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ABSTRACT

Context. The magnetic chemically peculiar (CP) stars of the upper main sequence are well-suited laboratories for investigating the
influence of local magnetic fields on the stellar surface because they produce inhomogeneities (spots) that can be investigated in detail
as the star rotates.
Aims. We studied the inhomogeneous surface structure of the CP2 star HD 49310 based on high-quality CoRoT photometry obtained
during 25 days. The data have nearly no gaps. This analysis is similar to a spectroscopic Doppler-imaging analysis, but it is not a
tomographic method.
Methods. We performed detailed light-curve fitting in terms of stationary circular bright spots. Furthermore, we derived astrophysical
parameters with which we located HD 49310 within the Hertzsprung-Russell diagram. We also investigated the possible connection
of this star to the nearby young open cluster NGC 2264.
Results. With a Bayesian technique, we produced a surface map that shows six bright spots. After removing some artefacts, the
residuals of the observed and synthetic photometric data are ±0.123 mmag. The rotational period of the star is P = 1.91909 ±
0.00001 days. Our photometric observations therefore cover about 13 full rotational cycles. Three spots are very large with diameters
of 40 deg. The spots are brighter by 40% than the unperturbed stellar photosphere.
Conclusions. HD 49310 is a classical silicon (CP2) star with a mass of about 3 M . It is not a member of NGC 2264. Our analysis
shows the potential of using high-quality photometric data to analyse the surface structure of CP stars. A comprehensive analysis of
similar archival data, preferrably from space missions, would contribute significantly to our understanding of surface phenomena of
CP stars and their temporal evolution.
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1. Introduction
About 10% of the upper main sequence stars between early-B
and late-F type are characterised by remarkably rich line spectra. Compared to the Sun, overabundances are often inferred for
some iron peak and rare-earth elements, while some other chemical elements, for example, scandium, might be underabundant.
The chemically peculiar (CP) stars are commonly subdivided
into four groups according to Preston (1974): metallic line stars
(CP1), magnetic Ap stars (CP2), HgMn stars (CP3), and Heweak stars (CP4). CP2 and CP4 stars exhibit organised magnetic
fields with a typical strength of a few hundred up to a few tens of
thousand of Gauss. Chemical peculiarities are due to the diﬀusion of the chemical elements, which result from the competition
between radiative pressure and gravitational settling. In magnetic stars this is guided by the magnetic field, possibly in combination with the influence of a weak magnetically directed wind
(e.g., Babel 1992).
Many CP2 and CP4 stars exhibit photometric variability as
a result of rotational modulation. While brightness variations of
solar-type stars arise from activity induced by dynamo action


The CoRoT space mission was developed and is operated by the
French space agency CNES, with participation of ESA’s RSSD and
Science Programmes, Austria, Belgium, Brazil, Germany, and Spain.

inside the star and the related temperature spots, the physical nature of photometric variations of CP stars is directly connected
with the radiative flux redistribution caused by enhanced or deficient opacity in abundance spots relative to the rest of the stellar
surface (Krtička et al. 2012). Hence, as a star rotates, the observer sees diﬀerent stellar regions that emit a diﬀerent amount
of radiative flux, which produces the characteristic index variability in phase-resolved photometry. Because the magnetic field
of CP stars is inclined at a certain angle to their rotation axis
(oblique-rotator model, Stibbs 1950), the observed variations are
coupled with the apparent magnetic field as the star rotates.
Later on, this theory led to the development (Deutsch
1970) of the Doppler and magnetic Doppler-imaging technique,
based on which these surface inhomogeneities can be mapped.
However, this technique relies on high-resolution spectra with
a high signal-to-noise ratio. Getting the corresponding data and
subsequently analysing them for such a detailed investigation is
very time-consuming. Up to now, only about fifteen CP stars
were investigated in detail with these spectroscopic techniques
(Nesvacil et al. 2012).
Large-scale photometric surveys with high data cadence that
cover a long time-base, such as CoRoT, Kepler, and MOST,
carry a significant potential for photometric surface mapping of
a large sample of spotted stars.
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We present a detailed analysis of the photometric light curve
of HD 49310, a classical CP2 star, from the CoRoT (Convection,
Rotation and planetary Transits) archive. CoRoT was a space
mission that focused on high-precision photometry from space,
taking advantage of observing given targets continuously for up
to half a year (Baglin et al. 2006).

2. Target star and observations
HD 49310 (BD +10 1270, V = 9.13 mag) is situated in the
Monoceros star-forming region where the young open cluster
NGC 2264 is also located. It was classified as Ap Si by Bidelman
& MacConnell (1973).
We compiled the Geneva photometry from the General
Catalogue of Photometric data (Mermilliod et al. 1997); the
Strömgren uvbyβ photometry was taken from Masana et al.
(1998). We calculated the peculiarity index p (Masana et al.
1998) to be 1.73, which is higher than the threshold for normaltype stars of 1.50. In addition, we derived the peculiar indices of
the Geneva system: Δ(V1 −G) = +29 mmag and Z = −40 mmag.
These values are also compatible with the spectral classification
as an Ap star (Paunzen et al. 2005).
The eﬀective temperature was derived on the basis of photometric calibrations given by Netopil et al. (2008). This calibration is best suited because it is specifically tuned for the different types of CP stars. The final T eﬀ = 11 500 ± 500 K is the
average T eﬀ , and its standard deviation was obtained by calibrating the diﬀerent photometric systems and colours. From the
same paper we took the bolometric correction to derive the luminosity of log L/L = 2.03 ± 0.12 dex. The latter corresponds
to a log g = 4.05 ± 0.10 dex. From these values and by applying the full error propagation (Sódor et al. 2009), we derive
log R/R = 0.42 ± 0.06 dex.
As a next step, we investigated whether HD 49310 is a member of the young open cluster NGC 2264 (age younger than
5 Myr, distance of about 760 pc from the Sun, Cody et al. 2014)
as suggested by Karlsson (1972). If this is true, HD 49310 is
still in its pre-main-sequence phase. From these calibrations, we
conclude that the star is not reddened. With the apparent and
absolute magnitude, we calculated a distance of about 600 pc.
Grenier et al. (1999) published a radial velocity of +10.1 ±
1.9 km s−1 for HD 49310, while the cluster mean of NGC 2264
is +22 km s−1 (Fürész et al. 2006). Furthermore, we searched for
an IR-excess, as is typical for pre-main-sequence stars of this estimated mass (Costigan et al. 2014). The tool VO Sed Analyzer
(VOSA, Bayo et al. 2008) was used for this purpose. The photometry of the Wide-Field Infrared Survey Explorer (WISE) in
the infrared revealed no excess. Therefore, we conclude that
HD 49310 is not associated with NGC 2264.
Figure 1 shows the Hertzsprung-Russell diagram for
HD 49310 and the sample of well-established CP2 stars (with
available parallaxes from the Hipparcos mission) from Netopil
et al. (2008) together with lines of equal masses and radii calculated from the evolutionary grids of solar metallicity by Schaller
et al. (1992). The location of HD 49310 is well within the area
of the comparison sample. From the diagram, we conclude that
the mass range is of about 2.9 M to 3.3 M and the radius of
about 2.3 R to 3.2 R . It spent between 20% to 70% of its mainsequence lifetime, which corresponds to an age between 80 Myr
and 280 Myr.
HD 49310 was observed by the CoRoT satellite from
March 5 until March 31, 2008. The time span of 25.3 days covers 13.2 stellar rotational cycles. The light curve (see Fig. 2) of
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Fig. 1. Hertzsprung-Russell diagram for HD 49310 (filled circle) and
the sample of well-established CP2 stars (open circles) from Netopil
et al. (2008). The full lines represent the zero- and terminal-age mainsequence from the evolutionary grids by Schaller et al. (1992) for solar
metallicity. The stellar mass and radius, relative to each track, are indicated in the plot in solar units.

HD 49310 exhibits a periodic behaviour with an overall variation
in brightness of 0.017 mag.
To save computational time, the 60 553 original data points
(with a time resolution of about 30 s) were combined into bins
of maximal width of 0.01 days (which is roughly one-seventh of
the orbital period of CoRoT). Within a bin, the time diﬀerence
between adjacent points must not exceed 0.0004 days. Each of
the 2417 final data points was assigned a weight according to the
number of contributing original data points within a bin.

3. Bayesian spot modelling
The original CoRoT data for HD 49310 include gaps, small
jumps, and spurious trends. These trends and discontinuities are
probably artefacts resulting from drifting detector sensitivities,
cosmic-ray hits of the CCD, and other instrumental eﬀects of
CoRoT (Mazeh et al. 2009). Before the binning, the light curve
shown in Fig. 2 was divided into thirteen parts according to the
jumps and trend changes occurring between adjacent parts. The
likelihood function is vital for any parameter estimation. This
is here the product of thirteen contributions determined for the
thirteen individual parts. The likelihood for each part was constructed as follows: it was assumed that the residuals (“errors”
in the magnitude domain), that is, the deviations between observation and theoretical model, hence measurement errors augmented by systematic (model) errors, are Gaussian-distributed
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Fig. 2. 2417 data points fitted by a six-spot model (red line). In the upper part the residuals (arbitrary oﬀset) are shown. Jumps and linear trends
are accounted for automatically by using a likelihood function that integrates over all possible magnitude oﬀsets and trends. This was made
individually for each part of the light curve. Without the systematics the contingent part of the residuals is ±0.123 mmag.

with unknown variance. Because the 2417 data points were assigned diﬀerent weights, we furthermore assumed that a datapoint variance is given by some common variance divided by
the individual weight. The latter is simply the number of original
data points within a bin. To overcome this common but nevertheless unknown variance, the Gaussian likelihood function was integrated over this unknown variance by applying Jeﬀreys’ prior
(Jeﬀreys 1961). In this case, the prior is the reciprocal of the variance. This error-integrated likelihood was then integrated over
all possible magnitude oﬀsets and even all possible linear trends.
These three integrations were made analytically. The fact that the
error variance, magnitude oﬀset, and trend can be dismissed is
a comfortable feature of this type of data analysis because it reduces the number of free parameters and enhances robustness.
The disadvantage is that these parameters of no immediate interest remain undetermined. When overplotting the corrected data
on a model for a smooth presentation (Fig. 2), oﬀsets and trends
have to be applied to minimize the mean squared distance between the data and the model.
The resulting combined likelihood is a function of the data
alone, given a set of parameter values.
The following parameters were estimated: the stellar inclination, cos(i), the rotation period, log(P), the common spot brightness, κ, in units of stellar surface brightness, and the central longitude, λ, latitude, sin(β), and area, log(A), for each circular spot.
The longitude increases in the direction of stellar rotation. The
zero point is the central meridian facing the observer at the beginning of the time series. The area is in units of the stellar cross
section.
Each parameter is presented in such a way that its prior distribution is flat. The logarithms, for instance, ensure that the results
in the case of non-dimensionless parameters are independent of
any preferences, meaning that it does not matter whether one
prefers period or frequency, spot area, or radius. As all parameter priors are flat, the likelihood mountain across the parameter
space reflects the desired posterior density distribution.
To mitigate the eﬀects of correlations between the parameters of interest, we performed a Markov chain Monte Carlo
(MCMC) exploration of parameter space in a formally more
suited transformed space. Each parameter in the transformed
space was represented as a linear combination of all the original
parameters. The de-correlating transformation was based on singular value decomposition (cf. Press et al. 2007). No compression was applied during the back-transformation into the original

parameter space. As a result of correlations among the parameters, there are always fewer degrees of freedom of the parameter
estimation problem than there are free parameters – in our case
about a quarter of the number of free parameters.
The two coeﬃcients of the quadratic limb-darkening relation
were taken from the Claret & Bloemen (2011) tables, assuming an eﬀective temperature of 11 500 K, a surface gravity of
4.05 dex, and solar metallicity. With respect to limb darkening,
no diﬀerence was made between unperturbed photosphere and
spots.
Theoretical light curves were computed using Dorren’s analytical formulae (Dorren 1987), but generalized for quadratic
limb darkening.
As was shown previously (Lüftinger et al. 2010), Si, which
probably is the main element responsible for the light-curve variations of HD 49310, causes bright spots instead of dark ones
(see e.g. also Mikulášek et al. 2008; Krtička et al. 2012).
Moreover, we searched for stationary oscillations that are superimposed to the spot-induced light variation. We only searched
within two restricted frequency regions: around the orbital frequency of the CoRoT satellite and around one day.
Finally, a solution with six bright spots yielded the best
Bayesian fit to the data. In total, a set of 44 free parameters was
estimated (see Table 1).

4. Results of photometric spot modelling
In our case of six spots, the result of a Bayesian parameter estimation is the posterior probability distribution across a 44dimensional space. By marginalization, that is, by neglecting
the information on correlations, this yields 44 marginal distributions. Each marginal distribution reveals the probability distribution of a parameter, irrespective of the values of all the other
parameters. It can be comfortably summarized by its expectation
value and usual credibility interval(s). It is an advantage of the
Bayesian approach that parameter averages such as median, expectation, and modal value as well as the credibility intervals are
deduced from the measured data alone. It is not necessary to rely
on artificial or reshuﬄed data.
Table 1 lists the expectation values and the 68.3%
(i.e. ±one-σ) credibility intervals for all spot-modelling parameters. If necessary, the probability distributions were transformed
accordingly. The probability distribution for the stellar rotational
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Table 1. Stellar and star-spot parameters for the six-spot solution and –
for comparison – a four-spot solution.
Parameter

Six spots
◦

Four spots

Inclination

i

55 .6 ± 0.1

56◦.9 ± 0.1

Period

P

1.91909 ± 0.00001

1.91909 ± 0.00002

Spot intensity

κ

1.42 ± 0.01

1.47 ± 0.01

First spot
longitude

λ1

323◦.4 ± 0.1
◦

320◦.5 ± 0.1

latitude

β1

47 .7 ± 0.1

64◦.2 ± 0.1

radius

γ1

19◦.3 ± 0.1

26◦.4 ± 0.1

λ2

140◦.2 ± 0.1

132◦.2 ± 0.1

Second spot
longitude

◦

latitude

β2

64 .2 ± 0.1

64◦.0 ± 0.1

radius

γ2

19◦.7 ± 0.1

23◦.7 ± 0.1

longitude

λ3

239◦.9 ± 0.1

237◦.1 ± 0.1

latitude

β3

−3◦.3 ± 0.1

−0◦.3 ± 0.1

radius

γ3

10◦.8 ± 0.1

10◦.7 ± 0.1

longitude

λ4

69◦.6 ± 0.1

latitude

β4

−16◦.3 ± 0.2

radius

γ4

7◦.8 ± 0.1

λ5

32◦.9 ± 0.1

Third spot

Fourth spot

Fifth spot
longitude

◦

38◦.5 ± 0.1

latitude

β5

−25 .8 ± 0.1

−47◦.9 ± 0.1

radius

γ5

8◦.2 ± 0.1

15◦.8 ± 0.1

longitude

λ6

310◦.2 ± 0.2

latitude

β6

−60◦.6 ± 0.2

radius

γ6

21◦.2 ± 0.2

Sixth spot

Residuals

±0.123

±0.134

Notes. Listed are expectation values and 1σ credibility intervals. The
spot ranking of the six-spot model is according to importance, i.e. impact on light curve. The period P is given in days, the spot intensity κ in
units of the intensity of the unspotted surface. The contingent part of the
residuals is listed in mmag. From the kth spot longitude epochs (HJD)
may be computed: Ek(N) = 2 454 531.484 + 1.91909 · (N − λk /360◦ ).

period, P, for instance, was derived from the marginal distribution of loge (P). The expectation for P, P, therefore diﬀers
somewhat from exp(loge (P)), with loge (P) being the expectation of loge (P).
For comparison, the results for a four-spot model are listed
as well. The surface mapping proves to be rather stable, meaning
that the main features are already covered by four spots. As expected, the spot latitudes are the least constrained parameters.
The Bayesian information criterion (BIC1 , Schwarz 1978)
indicates that the six-spot model is to be preferred. The gain in
1

We rely on this criterion because we are unable to compute evidence
by integrating the posterior distribution over the whole parameter space
in a strict Bayesian manner to rank hypotheses that diﬀer in the number of spots. Shortage of computing power forces us to exploit the accessible BIC to choose the trade-oﬀ between simplicity-of-model and
goodness-of-fit.

A57, page 4 of 5

Fig. 3. Five of the six spots at JD 2 454 531.48.

goodness-of-fit by considering six spots more than compensates
for the loss of credibility due to the larger number of free parameters. Whether including a seventh spot would justify the numerical eﬀort remains undecided, as this investigation would require
excessive computing power.
At first glance, the smallness of the one-σ errors in Table 1
seems unrealistic, but this is a well-known feature of any
Bayesian analysis. Errors resulting from the posterior probability distribution over the parameter space only measure the freedom of movement in an idealized model. Only in the unlikely
case that the model is able to match nature perfectly, that is,
when all assumptions are completely fulfilled in all detail, the
errors would describe the uncertainty of our knowledge about
real stellar spots. There is certainly more information in the
CoRoT high-precision data than we can summarize in terms
of six persistent circular spots with uniform surface brightness.
Nevertheless, our six-spot model describes the essential features
of the star best. As computational cost is a problem, assuming circularity of the spots is necessary because otherwise the
computational demand in the absence of analytical formulae is
prohibitive.
The rotation period can be estimated accurately to within
±2 ppm thanks to the nearly 13.2 rotations covered by highprecision CoRoT data and thanks to an elaborate spot model.
Three HARPS spectra of HD 49310 are available in the ESO
archive2. Although the individual spectra are very noisy, it is
possible to derive the projected rotational velocity from the combined spectrum to υ sin i = 70 ± 2 km s−1 , which excludes a rotational period twice as long. This is very important additional
information because several Ap stars show double-wave photometric variations (Maitzen et al. 1978), leading to an incorrect rotational period. Using the values from Table 1, we derive
log R/R = 0.51 ± 0.03 dex. Within the errors, the estimated stellar radius agrees with the radius derived from photometry (see
Sect. 2).
The second spot has the same size as the first and is located
at the opposite longitude (see Fig. 3).
The sixth spot is the largest but admittedly barely visible,
which explains why its location and radius are less constrained
than the corresponding parameters of the other five spots.
In addition to the stellar rotational period of 1.9191 days, we
found three very likely non-stellar oscillations including overtones: the CoRoT orbital period of 103.m 0652 ± 0.m 0002, the
“sidereal” day 23h 55m 45.s 4 ± 1.s 3, and the more “common” day
2

http://archive.eso.org
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24h 02m 01.s 7 ± 3.s 7. The signal with the CoRoT orbital period
has an amplitude of 61 ± 1 ppm, and its higher harmonics are
17 ± 1 ppm, 12 ± 1.5 ppm, and 13 ± 1.5 ppm, respectively. The
strongest variation related to a day is the half “sidereal” day with
an amplitude of 27 ± 2 ppm, but perhaps there are more than two
periods close to one day.
In view of the accuracy of the photometric data, it is interesting to search for diﬀerential rotation. Describing the latitudinal
dependence of the angular velocity by a sin2 -law, one needs another free parameter in addition to the equatorial period. The
gain in fit accuracy is marginal. Moreover, the outcome is inconclusive because it is impossible to disctinguish solar-like diﬀerential rotation against anti-solar rotation. The lapping time exceeds 200 years in both cases. Hence, there is no reason to reject
the hypothesis of rigid rotation.

5. Conclusion and outlook
We analysed the high-quality CoRoT light curve of the CP2 star
HD 49310. With available very precise long-term and continuous photometric data, mainly based on space missions, an alternative to the classical Doppler imaging technique is possible:
the photometric modelling of star spots, as presented in this paper. Lüftinger et al. (2010) investigated in detail spectroscopic
and photometric time-series for the CP2 star HD 50773. They
used an extensive set of ground-based spectropolarimetric data
for Doppler and magnetic Doppler imaging together with photometric CoRoT data and found an excellent correlation of the
surface maps in terms of spot location and size from the photometric and spectroscopic data.
We fitted a model with six bright spots to the CoRoT data
of HD 49310, which is a silicon star with about 3 M and an
age between 80 Myr and 280 Myr. The three largest spots are,
as expected, near the poles of the star.
Furthermore, we propose to systematically analyse the light
curves of the Kepler space mission (Chaplin 2011) of bona fide
magnetic CP stars which has not been attempted so far, to our
knowledge. This would help understanding the characteristics of
stellar spots for objects at the upper main sequence in connection
with a local magnetic field.
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