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ABSTRACT

Context. There is still a debate about the nature of the mechanism that causes the pulsation excitation of the rapidly oscillating Ap stars
that oscillate above the highest theoretically acoustic frequency. HD 24712 is a good test case for such a study because it is bright, its
parallax accurately determined, and its frequency spectrum is well known.
Aims. Visible long-baseline interferometry is a unique technique for measuring accurate angular diameters of targets as small as the
brightest roAp stars, and thus estimating accurate radii by a method as independent as possible of atmosphere models.
Methods. We used the visible spectrograph VEGA at the CHARA long-baseline optical array to observe HD 24712, and we derived
its limb-darkened diameter. We also estimated its bolometric flux from spectroscopic data in the literature and determined its radius,
luminosity, and effective temperature.
Results. We determined a limb-darkened angular diameter of 0.335 ± 0.009 mas for HD 24712 and derived a radius of
R = 1.772 ± 0.057 R�, a luminosity of L = 7.2 ± 1.8 L�, and an effective temperature of Teff = 7235 ± 280 K, which is in very
close agreement with the values provided by the self-consistent stratified model developed for this star. We used these fundamental
parameters to set HD 24712 in the Hertzsprung-Russell diagram. Its position is marginally consistent with the region where high
radial order modes are predicted to be excited by the κ-mechanism.
Conclusions. We conclude that oscillations in this star are most likely not driven by the κ-mechanism.

Key words. stars: fundamental parameters – stars: individual: HD 24712 – techniques: high angular resolution –
techniques: interferometric

1. Introduction

HD 24712 (HR 1217; DO Eri) is a cool rapidly oscillating (roAp)
Ap star whose 6.15 min light variation was discovered by Kurtz
(1981) and whose radial velocity (RV) variations with an ampli-
tude of 400 ± 50 m/s were detected by Matthews et al. (1988).
Like all the Ap stars, it exhibits a strong large-scale organized
magnetic field whose intensity is changing as the star rotates
with a period of 12.46 days (Lüftinger et al. 2008). The recent
study of Rusomarov et al. (2015) concludes that the magnetic
field topology of HD 24712 has a dominant dipolar component
with a very weak contribution from high orders. The authors de-
rive a polar field strength Bp = 3440 G, an inclination angle be-
tween the line of sight and the stellar rotation axis of i = 120◦,
and an angle between the magnetic and rotation axes of β = 160◦.
Such a strong magnetic field can significantly affect the high-
order p modes of the roAp oscillations in complex ways (Cunha
2007).

As an oscillating star, HD 24712 was several times ob-
served by asteroseismology (Kurtz 1981; Matthews et al. 1988;
Kurtz et al. 2005; Mkrtichian & Hatzes 2005). A main frequency
? Based on observations made with the VEGA/CHARA spectro-

interferometer.

of 2.721 mHz, a highest one of 2.806 mHz, and a large frequency
separation of about 68 µHz have been identified. HD 24712 is
thus one of twelve roAp stars discovered so far that oscillate
above about 2 mHz and, as such, constitutes a good test case
for the pulsation excitation models. Even if the observed fre-
quencies can be fitted relatively well with theoretical frequen-
cies for model stars whose positions on the Hertzsprung-Russell
(HR) diagram are close to the position of HD 24712 (Cunha
2001; Cunha et al. 2003; Saio et al. 2010), no excited oscillation
modes with frequencies appropriate for HD 24712 can be found.
All the modes are damped, and the κ-mechanism in the hydro-
gen ionization area that is generally invoked to explain the ex-
citation of pulsation modes in roAp stars (Balmforth et al. 2001;
Cunha 2002) seems to be too weak to be able to excite super-
critical high-order p modes. This seems to be common to the
coolest roAp stars, and is similar in α Cir (Cunha et al. 2013)
and HD 101065 (Mkrtichian et al. 2008), for instance. To better
study the mechanism that is able to excite pulsations in such cool
roAp stars, the radius is of primordial importance since the fre-
quency region where modes are expected to be excited is very
sensitive to the stellar radius (Cunha et al. 2013).

In roAp stars the strong magnetic field is assumed to sta-
bilize the external layers and to partially or fully suppress the
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Table 1. Log of the observations.

Date UT HA Baselines λ0 V2 σstat σsyst r0
(h) (h) Telescopes Bp (m) PA (◦) (nm) (cm)

28-08-2013 11.6 –1.8 S1S2 24 –172 712.5 1.026 0.094 0.001 8
28-08-2013 12.2 –1.1 S1S2 23 180 712.5 0.988 0.092 0.001 9

S1E2 221 –149 712.5 0.610 0.092 0.016
29-08-2013 10.7 –2.6 S1S2 25 –164 712.5 0.998 0.125 0.001 8
29-08-2013 11.9 –1.3 S1S2 23 –178 712.5 1.036 0.125 0.001 10

S2E2 205 –145 712.5 0.618 0.055 0.012
S1E2 225 –148 712.5 0.628 0.074 0.015

12.2 –1.1 S1S2 23 179 712.5 1.025 0.091 0.001 10
S2E2 200 –146 712.5 0.543 0.050 0.011

12.8 –0.47 S1S2 24 172 712.5 0.965 0.073 0.001 9
S2E2 187 –150 712.5 0.635 0.049 0.013

02-11-2013 8.2 –0.8 W1W2 100 89 730 0.859 0.030 0.004 7
9.1 0.1 W1W2 106 92 730 0.837 0.037 0.004 7

27-08-2014 11.8 –1.5 E2W2 156 –112 552.5 0.505 0.018 0.008 9
E1W2 222 –113 552.5 0.510 0.034 0.015
E2W2 155 –110 707.5 0.781 0.030 0.007

27-08-2014 12.5 –0.88 E1W2 217 –114 552.5 0.404 0.042 0.013 9
E1E2 64 –113 707.5 0.970 0.068 0.002
E2W2 155 –110 707.5 0.711 0.038 0.007

Notes. Columns 1−3 give the date, the UT time, and the hour angle (HA) of the observations. Columns 4−6 give the telescope pair, the projected
baseline length Bp, and its orientation PA. Column 7 gives the central wavelength of the spectral range used to compute the squared visibility.
Columns 8−10 give the calibrated squared visibility V2, the statistic error on V2, and the systematic error on V2 (see text for details). Column 11
provides the Fried parameter at 550 nm for each observation.

convection. This can lead to vertical and horizontal microscopic
diffusion of the chemical elements and abnormal surface lay-
ers (Stift & Alecian 2012), which might generate systematic er-
rors in the determination of stellar luminosities and effective
temperatures by spectrometric and/or photometric techniques
(Matthews et al. 1999). Moreover, Shulyak et al. (2009) have
shown that stratification of chemical elements implies significant
changes in the structure of the atmosphere model. This means
that it is mandatory to determine accurate fundamental param-
eters by a method as independent as possible of an atmosphere
model to test non-adiabatic pulsation models. Since modern in-
terferometry working in the visible range allows targets as small
as 0.2 milliseconds of arc (mas) to be resolved, we have started
an observing program on roAp stars to accurately derive their
fundamental parameters.

In this paper, we report our interferometric observations of
HD 24712 with the VEGA instrument (Sect. 2). The observa-
tions allow a limb-darkened angular diameter to be derived. We
then compute the stellar bolometric flux (Sect. 3) and derive its
fundamental parameters and set it in the HR diagram (Sect. 4).
Finally, we compare our results with those published in the liter-
ature (Sect. 5).

2. Interferometric observations and data processing

2.1. CHARA/VEGA observations

We observed HD 24712 with the VEGA instru-
ment (Mourard et al. 2009) of the CHARA Array
(Ten Brummelaar et al. 2010) and the instrument CLIMB
(Sturmann et al. 2010) for group-delay sensing. We used differ-
ent triplets of telescopes (S1S2E2, E1E2W2, and E1E2W1) to
reach baselines spanning from ∼30 m to ∼300 m and allowing
targets smaller than 0.3 mas to be resolved in the visible range.

The observation log is given in Table 1. The corresponding
baseline coverage (e.g. (u, v) plane) is displayed in the left panel
of Fig. 1. The orientation of the longest baselines is either along
PA = −110◦ or along PA = −150◦. Our poor (u, v) plane coverage
prevents us from analyzing the angular diameter variation with
respect to the baseline orientation, which is not penalizing since
HD 24712 is a very slow rotator, as are Ap stars in general. Its
v sin i is quoted to be 18 km s−1 in Royer et al. (2002) and, more
recently, 5.8 km s−1 in Glebocki & Gnacinski (2005), and its
inclination i equals 120◦ (Rusomarov et al. 2015), therefore no
photosphere flattening is expected to be detectable. Our radius
estimation is thus not biased by the rotational effect.

For the absolute calibration of the squared visibilities, we
followed a sequence calibrator-target-calibrator and recorded
40 blocks of 2500 short exposures (of 10 ms) per star, which
leads to a target swap every 20 min and ensures that the instru-
mental transfer function is stable enough. The calibrators were
chosen to be close to the target, smaller than the target, and
with a well-known angular diameter. All the observations were
calibrated by two calibrators selected with the SearchCal tool
(Bonneau et al. 2006)1 with rejection of multiplicity and vari-
ability flagged stars: HD 18883 (whose uniform angular diam-
eter is taken as θUD(R) = 0.155 ± 0.011 mas) and HD 32296
(θUD(R) = 0.172 ± 0.012 mas) are thus clear for this, which of
course does not exclude multiplicity because of their spectral
types. As usual, the use of different calibrators and the control
of the stability and coherence of the transfer function of the in-
terferometer is the final test to guarantee the reliability of the
calibration process. This is well the case in our program.

1 Available at www.jmmc.fr/searchcal
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Fig. 1. Left: (u, v) plane coverage of the VEGA observations of HD 24712 in the R and (red circles) and in the V band (blue circles). Right: squared
visibility versus spatial frequency for HD 24712 obtained with the VEGA observations (diamonds) in the R band (red) and in the V band (blue)
and best uniform-disk model provided by LITPRO for all the data points in the R band (case 1 – thick line) and for the whole data set (case 2 –
thin line).

2.2. VEGA data processing

The data were processed in different spectral bands of 15 nm
each (their central wavelengths are given in Col. 7 of Table 1)
using the standard V2 procedure of the VEGA instrument as de-
scribed in Mourard et al. (2009). Our data processing is done
in such a way that one calibrated visibility measurement is as-
sociated with a specific 15 nm spectral range. The wavelength
domains we considered (on blue and red detectors) do not over-
lap and are thus totally independent. We followed the same pro-
cessing as described in our previous papers (Perraut et al. 2011,
2013, 2015) to compute raw squared visibility for each block of
1000 individual frames and calibrated them using the known an-
gular diameter of the calibrators. The final squared visibilities V2

and the corresponding errors are given in Table 1. The total error
on the calibrated visibility consists of an intrinsic statistical error
(σstat) and of a systematic error coming from the uncertainty on
the angular diameter of the calibrator (σsyst). Even for the longest
baselines (i.e., more than 200 m) the error bar is dominated by
the statistical error.

2.3. Deriving the angular diameters

We used the JMMC fitting engine LITpro (Tallon-Bosc et al.
2008) that is based on a modified Levenberg-Marquardt algo-
rithm2 to fit the visibility measurements (right panel of Fig. 1).
Using all the data recorded in the R band (case 1) leads to
a uniform-disk angular diameter θUD of 0.3225 ± 0.0085 mas
for HD 24712. Adding the squared visibilities recorded at
552.5 nm (case 2) leads to an angular diameter of θUD of
0.3273 ± 0.0085 mas. We used the linear limb-darkening co-
efficients provided by Claret & Bloemen (2011) to derive the
corresponding limb-darkened angular diameters θLD. For a solar
metallicity and a null microturbulent velocity, we computed the
coefficients u(V) and u(R) and the corresponding limb-darkened
diameters when the effective temperature spans from 7000 K to
7500 K and log g from 4 to 4.5. These coefficients vary at the
third decimal level when spanning the effective temperature and
gravity ranges. By considering the average limb-darkening co-
efficient on our parameter space in the R band for case 1, e.g.
u(R) = 0.468, we obtained a limb-darkened angular diameter

2 www.jmmc.fr/litpro_page.htm

of θLD = 0.335 ± 0.009 mas. For case 2 we considered a mean
limb-darkening coefficient between u(R) and u(V) values, for in-
stance u = 0.508 and obtained a limb-darkened angular diameter
of 0.342 ± 0.009 mas. The two limb-darkened angular diameters
are consistent together. We took θLD = 0.335 ± 0.009 mas for
HD 24712 as a final value because peculiar stars have far fewer
spectral features in the R band than in the V band. Therefore, the
limb-darkening coefficients of peculiar stars in the R band will
deviate less strongly from the computed values in models with
normal chemical composition.

3. Computation of the bolometric flux

To compute the bolometric flux, fbol, of HD 24712 we followed
the approach used in our previous works (see Perraut et al. 2011
for an example): first, we determined the spectral energy distri-
bution (SED) of the star, and then we computed fbol, which is
given by the area below the curve of that distribution. We started
by collecting data available in the literature for HD 24712 and
used them to determine the SED of the star; in regions where
no data were available, we performed an interpolation with the
Kurucz model whose synthetic magnitudes best fit the observed
ones (Fig. 2).

The apparent flux distribution of HD 24712 in the wave-
length range from 912 Å to 1.6 × 106 Å was determined by con-
catenating the following flux distributions:

– For the ultraviolet (UV) region, we computed a sin-
gle spectrum between 1851 Å and 2908 Å by combining
three rebinned spectra from the Sky Survey Telescope ob-
tained by the IUE Newly Extracted Spectra (INES) data
archive3. Based on the quality flag listed in the IUE spectra
(Garhart et al. 1997), we removed all bad pixels and mea-
surements with negative flux from the data.

– From the visible to the far-infrared, namely between
2910 Å to 1.6 × 106 Å we considered a Kurucz model
computed with ATLAS9 (Castelli & Kurucz 2004). This
model was chosen to fit the observed Geneva photometry
of HD 24712 (we disregarded the U band of Geneva as we
have IUE in that region of the spectrum) and the photomet-
ric data from the 2MASS All Sky Catalog of point sources

3 http://sdc.cab.inta-csic.es/cgi-ines/IUEdbsMY
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Fig. 2. Bolometric spectrum obtained for HD 24712. The black line represents the IUE flux and the purple line represents the Kurucz model that
best fits the Geneva photometry (black circles) and 2MASS photometry (triangles).

Table 2. Observed fluxes for HD 24712 computed from Geneva and 2MASS photometry.

Photometric system Band λeff Observed flux Synthetic flux
(Å) (×10−11 erg cm−2 s−1 Å−1) (×10−11 erg cm−2 s−1 Å−1)

Geneva B1 4023 1.88 ± 0.05 1.90
B 4246 1.97 ± 0.03 1.97

B2 4482 2.06 ± 0.05 2.02
V1 5402 1.56 ± 0.04 1.56
V 5504 1.50 ± 0.01 1.53
G 5814 1.37 ± 0.04 1.39

2MASS J 12350 0.21 ± 0.01 0.22
H 16620 0.085 ± 0.006 0.092
K 21590 0.034 ± 0.002 0.035

Notes. The last column shows the corresponding fluxes computed from the best-fit Kurucz model (see text for details).

(Cutri et al. 2003). To find the model that best fits the ob-
served photometry of the star, we started by constructing a
grid of Kurucz models with different values of Teff , log g,
and [Fe/H]. We used the angular diameter given in Sect. 2.2
to calibrate Kurucz models since they give the flux of the star
and not the flux observed on Earth. For each model, we com-
puted synthetic fluxes using filter profiles and zero points
for Geneva and 2MASS photometry given by Cutri et al.
(2003) and by Cohen et al. (2003), respectively. They were
then compared to the observed fluxes (converted from the
observed magnitudes), and we selected the best model cor-
responding to the lowest chi-square value (Table 2).

– At the left extreme of the spectral distribution, we per-
formed a linear interpolation (on a logarithmic scale) be-
tween 912 Å and 1842 Å, considering zero flux at 912 Å.

Finally, we found a bolometric flux of (1.03 ± 0.15) ×
10−7 erg cm2 s−1 for this star, a photometric angular diameter of
0.339 mas, and an effective temperature of Teff = 7200 K. The
uncertainty associated with the bolometric flux was estimated
by considering a 10% uncertainty on the flux computed from

the combined IUE spectra, and a conservative 15% was consid-
ered both on the Kurucz model flux and on the flux derived from
interpolation.

4. Determination of the fundamental parameters

4.1. Linear radius

From the parallax (πP = 20.32 ± 0.39 mas; van Leeuwen 2007)
and our limb-darkened angular diameter θLD we derived the
radius of HD 24712 and its error through a Monte Carlo
simulation:

R ± δR =
θLD + δθLD

9.305 × (πP + δπP)
· (1)

We obtained R = 1.772 ± 0.057 R�, hence an accuracy of 3% on
the radius determination.
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Fig. 3. Position of HD 24712 in the Hertzsprung-Russell diagram. The
constraints on the fundamental parameters are indicated by the 1σ-error
box (log(Teff , log(L/L�)) and the diagonal lines (radius). Evolutionary
tracks are overplotted as green lines for Z = 0.019 and Y = 0.282, and
ages of 1.08 Gyr (solid line), 0.8 Gyr, and 1.42 Gyr (dash-dotted lines).

4.2. Luminosity and effective temperature

We used the parallax and the bolometric flux to derive the lumi-
nosity through a Monte Carlo method:

L = 4π fbol C2/π2
p, (2)

where C is the conversion from parsecs to cm (3.086×1018), and
πp the parallax in seconds. We found L = 7.8 ± 1.2 L�.

We used the measured angular diameter and bolometric flux
to estimate the effective temperature through the equation

σT 4
eff = 4 fbol/θ

2
LD, (3)

where σ stands for the Stefan-Boltzmann constant (5.67 ×
10−5 erg cm−2 s−1 K−4). We determined an effective temperature
of 7235 ± 280 K.

4.3. Mass and age

We used the determined fundamental parameters to set our target
in the Hertzsprung-Russell diagram (Fig. 3). With the isochrone
tool CMD 2.74 we derived the mass and the age of HD 24712.
Without knowing the metallicity of HD 24712, we first assumed
Z = 0.019 and Y = 0.282 and obtained a mass of 1.59 ± 0.06 M�
and an age of 1.08+0.34

−0.28 Gyr. Changing Z between 0.014 and
0.022 causes the mass of the best fit to change between 1.55 and
1.60 M� and the age to change between 0.95 Gyr and 1.33 Gyr.

5. Discussion and conclusion

Taking advantage of the unique angular resolution of the
CHARA array when coupled with a visible instrument, we
clearly resolved the roAp star HD 24712. The limb-darkened
angular diameters we derived from our interferometric measure-
ments on one side (0.335 ± 0.009 mas), and from the SED fit on
the other side (0.339 mas), agree closely. In addition, the limb-
darkened angular diameter and the radius that we derived from
our VEGA data are identical to those computed with the self-
consistent stratified model developed by Shulyak et al. (2009).
By fitting the spectral energy distribution of HD 24712 with their
model, which is clearly better suited to these peculiar stars than
a standard model such as that of Kurucz, the authors derived an

4 http://stev.oapd.inaf.it/cgi-bin/cmd_2.7

Fig. 4. Spectroscopic effective temperature vs. interferometric effective
temperature for the five roAp stars for which accurate fundamental pa-
rameters have been determined and modeled: HD 24712 (diamond),
α Cir (star), γ Equ (circle), 10 Aql (square), and β CrB (triangle).

angular diameter of the star of 0.335 ± 0.005 mas, which, com-
bined with the revised Hipparcos parallax, yields a radius of
1.772 ± 0.043 R�.

The effective temperatures we derived from the SED fit
(Teff = 7200 K) and from the angular diameter measurement
(Teff = 7235 K) agree very well with the effective tempera-
ture derived from the stratified model (Teff = 7250 K). When
the latter instead of the Kurucz model is used for wavelengths
ranging from the visible to the far-infrared, a bolometric flux
of (1.04 ± 0.15) × 10−7 erg cm2 s−1 and an effective tempera-
ture Teff = 7200 K are derived, while using the stratified model
for the whole spectral range leads to an effective temperature of
Teff = 7250 K and thus to a maximum difference of about 50 K.
This is well within the error bars.

As previously said, atmosphere models of Ap stars are ex-
tremely complex, and calibrating the effective temperature scale
for these peculiar stars is crucial. Comparing the fundamen-
tal parameters of these stars derived from atmosphere mod-
els (i.e. spectroscopic determination) with those determined
by a method as independent as possible of atmosphere model
(i.e. interferometric determination) is an efficient way for bet-
ter understanding the modeling of these stars and the processes
at play. Figure 4 displays the effective temperature compar-
ison for the five roAp stars for which interferometric effec-
tive temperature determination exists: α Cir (Bruntt et al. 2008),
β CrB (Bruntt et al. 2010), γ Equ (Perraut et al. 2011), 10 Aql
(Perraut et al. 2013), and HD 24712 (this work). A noticeable
disagreement between spectroscopic and interferometric radii
measurements was found only for 10 Aql. Based on ground-
based data and atmospheric models, the derived spectroscopic
values of stellar radii range between 2.59 R� and 2.72 R�, as
discussed in Nesvacil et al. (2013). Interferometric estimates re-
sulted in a radius of 2.32 ± 0.09 R�. However, this interferomet-
ric radius results in an effective temperature of the star that is too
high to fit spectroscopic observables such as hydrogen Balmer
line profiles or the slope of the Paschen continuum. We note
that 10 Aql owns an atmospheric structure that is very simi-
lar to two other Ap stars, γ Equ and α Cir. But interferomet-
ric and spectroscopic measurements agree very well for these
stars. The difference between 10 Aql and γ Equ and α Cir is the
smaller log g and weaker surface magnetic field, but it is difficult
to envision this to introduce serious biases in the spectroscopic
analysis. We therefore conclude that 10 Aql clearly required ad-
ditional investigation. Even if interferometric determination is
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Fig. 5. Five roAp stars for which accurate fundamental parameters have
been determined based on interferometric data are overplotted on the
roAp star theoretical instability strip derived by Cunha (2002). The
1σ-error box (log(Teff), log(L/L�)) and the 1σ radius limits are shown
for HD 24712. The other four stars are, in order of increasing luminos-
ity, α Cir, γ Equ, 10 Aql, and β CrB. Small open circles show models
where high radial order pulsations were found to be excited. The num-
bers next to each open circle indicate the characteristic frequency in
mHz excited in the corresponding model.

not biased by spots that are clearly unresolved by our baselines,
the determination of the limb-darkened angular diameter through
limb-darkening coefficients might be prone to some inaccuracies
and/or sensitive to chromatic effects especially for these peculiar
stars. As an example, considering the limb-darkened angular di-
ameter of 0.342 ± 0.009 mas obtained for HD 24712 with the
data in the R and V bands (case 2) leads to an effective tem-
perature of 7160 K, which clearly remains consistent with the
value obtained in case 1, but is 75 K lower. Therefore we may
expect a similar or even stronger effect of peculiar chemistry for
10 Aql on the determination of the limb-darkened angular diam-
eter from interferometric data. This will be investigated in future
works.

The fundamental parameters of roAp stars are important in-
put also for testing models of pulsation excitation. Adopting
the parameters derived in this work, we show in Fig. 5 the
position of HD 24712 with respect to the roAp star instabil-
ity strip computed by Cunha (2002). This theoretical instability
strip was derived from a linear non-adiabatic analysis of mod-
els in which envelope convection was assumed to be suppressed
by the magnetic field and the driving of the oscillations results
from the κ-mechanism acting on the hydrogen ionization re-
gion. The positions of the other roAp stars for which interfer-
ometric radii have been determined are also shown in the figure.
HD 24712 appears at the red edge of the instability strip, its po-
sition is marginally consistent with the region of the HR diagram
where high radial order modes are predicted to be excited by the
κ-mechanism. However, inspection of the characteristic pulsa-
tion frequencies excited (shown in mHz by the numbers plotted
next to the open circles) indicates that the oscillations expected
for a star with the radius of HD 24712 have frequencies lower
than the 2.6−2.8 mHz range observed. We therefore conclude
that oscillations in this star are likely driven by a different ex-
citation mechanism. A similar conclusion has been reached by
Cunha et al. (2013) when considering the oscillations observed
in the roAp star α Cir. As suggested at the time, and also by
Antoci et al. (2014) when considering the higher frequency pul-
sations observed in the δ Scuti star HD 187547, a possible alter-
native would be that these oscillations are still excited in the hy-
drogen ionization region, but by the perturbation of the turbulent

pressure, not by the opacity. Testing this possibility will re-
quire addressing the complex dynamics associated with high-
frequency oscillations in the strongly magnetic atmospheres of
roAp stars.
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