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ABSTRACT

We apply for the first time the time-dependent convection (TDC) treatment of Gabriel and
Grigahcene et al. to the photometric mode identification in y Doradus (y Dor) stars. We
consider the influence of this treatment on the theoretical amplitude ratios and phase differences.
Comparison with the observed amplitudes and phases of the stars y Dor, 9 Aurigae, HD
207223 = HR 8330, HD 12901 and 48501 is presented and enables us to identify the degree
£ of the pulsation modes for four of them. We also determine the mode stability for different
models of these stars. We show that our TDC models agree better with observations than with
frozen convection models. Finally, we compare the results obtained with different values of

the mixing-length parameter «.
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1 INTRODUCTION

y Doradus (y Dor) stars are variable F-type main-sequence stars,
whose long periods (from 0.35 to 3 d) correspond to high-order grav-
ity modes (g modes) of pulsation. Many of them are multiperiodic.
As g modes probe the deep stellar interiors, y Dor stars are very
good potential targets for asteroseismology. From a theoretical point
of view, the driving of their g modes is explained by a flux blocking
mechanism at the base of their convective envelope (CE), as shown
by Guzik et al. (2000) with frozen convection (FC) models and by
Dupret et al. (2004) and Dupret et al. (2005) with time-dependent
convection (TDC) models (Gabriel 1996). Theoretical instability
strips have been obtained by Warner, Kaye & Guzik (2003), Dupret
et al. (2004) and Grigahcene et al. (2004).

However, the mode identification (first step of any seismic study)
is particularly difficult for y Dor stars. The theoretical frequency
spectrum corresponding to high-order g modes is very dense, while
only a few modes are observed in practice. The mode selection
mechanism and the effect of rotation on the frequencies, amplitudes
and phases are not known in y Dor stars (perturbation theories of
rotation—pulsation interaction are unrealistic in these long period
variables). Mode identification methods based on other observables
such as photometric amplitude ratios and line-profile variations are
thus required. Concerning the photometry, observing the amplitudes
and phases in different passbands makes the identification of the de-
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gree £ of the modes possible (Balona & Stobie 1979; Watson 1988).
Two important theoretical ingredients in this method are the ampli-
tude (f1) and phase (¢ 1) of local effective temperature variation for
a normalized radial displacement. Garrido (2000) and Aerts et al.
(2004) applied the method to y Dor stars, considering ft and {1
as free parameters. These two parameters can be determined by
non-adiabatic computations (Dupret et al. 2003b). However, Dupret
et al. (2003a) showed that the non-adiabatic theoretical predictions
are extremely sensitive to the value adopted for the mixing-length
(ML) parameter « and, in all cases, the theoretical amplitude ratios
and phase differences obtained with FC models completely disagree
with observations.

In this paper, we present for the first time theoretical photometric
amplitude ratios and phase differences between the light and velocity
curves, as obtained with our TDC models. We apply our models to
the mode identification of the stars y Dor, 9 Aurigae (9 Aur), HD
12901 and 48501. We also compare the theoretical and observed
phase differences between the light and velocity curves, for the
stars y Dor, 9 Aur and HD 207223 = HR 8330. These comparisons
show that the agreement between theory and observations obtained
with our TDC models is much better than with FC models.

2 THEORETICAL MODELS
AND NUMERICAL TOOLS

The equilibrium stellar models have been computed by the evolu-
tionary code CLES (Code Liégeois d’Evolution Stellaire). It uses the
standard mixing length theory (MLT) for convection calculations,
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1144 M.-A. Dupret et al.

Table 1. Global parameters of the theoretical models adopted for the study
of the stars y Dor, 9 Aur, HD 207223, 12901 and 48501.

M /Mg T et (K) log(L/Lg) log g V4 o
1 1.55 7160. 0.8439 4.1569 0.02 2.0
2 1.55 7160. 0.8394 4.1617 0.02 1.5
3 1.55 7158. 0.8394 4.1610 0.02 1.0
4 1.55 7022. 0.8721 4.0950 0.02 2.0
5 1.55 7015. 0.8684 4.0969 0.02 1.5
6 1.55 7010. 0.8684 4.0958 0.02 1.0
7 1.50 7019. 0.7783 4.1738 0.02 2.0
8 1.50 7012. 0.7645 4.1860 0.02 1.5
9 1.50 7018. 0.7597 4.1922 0.02 1.0
10 1.55 6906. 0.8891 4.0490 0.02 2.00

the OPAL opacities (Iglesias & Rogers 1996) completed at low tem-
peratures with the opacities of Alexander & Ferguson (1994), the
CEFF equation of state (Christensen-Dalsgaard & Dippen 1992)
and the atmosphere models of Kurucz (1998) as boundary condi-
tions. We give in Table 1 the global parameters of the equilibrium
models considered in this study. All these models have X = 0.7,
Z = 0.02 and core overshooting oo, = 0.2.

For the non-adiabatic computations, we have used the pulsation
code MAD (Dupret 2002). TDC and FC treatments can be adopted in
this code. In the TDC case, the perturbation of the convective flux is
taken into account, according to Grigahcene et al. (2005). The effect
of the full Reynolds stress tensor perturbation will be considered in
future works.

3 INFLUENCE OF TIME-DEPENDENT
CONVECTION ON NON-ADIABATIC
OBSERVABLES

In a linear one-layer approximation and assuming a zero phase for
the radial displacement, the theoretical monochromatic magnitude
variation of a non-radial mode is given by

2.5 m .
Sm, = “io € P/ (cosi) by,

(—=(€ = 1)(€ +2) cos(at)
+ fr cos(at + ¥rr) (@, + Bra)
— fo cos(o1) (@ + Bei)). M

The meaning of the different terms and coefficients of this equa-
tion is given in Dupret et al. (2003b). The important point here is
that some of the coefficients depend on the equilibrium atmosphere
model (b, a1, ¢gns B, Bgr), While fr and ¥ (defined in Sec-
tion 1) can only be obtained by non-adiabatic computations. f, is
the relative amplitude of effective gravity variation for a normal-
ized radial displacement, f, >~ 2 + (Urdy,,)2 =~ 2 for the high-order
g modes of y Dor stars. Linear pulsation models do not give the
absolute amplitudes. Theoretical amplitude ratios and phase dif-
ferences between different photometric passbands can be deter-
mined by integrating equation (1) over the passbands and tak-
ing the complex ratios. This equation depends directly on the
spherical degree ¢ of the modes. Therefore, comparison between
the theoretical and observed amplitude ratios and phase differ-
ences makes the identification of ¢ possible. Moreover, as f1 and
Y1 depend on the non-adiabatic pulsation models, constraints on
these models can be obtained, a procedure we call non-adiabatic
asteroseismology.

100 T T T T

fT = |5 Tef#Teff‘

10 F vvvvvvvwv

0.1 1 1 1 1
0.6 0.8 1 1.2 1.4

Period (d)

Figure 1. fr as a function of the period (in days), obtained with TDC
treatment (full symbols) and FC treatment (empty symbols). Model 4 of
Table 1.

Neglecting the effect of non-adiabatic temperature variations on
limb darkening, the disc integrated radial velocity of a non-radial
mode is given by (Stamford & Watson 1981)

V: = €o RP;"(cos i) (um + v“/(ardyn)z) cos(ot — 1/2), 2)

where uy; and vy, are defined in Stamford & Watson (1981). We
see that there is just a 7t/2 phase lag between the disc integrated
radial velocity and the local radial displacement, so that the phase
difference between the light and velocity curves is easily deduced
from equation (1).

y Dor stars have a thin CE whose size increases quickly as Teg
decreases. In non-adiabatic models, the coupling between the dy-
namical and thermal pulsation equations is taken into account. In
particular, the perturbation of the radiative and convective flux must
be determined in the CE. Usually, the perturbation of convection is
neglected, which is the FC approximation. However, this approxi-
mation is not justified in a significant part of the CE, because the
lifetime of the convective elements is shorter than the pulsation pe-
riods. Dupret et al. (2004) and Dupret et al. (2005) showed that the
break down of the FC approximation in a significant part of the CE
does not greatly affect the interpretation of the driving of the  Dor
stars. This is not the case for the photometric amplitude ratios and
the phase differences; we are going to show that the predictions of
TDC models are completely different from those of FC models for
these observables.

We begin by giving in Figs 1 and 2 the values of ft and ¢yt asa
function of the period in days, obtained with TDC and FC treatment,
for modes of degree £ = 1,2, 3 and model 4 of Table 1 (@ = 2). The
values of f are smaller with TDC treatment than with FC treatment.
As we are going to show in Section 4, these smaller values of ft in
the TDC case imply a better agreement with the typical observed
photometric amplitude ratios of y Dor stars. The values of i are
completely different in the TDC and FC cases: they are close to 0°
in the TDC case and close to 180° in the FC case. As we are going
to show in Section 4, this implies that the phase lags between light
and velocity curves predicted by TDC models better agree with the
typical observed phase lags in y Dor stars.

In Figs 3 and 4, we give the real part of 6 F/F as a function
of log T, obtained with TDC and FC treatment. This eigenfunc-
tion is normalized so that the relative radial displacement is 1 at
the photosphere. We compare the results obtained with different
values of the ML parameter ov. We recall that, at the photosphere,

© 2005 RAS, MNRAS 360, 1143-1152

2202 Jequierdag 0¢ uo 1sanb Aq | LEGEB/EY L L/E/09E/aI01MB/SBIUW/WOS dNo olWepeoe//:sd)y woly papeojumoqd



0 : : X X
R v
s "'PV}‘I'l‘P‘It‘V'i‘Vﬂtlvi'\
—0r TDC L
—-60 ]
) .
()
2 90+t S
; 1:3 v
-120 ]
150 FC
g o g ooon PR oD o a0 oY [axaEpa{umal BEY
180 1 1 1 1
0.6 0.8 1 12 I
Period (d)

Figure 2. Phase lag ¥ T as a function of the period (in days), obtained with
TDC treatment (full symbols) and FC treatment (empty symbols). Model 4
of Table 1.
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Figure 3. N{3F/F} (relative variation of the radial component of the total
flux) as a function of log T', obtained with TDC treatment, for the mode
£ =1, goo(f = 1.192 ¢/d) and models 4-6 of Table 1. The vertical line
gives the bottom of the CE, for the « = 2 model.
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Figure 4. Same caption as Fig. 3 but with FC treatment.

[§F/F| =4 fr and ¢(6F/F) = ¥ 1. Comparing the results ob-
tained for « = 2 (solid lines) enables us to explain the very different
values of ft and i1 obtained in the TDC and FC cases. In both
cases, a first decrease of 91(§ F'/ F) occurs in the Fe partial ioniza-
tion zone (log T =~ 5.3), it is owing to a k mechanism similar to the

© 2005 RAS, MNRAS 360, 1143-1152
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case of slowly pulsating B stars. A second decrease of R(6F/F)
occurs near the base of the CE (log T ~ 5). This corresponds to
the flux blocking mechanism described in details by Guzik et al.
(2000), Dupret et al. (2004) and Dupret et al. (2005). In the FC case,
« mechanism occurs inside the CE, in the partial ionization zones
of Hell (log7T ~ 4.8) and H (log T =~ 4.1). These xk mechanisms
imply additional decreases of %(6F/F) down to negative val-
ues, which explains the phase lags around 180° predicted by the
FC models with high «. In contrast, these ¥ mechanisms inside the
CE are not allowed by TDC models, because they would lead to too
high superadiabatic gradients. Therefore, § F'/F remains flat and
positive after the flux blocking drop and its phase remains near 0°.
For smaller «, the CE base is closer to the surface, so that the flux
blocking is less efficient and the drop of (6 F'/ F) is smaller; hence,
larger values of f1 are predicted and the change of sign of R(§ F'/ F)
no longer occurs in the FC case (for small o).

4 APPLICATIONS

We consider now the applications to several specific y Dor stars.
The main goal of this paper is to compare the predictions of our non-
adiabatic calculations with the observed amplitude ratios and phase
differences. We have shown in the previous section that the main
difference between FC and TDC results is in the theoretical phase lag
between the light and velocity curves. Therefore, we chose to study
the y Dor stars for which the most precise multicolour photometric
amplitudes and phases are available and/or for which simultaneous
spectroscopic and photometric observations were performed.

The methodology of our study is the following. For each star,
we select a family of models inside the observational error box
for the global parameters T ., logg and log(L/Le). For each
model, we perform non-adiabatic computations with TDC and FC
treatment, we select the modes of different degrees ¢ with theo-
retical frequencies closest to the observed ones, and compute the
non-adiabatic quantities f1 and 1. Then, the integration of equa-
tion (1) on the passbands enables us to determine the theoretical pho-
tometric amplitude ratios between different photometric passbands
and the theoretical phase lags between the light and velocity curves.
The phase differences between different photometric passbands are
all close to zero and smaller than the associated errors in present
ground-based observations of y Dor stars, in contrast with the case
of § Sct stars for which significant phase differences are observed.
Hence, these phase differences do not give relevant information for
the photometric mode identification in y Dor stars and we do not
consider them in our study. Finally, the comparison with the ob-
servations enables us to identify the degrees ¢ of the modes and to
see which models best agree with observations. For the determi-
nation of the monochromatic flux derivatives and limb-darkening
coefficients required in equation (1), two different families of at-
mosphere models have been considered. On one hand, we use the
atmosphere models of Kurucz (1993) and the limb-darkening coef-
ficients of Claret (2000), in which the ML treatment of convection
(o = 1.25) is adopted, we refer to them as MLT atmosphere models.
On the other hand, we use the new atmosphere models of Heiter
et al. (2002) and the limb-darkening coefficients of Barban et al.
(2003), in which the convection treatment of Canuto, Goldman &
Mazzitelli (1996) is adopted, we refer to them as full spectrum
of turbulence (FST) atmosphere models. We remark that MLT is
always adopted in our interior models, while MLT or FST are used
for the atmosphere models. Consistent models with FST treatment
in both interior and atmosphere models will be considered in a future
paper by Montalban et al.
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Table 2. Observed global parameters of y Dor. Stromgren
indices-based calibrations are taken from: Smalley & Kupka
(1997)%, Smalley (1993)¢ and using the Vienna TEMPLOGG
v. 2 software (Stiitz & Nendwich 2002)°. The luminosity
(deduced from the Hipparcos parallax) and v sini are taken
from Kaye et al. (1999a)d.

T ete log(L/Lg) log g [M/H] v sini
(XK) (kms™1)
7120? 0.8454 4258 —0.02¢ 624
7202 4.23b —0.01°

4.1 y Doradus

y Dor (HD 27290) is the prototype and brightest member of the
class. In this study, we use the observations by Balona et al. (1994a)
and Balona, Krisciunas & Cousins (1994b), who obtained very pre-
cise Stromgren photometric amplitudes and phases and the observa-
tions by Balona et al. (1996), who observed y Dor simultaneously in
photometry and spectroscopy. From these observations, three modes
with frequencies f; = 1.32098 ¢/d, f, = 1.36354 c/d and f; =
1.47447 c/d are detected. Spectroscopic mode identification by the
method of moments was performed by Balona et al. (1996) who
found as best solution: (¢, m;) = (3, 3), (¢5, my) = (1, 1) and
(€3, m3) = (1, 1). We give in Table 2 the observed global param-
eters of y Dor. In the lines 1-3 of Table 1, we give the global
characteristics of the theoretical models we have adopted for this
star.

4.1.1 Mode stability

Our non-adiabatic pulsation code makes the determination of mode
stability possible. For model 1 of Table 1 (¢ = 2), the modes of
degree £ = 1-4 with theoretical frequencies closest to the observed
ones are all predicted to be unstable. For models 2 and 3 of Table 1
(¢ < 1.5), the three modes of y Dor are predicted to be stable.
Therefore, from the point of view of mode stability, the models with
o < 1.5 must be rejected.

Model 1 (o = 2) - FST

Model 1 (e = 2) -MLT

4.1.2 Photometric amplitude ratios

In Fig. 5, we give the theoretical and observed Stromgren photo-
metric amplitude ratios we obtained for different models of y Dor.
The lines are the theoretical predictions for different £ and the error
bars represent the observations for the f| and f, frequencies. The
photometric amplitudes of f3 are too small and have large associ-
ated errors, therefore we do not consider them in this study. The top
panels give the results obtained with TDC treatment and the bottom
panels give the results obtained with the FC treatment. The left and
middle panels give the results obtained for model 1 and the right
panels give the results obtained for model 3 of Table 1. For the left
panels FST atmosphere models have been considered, while MLT
atmosphere models have been considered for the middle and right
panels.

The comparison between theory and observations shows that,
from the point of view of the photometric amplitude ratios, the | and
f» frequencies are identified as £ = 1 modes. The best agreement is
found for a model with o = 2, FST atmosphere and TDC treatment
(top left panel). For all the models, good agreement between the
theoretical and observed b/v and y/v amplitude ratios is obtained.
The theoretical u/v amplitude ratio is very sensitive to the value
of fr and to the adopted atmosphere model. Small values of fr
(around 0.5) and FST atmospheres are required to obtain the best
agreement with the observed u/v amplitude ratio. We give in the
right column of Table 3, the values of fr obtained for models 1,
2 and 3 of Table 1, with TDC and FC treatment. We see that the
required small value of f can only be obtained by TDC models
with @ = 2. Finally, we emphasize that for this best model with
smallf 1, the differences between the amplitude ratios corresponding
to different € is larger, and only the £ = 1 solution agrees with
observations.

Our photometric mode identification agrees with the spectro-
scopic mode identification of Balona et al. (1996) for component
f2, but they disagree for component f;. The theoretical photometric
amplitude ratios corresponding to £ = 1 and ¢ = 3 are always pre-
dicted to be very different, for any values of f; and the observations
indicate that | and f, have similar amplitude ratios. Also, more
cancellation effects owing to surface integration are expected for

Model 3 (@ = 1) - MLT
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Figure 5. Stromgren photometric amplitude ratios for different models of y Dor. The top panels are for TDC models and the bottom panels are for FC models.
The lines are the theoretical predictions for different £ and the error bars represent the observations for the | and f frequencies.

© 2005 RAS, MNRAS 360, 1143-1152

2202 Jequierdag 0¢ uo 1sanb Aq | LEGEB/EY L L/E/09E/aI01MB/SBIUW/WOS dNo olWepeoe//:sd)y woly papeojumoqd



Table 3. Observed phase differences (A¢gops, in degrees) and theoreti-
cal phase differences (A¢m) between the photometric flux variations in
the Johnson V passband and the radial displacement (radial velocity phase
—90°) for the f and f3 frequencies of y Dor. The observed phases are
taken from Balona et al. (1996). In the right column, we give the theoretical
values of f.

Model conv. =1 =2 =3 =1
Adn fr
819 833 8471 819
f2=1364c/d Aops = —65 £ 5
1 TDC —28 —43 —-54 0.48
2 TDC -33 —-25 -20 5.28
3 TDC —18 —15 —12 6.17
1 FC —167 —166 —167 1.38
2 FC —61 —74 —143 3.41
3 FC —28 -25 -34 4.86
817 831 843 817
f3=1474c/d Apobs = —29 +8
1 TDC —-27 —48 —-74 0.34
2 TDC —37 —28 —24 4.42
3 TDC -21 —17 —14 5.16
1 FC —165 —164 —165 1.21
2 FC —68 -73 —129 3.13
3 FC -32 —28 -34 4.23

£ = 3 modes. This makes us more confident with our photomet-
ric mode identification. Further investigations are required to un-
derstand the difference between the spectroscopic and photometric
mode identifications for component f';.

4.1.3 Phase lag between light and velocity curves

Balona et al. (1996) observed y Dor simultaneously in photometry
and spectroscopy and they determined the phase difference between
the magnitude variation in Johnson V and the radial velocity vari-
ations for each mode. Adding 90° to these phase lags gives the
observed phase differences between the observed flux variations in
the V band and the local radial displacement (A¢ ). Balona et al.
(1996) showed that the radial velocity amplitude of the component
f1 is very small (contrary to its light amplitude) and the error bars
are too large. Therefore, we do not consider this mode here. The
theoretical phase difference between the flux variation and the lo-
cal radial displacement (A¢y,) is directly obtained by integrating
equation (1) on the V band. We give in Table 3 the comparison be-
tween the theoretical and observed phase lags for components f»
and f3, as obtained for models 1, 2 and 3 of Table 1, with TDC and
FC treatment. The phase lags predicted by FC models with o =
2 completely disagree with the observations. In contrast, theoreti-
cal and observational data agree better for all TDC models and for
FC models with o < 1.5. We recall that the modes are predicted
to be stable for the models with @ < 1.5. Only the TDC models
with @ = 2 agree reasonably well with the photometric and spectro-
scopic observables and predict at the same time the instability of the
observed modes. We remark that no significant phase differences
between photometric magnitude variations in different passbands
are observed for y Dor. Taking this into account, the value A¢ s =
—65° seems a bit large and must be considered with care, the real
phase lag could be closer to 0°.

© 2005 RAS, MNRAS 360, 1143-1152
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Table 4. Observed global parameters of 9 Aur. Stromgren
indices-based calibrations are taken from: Smalley & Kupka
(1997)%, Smalley (1993)¢ and using the Vienna TEMPLOGG
v. 2 software (Stiitz & Nendwich 2002)°. The luminosity
(deduced from the Hipparcos parallax) and v sini are taken
from Kaye et al. (1999a)d.

T efe log(L/Lg) logg [M/H] v sini
(K) (kms™)
69902 0.7784 4.17% —0.18¢ 184
7050° 4.2b —0.20°

4.2 9 Aurigae

9 Aur (HD 32537) is a well known y Dor type star. In this study, we
use the observations by Zerbi et al. (1997), who obtained very pre-
cise Stromgren photometric amplitudes and phases in the frame of a
multilongitude campaign; we use also the photometric and spectro-
scopic observations by Krisciunas et al. (1995). Three frequencies
f1=0.7948 c/d, f, = 0.7679 c/d and f3 = 0.3429 c/d were
detected in the Zerbi et al. campaign. Spectroscopic mode iden-
tification by the method of moments was performed by Aerts &
Krisciunas (1996), for components f; and f3. They found as the
best solution: (¢, |m|) = (3, 1) for both. We give in Table 4 the ob-
served global parameters of 9 Aur. In lines 7-9 of Table 1 we give
the global characteristics of the theoretical models we have adopted
for this star.

4.2.1 Mode stability

We studied the stability of the modes for different models of 9 Aur.
For all the models in the observational error box for 7 ¢, log L and
log g, the component with the longest period (f3) is predicted to
be stable. Models with higher luminosity, lower gravity and lower
effective temperature are required to obtain the instability of this
mode, but these values are out of the observational error box. The
components f; and f, are predicted to be unstable for model 7 of
Table 1 (¢ = 2) and modes of degree £ = 1 and 2. For models 8
and 9 of Table 1 (¢ < 1.5), all the observed modes are predicted
to be stable. Therefore, from the point of view of mode stabil-
ity, the models with o < 1.5 must be rejected. The driving of the
f3 component is not explained by models inside the observational
(T e, log L, log g) error box; the reasons for this will be investigated
in future works.

4.2.2 Photometric amplitude ratios

In Fig. 6, we give the theoretical and observed Stromgren photo-
metric amplitude ratios we obtained for different models of 9 Aur.
The left and middle panels give the results obtained for model 7 and
the right panels give the results obtained for model 9 of Table 1. For
the left panels FST atmosphere models have been considered, while
MLT atmosphere models have been considered for the middle and
right panels.

The comparison between theory and observations shows that,
from the point of view of the photometric amplitude ratios, the
three components f |, f, and f5 are identified most probably as £ =
2 modes, but the ¢ = 1 solution cannot be completely eliminated.
The best agreement is found for a model with @ = 2, FST atmosphere
and TDC treatment (top left). For all the models, good agreement
between the theoretical and observed b/v and y/v amplitude ratios is
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Figure 6. Stromgren photometric amplitude ratios for different models of 9 Aur. The top and middle panels are for modes f| and f> and the bottom panels
are for mode f3. The top and bottom panels are for TDC models and the middle panels are for FC models. The lines are the theoretical predictions for different
£ values and the error bars represent the observations for the different frequencies.

obtained. The theoretical #/v amplitude ratio is very sensitive to the
value of f and to the adopted atmosphere model. FST atmospheres
are required to obtain the best agreement with the observed u/v
amplitude ratio.

The results of our photometric mode identification differ
from those of the spectroscopic mode identification by Aerts &
Krisciunas (1996), who found (¢, |m|) =(3, 1) as the best solution
for f; and f3. We notice, however, that £ = 2 solutions cannot be
eliminated by the line-profile analysis, as shown in table 1 of Aerts
& Krisciunas (1996). Further investigations are required to under-
stand the difference between spectroscopic and photometric mode
identifications.

4.2.3 Phase lag between light and velocity curves

Zerbi et al. (1997) and Krisciunas et al. (1995) observed 9 Aur si-
multaneously in photometry and spectroscopy. No radial velocity
variations corresponding to f; are detected in the observations of
Krisciunas et al. (1995) and they have too small an amplitude in
the observations of Zerbi et al. (1997); the component f, was not
detected by Krisciunas et al. (1995). For the other observed compo-
nents, phase differences between the light and velocity curves could
be obtained. In Table 5, we give the theoretical (A¢,) and observed
(A¢obs) phase differences between the flux variations in the V band
and the local radial displacement, for components f, and f3. No
significant phase differences between the photometric magnitude
variations in different passbands are observed for 9 Aur. Taking this
into account, the value A¢ s = —77° seems a bit large and must be

Table 5. Observed phase differences (A¢ops, in degrees) and theoretical
phase differences (A¢) between the photometric flux variations in the
Johnson V passband and the radial displacement for the f» and f'3 frequencies
of 9 Aur. Observed phases are taken from Zerbi et al. (1997)“ and Krisciunas
etal. (1995)b . In the right column, we give the theoretical values of fT.

Model Conv. =1 =2 =3 =2
A fr
835 861 886 861
f2=0.768 c/d Adobs = =77 £ 12¢
7 TDC -21 —-22 —23 8.0
8 TDC —41 —27 —24 16.0
9 TDC —11 —10 —11 33.6
7 FC —157 —156 —156 14.9
8 FC —110 —164 —172 11.6
9 FC -22 —157 —175 5.0
878 8137 8195 8137
f3=0343¢c/d Adops = —50 £219, =33 £ 10°
7 TDC —42 -39 -36 72.4
8 TDC —40 —38 -36 91.5
9 TDC -22 -30 -36 112.0
7 FC —146 —140 —137 88.6
8 FC —175 —178 —180 111.4
9 FC —175 —178 —180 126.8

considered with care, the real phase lag could be closer to 0°. Theo-
retical results are given for models 7, 8 and 9 of Table 1, with TDC
and FC treatment. Observations indicate phase lags between —90°

© 2005 RAS, MNRAS 360, 1143-1152
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Table 6. Observed global parameters of HD 207223 taken
from Aerts & Kaye (2001)? (based on Kaye & Gray, in prepa-
ration), Kaye et al. (1999b)°, Kaye et al. (1999a)¢ and us-
ing the Vienna TEMPLOGG v. 2 software (Stiitz & Nendwich

2002)°.

T ete log(L/Lg) log g [M/H] v sini
(K) (kms™1)
69852 0.84¢ 4.12*  0.08 9.1¢
6893° 0.874 3.96P —0.01° 38d

and —20°, in reasonably good agreement with the predictions of
our TDC models. In contrast, all FC phases (except one) are around
180° and disagree with the observations. Only one FC model has a
phase close to 0° (model 9, f,, £ = 1), but with a small @ (= 1) for
which the observed modes are predicted to be stable.

4.3 HD 207223 = HR 8330

HD 207223 has been observed simultaneously in BV photometry
and in high-resolution high signal-to-noise ratio spectroscopy by
Kaye et al. (1999b). From these observations, they detected a single
frequency f = 0.3855 c/d and they could determine the phase lag
between the light curve and the radial displacement. Spectroscopic
observations and mode identification were performed by Aerts &
Kaye (2001) who found as the best solution: (¢, m) = (2, 2). We
give in Table 6 the observed global parameters of HD 207223. In
lines 4, 5, 6 and 10 of Table 1 we give the global characteristics of
the theoretical models we have adopted for this star.

4.3.1 Mode stability

We studied the stability of the observed mode of HD 207223, for
models 4, 5, 6 and 10 of Table 1. For models 4 and 10 (o« = 2),
the mode of degree ¢ = 1 with frequency closest to the observed
one is predicted to be unstable (modes with £ > 2 are predicted to
be stable). For models 5 and 6 (o < 1.5), the mode is predicted to
be stable (for any ¢). Therefore, from the point of view of mode
stability, models with o < 1.5 must be rejected.

4.3.2 Phase lag between light and velocity curves

In Table 7, we give the theoretical (A¢y,) and observed (A@qbs)
phase differences between the flux variations in the V band and the
local radial displacement. Theoretical results obtained with TDC
and FC treatment are given for models 4, 5, 6 and 10 of Table 1,
for modes of different £ with the theoretical frequency closest to the
one observed. Relatively good agreement between theoretical and
observational data is obtained for all TDC models. In contrast, all
FC phases are around 180° and disagree with the observations.

4.4 HD 12901

HD 12901 was first reported as intrinsically variable by Eyer &
Aerts (2000). Extensive Geneva photometry and high-resolution
spectroscopy was performed by Aerts et al. (2004) who detected
three frequencies: f; = 1.21563 c/d; f, = 1.39594 c/d; and f; =
2.18636 c¢/d. We give in Table 8 the observed global parameters of
HD 12901. In the lines 4-9 of Table 1 we give the global character-
istics of the theoretical models we have adopted for this star.

© 2005 RAS, MNRAS 360, 1143-1152

TDC seismic study of five y Dor stars 1149

Table 7. Observed phase differences (A¢gbs, in degrees) and theoretical
phase differences (A¢) between the photometric flux variations in the
Johnson V passband and the radial displacement for the star HD 207223.
Observed phases are taken from Kaye et al. (1999b).

Model conv. =1 =2 =3
Adwm
869 8119 8171
f =0.38551c/d Apops = =57 £7
4 TDC —41 -37 —-32
5 TDC -29 -32 -32
6 TDC —12 —-19 —-23
10 TDC -33 -32 -31
4 FC —149 —159 —170
5 FC —172 —178 —178
6 FC —157 —177 —178
10 FC —153 —151 —150

Table 8. Observed global parameters of HD 12901 obtained
using the Vienna TEMPLOGG v. 2 software (Stiitz & Nendwich
2002) and HB measures by Handler (1999), from Geneva
calibrations (Kiinzli et al. 1997)°, Aerts et al. (2004)¢ and
Mathias et al. (2004)4.

Tegy logg [M/H] vsini
(K) (kms™1)
70147 4.06° —0.38% 53¢
7080° 4.47° —0.4> 664

4.4.1 Mode stability

We studied the stability of the observed modes of HD 12901 for
models 4-9 of Table 1 and for modes with £ < 4. For models 4 and
7 (o =2), components f; and f; are always predicted to be unstable;
component f 3 is unstable for £ > 2 and stable for £ = 1. For the other
models (o < 1.5), all the observed modes are predicted to be stable.
There is only one exception for model 8, in which components f,
¢ =1and f3, £ =2 are predicted to be unstable (other modes are
stable). Therefore, from the point of view of mode stability, models
with o < 1.5 must be rejected.

4.4.2 Photometric amplitude ratios

Aerts et al. (2004) showed that f1 =~ 0.05 is required to get good
agreement between the theoretical and observed amplitude ratios in
all passbands, for the star HD 12901; and for this small value of
[, the three observed modes are identified as £ = 1 modes. They
also showed that with FC treatment it is impossible to get good
agreement with observations, because the predicted values of f1 are
too large.

In Table 9, we give the values of f+ and ¥ 1 obtained for models 4—
9 of HD 12901, £ = 1 modes and TDC treatment. In agreement with
Figs 1 and 3, we see that f 1 decreases for increasing frequencies (in
the domain of the g modes) and increasing «. In Fig. 7, we give the
theoretical and observed Geneva photometric amplitude ratios we
obtained for different TDC models of HD 12901. Top panels give
the results obtained for components f; and f, and bottom panels
for component f3. The left, middle and right panels give the results
obtained for models 4, 7 and 8 of Table 1, respectively. We used
MLT atmosphere models in all our computations.
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Table 9. Values of ft and ¥ 1 (in degrees) obtained for different TDC
models of HD 12901, for £ = 1 modes with frequencies closest to the three
observed ones.

Model fr YT
i /2 3 f1 f2 f3
4 0.52 0.30 0.02 —15 —14 —153
5 3.93 2.65 0.44 —50 —-59 —111
6 5.88 4.17 0.77 —23 —-28 71
7 0.71 0.54 0.04 —14 —13 —28
8 2.20 1.47 0.25 —57 —61 —88
9 8.19 6.34 1.68 —21 -25 —53

With TDC treatment and « = 2 (left and middle panels of Fig. 7),
the values of f 1 are the smallest and consequently, a better agreement
with observations can be obtained. However, for components f and
f2, the values predicted for f1 are not small enough to give good
agreement for the critical U /B, amplitude ratio (top panels). For
component f3, f 1 is much smaller and good agreement is obtained
for model 7 (bottom middle panel). Not only are small f1 values
required, but also ¥ 7 close to 0° is necessary. This explains why the
theoretical amplitude ratios of model 4 are unrealistic for f; (bottom
left panel).

No abundance determination was performed for HD 12901 and,
as a first step, we used models with Z = 0.02 in the present study.
Photometric calibrations indicate that this star could be less metallic
than the Sun. In a future study, we will also consider interior and
atmospheric models with lower metallicity. Seismic modelling of
HD 12901, using a new method based on frequency ratios has been
recently performed by Moya et al. (2005). Our future project is to
combine TDC and frequencies analysis, for a more complete seismic
study of this star.

4.5 HD 48501

HD 48501 was first reported as being intrinsically variable by Eyer
& Aerts (2000). Extensive Geneva photometry and high-resolution
spectroscopy was performed by Aerts et al. (2004) who detected

Table 10. Observed global parameters of HD 48501 ob-
tained using the Vienna TEMPLOGG v. 2 software (Stiitz &
Nendwich 2002)?, from Geneva calibrations (Kiinzli et al.
1997)® and Aerts et al. (2004)°.

T etf logg [M/H] v sini
(K) (kms™1)
69842 3.922 —0.122 29¢
7080P 4.49> —0.1°

three frequencies: 1 = 1.09408 c¢/d, f, = 1.29054 c/d and f; =
1.19924 c/d.

We give in Table 10 the observed global parameters of HD 48501.
In lines 4-9 of Table 1 we give the global characteristics of the
theoretical models we have adopted for this star.

4.5.1 Mode stability

We studied the stability of the observed modes of HD 48501 for
models 4-9 of Table 1 and for modes with ¢ < 4. For models 4 and
7 (a = 2), the three components are predicted to be unstable for £ <
3, the modes ¢ = 4 are unstable for model 4 and component f3 of
model 7. For model 8 (¢ = 1.5), the £ = 1 modes are predicted to
be unstable (other modes are stable). For all the other models, all
the observed modes are predicted to be stable.

4.5.2 Photometric amplitude ratios

Aerts et al. (2004) showed that a very small f1 =~ 0.1 is required to
get good agreement between the theoretical and observed amplitude
ratios in all passbands, for the star HD 48501; and for this small value
of fr, the three observed modes are identified as £ = 1 modes. They
also showed that, with FC treatment it is impossible to get good
agreement with observations, because the predicted values of f are
too large.

In Fig. 8, we give the theoretical and observed Geneva photo-
metric amplitude ratios we obtained for different TDC models of
HD 48501. Error bars are given for the three observed components
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Figure 7. Geneva photometric amplitude ratios for different models of HD 12901. The top panels are for the f| and f, modes and the bottom panels are
for the f3 mode. The lines are the theoretical predictions for different £ values and the error bars represent the observations for the different frequencies.

TDC treatment is adopted in all the models.
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Figure 8. Geneva photometric amplitude ratios for different HD 48501 models. The lines are the theoretical predictions for different £ values and the error

bars represent the observations for the three frequencies.

and the lines are the theoretical predictions for the frequency clos-
est to component f, (theoretical results for the other components
are very close). The left, middle and right panels give the results
obtained for models 4, 7 and 5 of Table 1, respectively. We used
MLT atmosphere models in all our computations. With TDC treat-
ment, @ = 2 and M = 1.55M¢, (left panel), T is the smallest and
consequently, better agreement with observations can be obtained.
However, f1 is not small enough to give good agreement for the
critical U /B, amplitude ratio. We notice that the amplitude ratios
of this best model in the other passbands indicate that the three
observed components are £ = 1 modes.

5 IMPORTANCE OF OBSERVATIONS
IN THE ULTRAVIOLET

It was shown in the previous sections that, for too large values
of fr, amplitude ratios corresponding to £ = 1, 2 and 4 are simi-
lar for passbands at the red side of the Balmer discontinuity (A >
364 nm), but the amplitude ratios between two passbands at the
blue and red side of the Balmer discontinuity (for example the
Stromgren u/v ratio) disagree with observations for all these £.
In contrast, for small enough fr values, it is possible to converge
towards a unique solution in agreement with the observed ampli-
tude ratios in all passbands. Observations in passbands bracketing
the Balmer discontinuity is thus very important in y Dor stars, giv-
ing better discrimination between different models and allowing
better identification of £. This can be explained as follows. We con-
sider the case of an £ = 1 mode, for which the geometrical term
(1 — £)(£ + 2) cos(ot) in equation (1) is zero. The two remain-
ing terms are the temperature term frcos(ot + ¥r) (o + Brs)
and the gravity term — f, cos(at)(a + Bg). It is easily seen
that, for large values of fr, the temperature term dominates and
dmy, [8m;, — by, ory, /(beyory,). In contrast, for small enough
f the gravity term begins to play a non-negligible role compared
to the temperature term and the amplitude ratios change with fr.
The Balmer drop is very sensitive to electronic pressure and thus to
gravity. Hence, the values of «,, are very different in passbands
below and above it, typically o, =~ 40.07, oy, ~ —0.04 and
ag, =~ —0.01. The weight of the gravity term is thus larger in
the u passband, hence the u/v amplitude ratio is more sensitive
to f1 and comparison with observations enables us to constrain this
parameter.

6 CONCLUSIONS

In this paper we have shown that, for y Dor stars, the treatment
of convection and the interaction between the convection and os-

© 2005 RAS, MNRAS 360, 1143-1152

Table 11. Identification of ¢ and best o for the stars y Dor, 9 Aur,
HD 12901 and 48501.

Star fobs 4 fobs 4 fobs 14 o
(c/d) (c/d) (c/d)

y Dor 1.32 1 1.36 1 1.47 2

9 Aur 0.79 2 0.77 2 0.34 1-2 2

HD 12901 1.22 1 1.40 1 2.19 1 2

HD 48501 1.09 1 1.29 1 1.20 1 2

cillations play a major role in the theoretical determination of the
amplitude ratios between different photometric passbands and the
phase lags between light and velocity curves. We have presented for
the first time a significant improvement obtained by using TDC non-
adiabatic models. This improvement makes the photometric mode
identification in y Dor stars possible. We have presented the appli-
cation of our treatment to the mode identification and non-adiabatic
seismic analysis of the stars y Dor, 9 Aur, HD 207223, 12901 and
48501. A summary of our photometric identification of £ and the
best o« found for the four stars observed in multicolour photometry
is given in Table 11. As a general conclusion of our study, we found
that TDC models with o =~ 2 values corresponding to a thicker CE
best agree with observations for y Dor stars.

For the star y Dor, our photometric mode identification indicates
that the components f and f, are most probably £ = 1 modes and
best agreement is found for TDC models with o >~ 2. The same
a =~ 2 value is required for mode excitation. For this value of «,
the comparison between the theoretical and observed phase lags
between light and velocity curves for the components f, and f
shows that TDC models agree better with the observations than do
FC models.

For the star 9 Aur, our photometric mode identification indicates
that the three observed components are most probably £ = 2 modes
and a better agreement is found for TDC models with o =~ 2. The
same o =~ 2 value is required for the excitation of the modes; but
even with this «, the mode with smallest frequency (/3 =0.343 ¢/d)
is predicted to be stable. The comparison between the theoretical
and observed phase lags between light and velocity curves for the
components f, and f3 shows that TDC models better agree with
observations than FC models.

For the mono-periodic star HD 207223, the excitation of the ob-
served mode is obtained for models with & ~ 2 and £ = 1 mode.
The comparison between the theoretical and the observed phase lags
between light and velocity curves shows that TDC models agree
much better with observations than do FC models.
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For the star HD 12901, our photometric mode identification in-
dicates that the three components are most probably £ = 1 modes
and a better agreement is found for TDC models with « >~ 2. How-
ever, the component with smallest period is predicted to be stable
for an £ = 1 mode; a higher degree ¢ is required to render this mode
unstable.

For the star HD 48501, our photometric mode identification in-
dicates that the three components are most probably £ = 1 modes
and the best agreement is found for TDC models with o >~ 2. The
same o = 2 value is required for the modes excitation.

In this study, the main attention was given to the use of TDC
models for the interpretation of the photometric amplitude ratios
and phase differences in y Dor stars and the identification of the
degree ¢ of their pulsation modes. In the broader context of astero-
seismology, the mode identification is a key step, but the final goal is
to use all the information coming from the pulsation frequencies in
order to improve the knowledge of the stellar interiors. Moya et al.
(2005) proposed a method using the frequency ratios for the seismic
modelling of y Dor stars. Such analysis of the frequency content
gives direct constraints on the Brunt-Viisild frequency in the deep
g-mode cavity; while our TDC non-adiabatic analysis constrains the
characteristic of the superficial convective zone. Our future project
is to combine these two methods to get information about both the
deep interior and the superficial layers of y Dor stars. A difficult
problem in the seismic study of y Dor stars is to determine the effect
of rotation on the frequencies and on the energy of the oscillations.
These effects will also be analysed in future studies.
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