) has a
driving effect in this model. But it is nearly compensated for
by Wε2 (difference between Curve 5 and Curve 3) which has
a damping effect on the oscillations. Therefore W fR + W fc (3)
and W (6) are not very different.
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Fig. 6. log (στc) (fundamental radial mode) and Fc/F for Model 2
(solid line), Model 3 (dotted line) and Model 4 (dashed line) of
Table 1. log (στc) is truncated near the convective zones boundaries.
For the two hot models, στc < 1 in the CE; for the cold model, στc > 1
in a significant part of the CE.

3.6. Short wavelength oscillations
of the eigenfunctions

As discussed in Paper I Sect. 3.1, short wavelength spatial
oscillations of the thermal eigenfunctions can arise with our
TDC treatment in the regions where στc � 1. In Fig. 6, we
give values of log (στc) in the CE for the fundamental radial
mode of 3 δ Sct models with different effective temperatures.
In Models 3 and 4 of Table 1, convection is inefficient,στc < 1,
and spatial oscillations are not present in the non-adiabatic so-
lutions. These models are representative of most δ Sct stars;
however, for a model near the δ Sct red edge (Model 2 of
Table 1), the CE size is larger and στc > 1 in most of it.
Therefore oscillations of the eigenfunctions occur in a large
fraction of the CE, which can be seen in the top panel of
Fig. 7, where we give the work integral of the fundamental
radial mode obtained with TDC for this last model. The ver-
tical line indicates the base of CE. In Sect. 3.2 of Paper I, we
proposed a new local treatment that avoids these oscillations.
In this new treatment, a free parameter β of the order of unity
is introduced. In the bottom panel of Fig. 7, we present the
work integral obtained adopting the value β = 1. We see that
the short wavelength oscillations of the eigenfunctions disap-
pear. For this model, we have �(ω) = 7.3E − 7 with β = 1,
while �(ω) = 2.E − 7 with β = 0. In the bottom right panel
of Fig. 1, we show the radial modes stabilization obtained with
β = 1. Comparing it to the top right panel of Fig. 1 shows
that the stabilization occurs at similar effective temperatures
for β = 0 and β = 1 models. This parameter, therefore, does
not significantly influence the stability of the δ Sct models, but
only prevents from the short wavelength oscillations. We no-
tice that non-local solutions to the problem arising from these
oscillations have also been proposed (Gonczi 1986; Balmforth
1992; Xiong et al. 1997). A comparison between the results ob-
tained with local and non-local TDC treatments will be done in
a future paper.

Fig. 7. Work integral obtained with our TDC treatment with β = 0
(top panel) and with β = 1 (bottom panel), for the fundamental radial
mode. The vertical line indicates the base of CE. Model 2 of Table 1.
The short wavelength spatial oscillations appearing with β = 0 disap-
pear with β = 1.

4. γ Dor stars

We now apply our TDC treatment to γ Dor stars. As in the
previous sections, when not specified, the prescriptions of our
TDC treatment are the following: only the perturbation of the
convective flux is taken into account; Eq. (27) of Paper I is used
for the perturbation of the mixing-length; and the parameter β
introduced in Sect. 3.2 of Paper I is set to zero. In Sect. 4.1,
we show the periods range of the unstable g-modes obtained
with our TDC models. In Sect. 4.2, we present the theoretical
IS obtained for different values of α and compare them to ob-
servations. And finally, in Sects. 4.3 and 4.4, we analyse the
excitation and damping mechanisms of the γ Dor g-modes in
more detail.

4.1. Unstable gravity modes

Our TDC models are able to predict the driving of high or-
der g-modes for typical models of γ Dor stars. In Fig. 8, we
show the periods range of the unstable modes predicted by
our TDC models as a function of the effective temperatures
for main sequence models of 1.6 M�. Each cross corresponds
to an unstable mode. Results are given for all the modes with
pulsation constant Q = P tdyn,�/tdyn ≥ 0.04 days. δ Sct type un-
stable modes of smaller periods are also obtained but not given
in this figure. We begin with the results for � = 1 modes in the
top panels, and compare the results obtained with α = 2 in the
top left panel and with α = 1.5 in the top right panel. In both
cases, the periods range of the unstable g-modes of our models
is in agreement with the typical observed periods of γDor stars.
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Fig. 8. Periods (in days) of the unstable gravity modes as a function of log (Teff) obtained for TDC models of 1.6 M�. Each cross corresponds to
a given mode. Top left panel is for � = 1 modes and α = 2 models. The top right panel is for � = 1 modes and α = 1.5 models. Bottom panels
are for � = 2 modes and α = 2 models. In bottom left panel only δFc is taken into account, while in bottom right panel, δpt and δε2 are also
taken into account. At the bottom of these panels, the unstable modes with P ≤ 0.2 days correspond to δ Sct-type modes. The Teff and periods
of unstable g-modes obtained with α = 2 models agree with typical observations of γ Dor stars.

We see that the results are very sensitive to the adopted value of
the ML parameter α. With α = 2, the Teff range of unstable g-
modes models is in better agreement with observations (Kaye
et al. 1999) than for models with lower α.

In the bottom panels, we give the results obtained for
� = 2 modes. We see that the periods of unstable � = 2 modes
are lower than those of � = 1 modes. This could be expected
since for g-modes the eigenvalue problem is essentially a func-
tion of the parameter �(� + 1)/ω2. A similar dependence of the
unstable g-modes periods on � is also found in Slowly Pulsating
B stars (Dupret 2002). Finally, we see that results that take only
the perturbation of convective flux into account (bottom left

panel of Fig. 8) are very similar to results where perturbation
of turbulent pressure and turbulent kinetic energy dissipation
are also taken into account (bottom right panel of Fig. 8).

4.2. Theoretical instability strips

In Fig. 9, we show the theoretical IS of γ Dor � = 1 modes
obtained with our TDC treatment (thick lines) for three fam-
ilies of models with different values of the ML parameter α:
1, 1.5 and 2. For comparison, in the same figure we give the
FC results of Warner et al. (2003) obtained with α = 1.87
(thin dashed lines). In this case, we give global IS and not
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Fig. 9. γ Dor theoretical IS for � = 1 modes, for three families of mod-
els with different values of α: 1, 1.5 and 2 obtained with our TDC treat-
ment (thick lines), compared to the FC results of Warner et al. (2003)
(thin dashed lines, α = 1.87). The small circles correspond to observa-
tions of 27 bona fide γ Dor stars. The crosses correspond to 3 peculiar
binary stars. α = 2 theoretical IS best agree with observations.

individual ones for each mode. For any model inside the IS,
at least one unstable high order g-mode is found; outside
it all are found to be stable. The small circles correspond
to the observed positions of 27 bona fide γ Dor stars from
the Handler (2002) catalogue; their effective temperatures are
taken from Kaye et al. (1999), who used the calibrations of
Villa (1998). Some evolutionary tracks for models with α = 2
are also given in this figure. The best agreement between the
theoretical and observed IS is obtained for α = 2 models.
Three γ Dor stars are too hot and out of the theoretical IS:
HD 209295, HD 19684 and HD 221866 denoted by crosses
in Fig. 9. HD 209295 (log Teff = 3.88, log (L/L�) = 1.16),
a binary that could be tidally excited (Handler 2002), shows
both long and short period pulsations (see Sect. 6). HD 19684
(log Teff = 3.865, log (L/L�) = 1.17) is a spectroscopic binary
similar to HD 209295 (Kaye & Fekel 2003). HD 221866 is a
double-lined spectroscopic binary whose primary is an Am star
(Kaye et al. 2004); it is probably the secondary (log Teff = 3.86,
log (L/L�) = 0.72) that is pulsating (unique cross inside the IS)
and not the primary (log Teff = 3.89, log (L/L�) = 0.89). As
for δ Sct stars, we see that the theoretical predictions are very
sensitive to α. There are however 2 important differences com-
pared to the δ Sct case. First, for γ Dor, the position of the blue
edge of the IS is much more sensitive to α than for δ Sct, which
implies that the appearance of the instability is connected with
a deep enough convective envelope. We will discuss this in de-
tails in Sect. 4.3. Second, a red edge of the IS is also found in
the FC case as shown by Warner et al. (2003), while this is not
the case for δ Sct. Therefore, the stabilization mechanisms at
the red edge of the δ Sct and γ Dor IS must be different, as will
be discussed in Sect. 4.4.

Fig. 10. log (στc) and Fc/F for the same model (Model 5 of Table 1)
and 3 different � = 1 g-modes: g22 (solid line), g50 (dashed line), and
g95 (dotted line). στc > 1 near the CE base only.

4.3. Excitation mechanism

Guzik et al. (2000) have interpreted the driving of the
γ Dor g-modes as a flux blocking mechanism occurring at
the CE base. In their FC models, they neglect the Lagrangian
variation of convective luminosity. Because of the radiative flux
drop at the CE base, dδLR/dm < 0 at the hot phase of pulsation,
which is driving the oscillations as shown by Eq. (1).

Guzik et al. (2000) argue that FC models can be used to ex-
plain this blocking mechanism because it occurs at the CE base
where the lifetime of convective elements is longer than the
pulsation period (στc > 1). In Fig. 10, we show log (στc) as a
function of log T for the same model but for 3 different pulsa-
tion frequencies corresponding to the modes g22, g50, and g95.
The zone where στc > 1 is very thin for the low frequency
modes, so that TDC models are required to test if flux blocking
is really the main driving mechanism for these stars.

In Table 3, we give the values for thermal relaxation time

τth =
∫ M

m
Tcvdm/L in days (m is the mass at the CE base,

and M is the total mass of the star), log T at the CE base and
log (1 − m/M) for models with different Teff and α situated at
the left, middle, and right of the γ Dor IS. In agreement with
Guzik et al. (2000), we think that the position of CE base is
the key point in driving γ Dor g-modes. First, for the model
at the middle of the γ Dor IS (α = 2 and Teff = 6935 K), the
CE base is exactly in the transition region where the thermal
relaxation time is on the same order as the g-modes pulsation
periods. Driving mechanisms are thus very efficient at the CE
base of this model. Secondly, for hot and hence thin CE models
at the left side of the IS, the CE mass is very small, making the
thermal relaxation time at the CE base very small compared to
the pulsation periods, the heat capacity is too small and no sig-
nificant driving or damping can occur. These are basically the
physical mechanisms that explain the location of the blue edge
of the γ Dor IS and its sensitivity to the ML parameter α.

In Fig. 11, we give the work integral obtained includ-
ing δFc, δpt, and δε2. In order to test the validity of the flux
blocking mechanism, we also give the contribution of the ra-
dial and transversal components of the radiative and convective
flux perturbations on the work integral. Figure 11 shows that
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Fig. 11. Different physical components of the work integral obtained
with our TDC treatment for the mode � = 1, g50 of Model 5 of Table 1.
Near the CE base, convective flux variations do not play a significant
role, and the flux blocking mechanism dominates.

significant driving occurs at the CE base for the mode � = 1,
g50 (Curve 7). Decomposition in radiative and convective flux
contributions shows that the convective flux variations do not
play a significant role at the CE base (Curve 3). The main driv-
ing comes from the radiative flux variations (Curve 1) which
supports the flux blocking mechanism proposed by Guzik et al.
(2000). However the convective flux variations associated with
the growth of Lc prevent δL from dropping to zero in the
TDC models when LR goes to zero. Close to the CE base and for
log T around 4.6, δLc has a small destabilizing influence, but
its major contribution is to stability (see Curve 3 in Fig. 11),
therefore the TDC case is found to be less unstable than the
FC one. We also notice small variations of WfR (Curve 1) in-
side the CE, below log T = 4.8. This is due to κ-mechanism
in the He and H partial ionization zones. However, radiative
luminosity LR is strongly reduced in these regions so that the
κ-mechanism which acts through LR is never efficient in γ Dor
stars. We see also in Fig. 11 that the transversal components of
radiative and convective flux variations (Curves 2 and 4) do not
play a significant role in the work integral, due to the fact that
the horizontal wavelength (r/(�(�+ 1))) is much larger than the
scale heights of the different physical quantities in the super-
ficial layers of the star. The contribution of δpt and δε2 on the
work integral are given in Curves 5 and 6 respectively. We see
that these terms have an opposite effect, so that the work inte-
gral that includes all the perturbed convection terms is close to
the one with only the perturbed convective flux.

Finally, the flux blocking mechanism is also illustrated in
Fig. 12, where we give �{δL/Ls} (solid line) and 2(Γ3 − 1)
�{δρ/ρ} (dashed line) for the same mode and model as Fig. 11.
In this figure, δL is the Lagrangian variation of the total lumi-
nosity and Ls the total luminosity at the photosphere. All eigen-
functions are normalized so that ξr/r = 1 at the photosphere.
We see significant decrease in δL at the CE base, at the hot
phase of pulsation, which clearly illustrates the flux blocking

Fig. 12. �{δL/Ls} (solid line) and 2(δT/T )ad ≡ 2(Γ3 − 1)�{δρ/ρ}
(dashed line) for the mode � = 1, g50, obtained with TDC treat-
ment and Model 5 of Table 1. The vertical solid line corresponds
to the CE base and the g-mode cavity top, and the vertical dotted
line corresponds to the p-mode cavity base. Amplitudes are small for
log T > 5.6 and large in the flux blocking region near the CE base.

Table 3. Thermal relaxation time (τth), log T at the base of the CE and
logarithm of CE mass divided by total mass, for 1.6 M� models with
different Teff and α.

α 2 1 1.5 2 2
Teff (K) 7414 6932 6934 6935 6609

τth (d) 0.01 0.007 0.19 7.7 1370.
log T 4.50 4.41 4.74 5.08 5.51
log (∆m/M) –9.1 –9.2 –8.0 –6.5 –4.6

mechanism. We also see that (Γ3 − 1)δρ/ρ is large in these re-
gions, which is needed for efficient driving (see Eq. (1)).

4.4. Radiative damping mechanism

As shown in Fig. 9, our TDC models predict a theoretical red
edge for γ Dor IS. Also, we can see in Fig. 8 that for the same
models we predict unstable high order g-modes of γ Dor type
and unstable low order p–g modes of δ Sct type. These modes
are the same as the low order unstable g-modes shown in the
middle right panel of Fig. 1. These two regions of instability are
separated by a stable region corresponding to pulsation periods
between 0.15 and 0.8 days (for � = 1 and α = 2). In both
cases, stabilization of the g-modes is explained by a radiative
damping mechanism occurring in the g-mode cavity, defined
as the region where the angular pulsation frequency is smaller
than the Brunt-Väisälä and the Lamb frequencies.

We illustrate this radiative damping in Fig. 13 that gives the
work integral obtained for 2 different modes and models. The
bottom panel is for the mode � = 1 g70 of a cold model; it shows
the stabilization mechanism at the red edge of the IS. The top
panel is for the mode � = 1 g15 of a model in the middle of the
γ Dor IS and shows the stabilization mechanism for g-modes
of intermediate radial order (here g15) between the 2 regions
of instability corresponding to low order p–g modes and high
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Fig. 13. Work integrals obtained with TDC and FC treatment � = 1
modes. Bottom panel is for the mode g70 (P = 2.41 days) of Model 6
of Table 1 and top panel is for the mode g15 (P = 0.59 days) of Model 5
of Table 1. The vertical solid line corresponds to the g-mode cavity top
(and CE base in bottom panel). The vertical dotted line corresponds to
the p-mode cavity base (and CE base in top panel). In both cases,
significant damping occurs in the g-mode cavity.

order g-modes. In both cases, we see that the radiative damping
mechanism in the g-mode cavity (between log T = 7.2 and
log T = 5.7) is much more significant than the excitation near
the CE base.

The radiative damping mechanism is easily explained;
since it occurs deep in the star, we can adopt the quasi-adiabatic
approximation in our explanation. We use Eq. (1) of this paper
and the perturbed diffusion equation (Eq. (D.6) of Paper I). As
the eigenfunctions oscillate quickly in the g-mode cavity, their
derivatives are much more significant than those of the equilib-
rium quantities; as result we can assume constant coefficients,
and the term d(δT/T )/dln T dominates in the perturbed diffu-
sion equation. We checked that d(δT/T )/dln T dominates in all
the radiative zone for the mode g70 and from log T = 7.2 to
log T = 6.3 for the mode g15. Therefore, we find in this zone:

W � −
∫ r

0

1
σ

L
dln T/dr

δT
T

d2(δT/T )
dr2

dr. (7)

As δT/T is oscillating, its second order derivative has the oppo-
site sign, the work is negative, and the oscillations are damped.

In the following discussion, we use the notation (δT/T )ad ≡
(Γ3 − 1)�{δρ/ρ}, and will even omit the subscript “ad” when
we consider the quasi-adiabatic region. In Fig. 14, we give
�{δL/Ls} (solid line) and 4(δT/T )ad (dashed line) for the same
modes and models as Fig. 13. Ls is the total luminosity at the
photosphere. For the sake of clarity in this figure, we only show
results for TDC models, but we notice that the results for FC
models are very similar. Comparing this figure with Fig. 12
(note that (δT/T )ad is multiplied by 2 in Fig. 12) allows us

Fig. 14. �{δL/Ls} (solid line) and 4(δT/T )ad ≡ 4(Γ3 − 1)�{δρ/ρ}
(dashed line), for TDC models and � = 1 modes. The bottom panel
is for mode g70 of Model 6 of Table 1, and the top panel is for mode
g15 of Model 5 of Table 1. Vertical lines have the same meaning as in
Fig. 13. The spatial oscillations of the eigenfunctions have significant
amplitudes in the g-mode cavity.

to understand why the radiative damping dominates in some
cases, while the flux blocking driving dominates in other cases.
In Fig. 14, |δT/T | is significant in the g-mode cavity com-
pared to its values in more superficial layers. Therefore, radia-
tive damping in the g-mode cavity is very efficient and gives
these modes their stability. In contrast, for high order g-modes
of a model in the middle of the γ Dor IS (Fig. 12), |δT/T | is
very small in the g-mode cavity compared to the amplitudes at
the CE base, so that the flux blocking driving at the CE base
is more efficient than the radiative damping. Finally, radiative
damping is efficient when the eigenfunctions oscillate quickly
in the g-mode cavity, leading to large values of d2(δT/T )/dr2

in Eq. (7). This is of course not the case for δ Sct type low order
p-modes, which explains why we find such unstable p-modes
in our models.

It is not easy to interpret what determines the eigenfunc-
tion amplitudes in different layers of the star, a study beyond
the scope of this paper. We only mention that the location of
the upper boundary of the g-mode cavity (depending on the
frequency) certainly plays an important role. For mode g15 of
Model 5 in Table 1, the g-mode cavity upper boundary is deep
in the star (at log T = 5.71) and given by intersection with
the Lamb frequency. For mode g50 of the same model, the top
of the g-mode cavity is close to the surface at the CE base
(log T = 5.08). Finally, for the mode g70 of Model 6 of Table 1,
the top of the g-mode cavity is at the CE base, which is deep
for this colder model (at log T = 5.67). For the 2 cases in which
the top of the g-mode cavity is deep in the star, amplitudes of
the eigenfunctions are larger in the g-mode cavity compared to
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those in the more superficial layers (Fig. 14). This is the oppo-
site for the mode g50, and amplitudes are much larger near the
CE base than in the g-mode cavity (Fig. 12).

The relative importance of radiative damping in the g-mode
cavity compared to excitation due to the flux blocking thus ex-
plains the position of the γ Dor IS red edge and the stability of
intermediate radial order g-modes in the models with both un-
stable high order g-modes and unstable low order p–g modes.
In particular, we have seen that stabilization of the γ Dor high
order g-modes is efficient for models with a given depth of
the CE, which explains the high sensitivity of the red edge lo-
cation with respect to the ML parameter α.

We still have to explain the driving occurring between
log T = 5.8 and log T = 5.2 for mode g15 (top panel of
Fig. 13). In this region, d(δT/T )/dln T no longer dominates in
the perturbed diffusion equation, and the driving is caused by a
classical κ-mechanism occurring in the partial ionization zone
of Iron, as in β Cep and Slowly Pulsating B stars. The same
κ-driving can be seen for mode g50 between log T = 5.4 and
log T = 5.2 (Fig. 11).

Concerning other marginal driving and damping mecha-
nisms, we notice first that the κ-mechanism in the He and H par-
tial ionization zones can play a role in FC models. Secondly,
Fig. 11 (Curve 3) shows that some damping can occur in our
TDC models due to the convective flux variations, which com-
pletely cancels the above-mentioned κ-mechanism inside the
CE. However, all these effects are always smaller than the two
main mechanisms in γ Dor models: the flux blocking driving at
the CE base and radiative damping in the g-mode cavity. The
balance between these two mechanisms explains the location
of the γ Dor IS.

To summarize, the g-mode cavity always has a stabilizing
influence, while the flux blocking mechanism at the bottom
of the CE has a destabilizing one. The balance between these
two mechanisms is a function of the amplitude of δT/T in the
g-mode cavity compared to the bottom of the CE. Depending
on the behaviour of δT/T the mode will be unstable or stable.
For low enough order g-modes, the excitation between the top
of the g-mode cavity and the bottom of the CE cannot, how-
ever, be neglected. Radiative damping explains the existence of
the γ Dor IS red edge and of a stable region in the period do-
main between the unstable high order g-modes and low order
p–g modes. However the blue edge of the γ Dor IS is due to
the breakdown of the adiabatic approximation already below
the CE base, which implies less efficient flux blocking at the
CE base and more stabilization just below it.

5. Influence of the TDC treatment
on the frequencies and growth rates

Perturbation of convective flux, turbulent pressure and dissi-
pation rate of turbulent kinetic energy into heat are the differ-
ent terms of our TDC treatment that influence frequencies and
growth rates. Table 4 gives the results obtained for a δ Sct and
a γ Dor model. The selected modes correspond to boundaries
of the instability domain.

The differences between adiabatic and FC non-adiabatic
frequencies are very small for all the modes. For all the γ Dor

g-modes and for the δ Sct modes with low frequency, the dif-
ferences between FC and TDC non-adiabatic frequencies are
even smaller. We conclude that for δ Sct and γ Dor stars, an
adiabatic analysis gives precise enough pulsation frequencies.

However, only a non-adiabatic analysis can give the imag-
inary part of ω (dimensionless damping rate). Considering
the last three colums of Table 4, we see that when all the
TDC terms are taken into account (Col. 11), the damping rates
are not significantly different from those obtained when only
the convective flux perturbation (Col. 9) is taken into account.
This result is obtained because the effects of the turbulent pres-
sure perturbation (Col. 10) and of the turbulent kinetic energy
dissipation on the damping rates nearly compensate in agree-
ment with Ledoux & Walraven (1958) and Eqs. (3) and (4).
Therefore, the IS obtained taking all the convection terms into
account are not expected to be very different from those that
only include perturbation of the convective flux. The theoretical
IS are much more sensitive to the value of the ML parameter α,
as shown in Figs. 2, 4, and 9.

6. δ Sct and γ Dor simultaneous pulsations

Early on, when the γ Dor new class of pulsating stars was dis-
covered, a question was raised about the relationship between
them and the δ Sct stars because of their location in the HR di-
agram (Breger & Beichbuchner 1996). Stars pulsating simul-
taneously with δ Sct p-modes and γ Dor g-modes have been
sought (Handler & Shobbrook 2002), and one star with both
types of modes was found: HD 209295. However, this star is
very peculiar as it is a close binary, and the long period modes
could be tidally excited (Handler et al. 2002).

Although search for such hybrid δ Sct–γ Dor stars has not
been fully conclusive until now, we stress that their existence is
predicted by our theoretical models. More precisely, in Fig. 8
we see that those models with unstable long period gravity
modes also have unstable short period pressure modes; only
the unstable modes with Q ≥ 0.04 days are given in Fig. 8.
These short period unstable modes are the δ Sct type modes
analysed in Sect. 3. In Fig. 15, we give both the theoretical
γ Dor IS and the δ Sct IS red edge for α = 1.8 models. We see
that a significant part of the γ Dor IS is inside the δ Sct one.
All the theoretical models in this intersection have both types
of unstable modes. Handler & Shobbrook (2002) showed that
δ Sct and γ Dor stars have very different ranges for the pulsa-
tion constant Q = P tdyn,�/tdyn, without any intermediate cases,
which is in perfect agreement with our theoretical results. As
we see in Fig. 8, the unstable zones of high order g-mode and
low order p-modes are clearly separated by a stable zone ex-
plained by the effect of radiative damping (Sect. 4.4). Table 5
gives the complete range of Q-values that we find for each of
these unstable zones for the same model with both δ Sct–type
and γ Dor-type unstable modes. Our theoretical values are in
perfect agreement with observations by Handler & Shobbrook
(2002). We conclude that there are no theoretical arguments
against the existence of hybrid δ Sct–γ Dor stars; on the con-
trary, it is very important to continue to search for such stars,
which would be of considerable interest for asteroseismology,
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Table 4. Frequencies ( f = �{σ}/(2π)) and dimensionless damping rates (�{ω} = �{σ}tdyn) for different modes of a δ Sct model (top) and a
γ Dor model (bottom). Column 3 gives the adiabatic frequency (in µHz). Column 4 gives the difference between the non-adiabatic frequencies
of FC models and the adiabatic frequencies. Columns 5 to 7 give the difference between the non-adiabatic frequencies of TDC models and the
adiabatic frequencies. Columns 8 to 11 give the dimensionless damping rate of FC models (Col. 8) and of TDC models (Cols. 9 to 11); it is
negative for unstable modes and positive for stable modes. The perturbation of convective flux δFc is taken into account in all the TDC models.
The perturbation of turbulent pressure δpt is taken into account in Cols. 6, 7, 10 and 11. The perturbation of turbulent kinetic energy dissipation
δε2 is taken into account in Cols. 7 and 11.

� n fad ∆ fFC ∆ fδFc ∆ fδpt ∆ fδ(pt,ε2) �(ωFC) �(ωδFc ) �(ωδpt ) �(ωδ(pt,ε2))

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

δ Sct: Model 7 of Table 1, tdyn = 3460 s

0 1 1.631E+02 2.322E–02 2.321E–02 2.324E–02 2.322E–02 –6.449E–07 –7.699E–07 –9.807E–07 –8.291E–07

4 3.125E+02 1.214E–02 –6.325E–03 –7.519E–04 –3.993E–03 –9.658E–05 –3.475E–05 –1.192E–04 –3.061E–05

1 –2 1.197E+02 2.765E–02 2.765E–02 2.765E–02 2.765E–02 –1.170E–09 –9.845E–10 –6.680E–10 –6.906E–10

3 2.723E+02 9.861E–03 4.281E–03 6.390E–03 5.196E–03 –3.894E–05 –2.907E–05 –6.623E–05 –3.432E–05

2 –4 1.081E+02 1.372E–02 1.372E–02 1.372E–02 1.372E–02 –1.021E–09 –7.092E–10 –1.555E–10 –2.415E–10

2 3.005E+02 7.918E–03 –4.078E–03 –1.708E–04 –2.358E–03 –6.793E–05 –3.305E–05 –8.948E–05 –2.932E–05

3 –5 1.205E+02 1.919E–02 1.919E–02 1.919E–02 1.919E–02 –2.942E–09 –2.611E–09 –1.329E–09 –1.364E–09

2 3.172E+02 5.659E–03 –1.603E–02 –9.262E–03 –1.296E–02 –1.106E–04 –3.456E–05 –1.137E–04 –1.155E–05

γ Dor: Model 5 of Table 1, tdyn = 3800 s

1 –82 3.811E+00 2.039E–04 –2.608E–04 –2.760E–04 –2.619E–04 –1.855E–06 2.166E–07 5.067E–07 –5.007E–08

–22 1.365E+01 3.082E–03 3.082E–03 3.082E–03 3.082E–03 –6.447E–09 –6.134E–10 3.925E–09 –1.545E–09

–2 1.181E+02 3.343E–02 3.343E–02 3.343E–02 3.343E–02 –7.644E–09 –8.936E–09 –1.097E–08 –9.551E–09

2 –94 5.752E+00 –1.270E–03 –1.729E–03 –1.746E–03 –1.709E–03 –1.289E–06 6.185E–07 8.926E–07 –1.631E–07

–23 2.251E+01 4.231E–03 4.230E–03 4.230E–03 4.230E–03 –1.010E–08 –2.919E–09 1.291E–08 –4.308E–09

–4 1.065E+02 1.800E–02 1.800E–02 1.800E–02 1.800E–02 –5.679E–09 –5.231E–09 –6.481E–09 –4.628E–09

3 –99 7.730E+00 –1.274E–03 –1.687E–03 –1.693E–03 –1.631E–03 –8.644E–07 6.347E–07 1.058E–06 –4.975E–07

–26 2.852E+01 3.816E–03 3.814E–03 3.813E–03 3.814E–03 –3.132E–08 –9.095E–09 4.206E–08 –9.212E–09

–6 1.071E+02 1.733E–02 1.733E–02 1.733E–02 1.733E–02 –2.221E–09 –2.226E–09 –2.774E–09 –1.702E–09

Fig. 15. γ Dor theoretical IS for � = 1 modes (dashed lines) and δ Sct
red edge of the IS for the fundamental radial mode (solid line), for
α = 1.8 models. The small empty circles correspond to observations
of bona fide γ Dor stars and the small full points correspond to obser-
vations of δ Sct stars. Theoretical models in the intersection between
the two IS have both γ Dor type unstable g-modes and δ Sct type un-
stable p-modes.

with both high order g-modes probing the deep interior and p-
modes probing the more superficial layers.

7. Conclusion

We included the TDC treatment presented in Paper I in our non-
radial non-adiabatic pulsation code and applied it to the study
of the driving and damping mechanisms in δ Sct and γ Dor
stars. For δ Sct stars, we succeed in reproducing both the blue
and red edges for radial, as well as for non-radial modes. We
also obtained theoretical IS for the γ Dor g-modes, and showed
that the theoretical IS of both δ Sct and γ Dor stars are very
sensitive to the value of the ML parameter α. We get good
agreement with observations for models with α between 1.8
(solar calibrated value) and 2. We analysed the effect of the
different terms of our TDC treatment on the frequencies and
on the driving and damping mechanisms. The difference be-
tween adiabatic and non-adiabatic frequencies is very small for
these stars. Turbulent pressure perturbation (δpt) has a driving
effect in our δ Sct models and a damping effect in our γ Dor
models. The turbulent kinetic energy dissipation perturbation
(δε2) has the opposite effect of δpt on the driving and damp-
ing. Hence, results taking δFc, δpt, and δε2 into account are
similar to results taking only δFc into account. For γ Dor stars,
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Table 5. Maximal and minimal Q-values (in days) of unstable
δ Sct–type and γ Dor-type modes for the same model (Model 8 of
Table 1).

� = 0 � = 1 � = 2 � = 3

γ Dor Qmax (d) 0.907 0.593 0.451
Qmin (d) 0.387 0.232 0.170

δ Sct Qmax (d) 0.033 0.041 0.046 0.041
Qmin (d) 0.020 0.020 0.020 0.019

we have shown that δFc has no significant effect on the damp-
ing and/or driving at the CE base. Hence, our TDC models
show that flux blocking at the CE base is the main driving
mechanism of γ Dor g-modes. Finally, our theoretical models
predict the possible occurrence of simultaneous δ Sct p-modes
and γ Dor g-modes oscillations for the same stellar model. The
discovery of such hybrid δ Sct–γ Dor stars would be of particu-
lar interest for asteroseismology. Observed high-order g-modes
would allow us to probe their deep interior, while the observed
p-modes would allow us to probe the more superficial layers,
all of which means that search should be intensified. We intend
to include the perturbation of non-diagonal components of the
Reynolds stress tensor in our non-adiabatic code, following the
theory of Gabriel (1987), and to study its influence on the driv-
ing of δ Sct and γ Dor non-radial modes. Application of our
TDC treatment to solar-type oscillations will also be presented
in a future paper.
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