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RESUMEN

Reportamos el análisis de una campaña de monitoreo espectroscópico multi-
época de la estrella O6 Ief λ Cep. Observaciones previas hab́ıan reportado la ex-
istencia de dos modos de pulsaciones no-radiales en esta estrella. Nuestros datos
revelan una situación considerablemente más compleja. Las frequencias contenidas
en el espectro de potencia cambian considerablemente de una época a otra. No
encontramos ninguna frecuencia estable que pueda ser atribuida ineqúıvocamente
a pulsaciones. La dependencia temporal de las frequencias y los patrones de varia-
bilidad son similares a los observados en las ĺıneas de emisión del viento en esta y
otras estrellas Oef, lo cual sugiere que ambos fenómenos tienen probablemente el
mismo origen, aunque éste siga todav́ıa sin conocerse.

ABSTRACT

We present the analysis of a multi-epoch spectroscopic monitoring campaign
of the O6 Ief star λ Cep. Previous observations reported the existence of two modes
of non-radial pulsations in this star. Our data reveal a much more complex situation.
The frequency content of the power spectrum considerably changes from one epoch
to the other. We find no stable frequency that can unambiguously be attributed
to pulsations. The epoch-dependence of the frequencies and variability patterns
are similar to what is seen in the wind emission lines of this and other Oef stars,
suggesting that both phenomena likely have the same, currently still unknown,
origin.

Key Words: stars: early-type — stars: individual (λ Cep) — stars: oscillations —
stars: variables: general

1. INTRODUCTION

Line profile variability is a widespread phe-
nomenon among O-type stars, and even more so
among O supergiants (Fullerton, Gies, & Bolton
1996). For single stars, this variability is usually at-
tributed to pulsations, rotational modulations, mag-
netic fields, structures in the stellar wind, or a mix
of these phenomena. The variability of absorption
lines, if due to stellar pulsations, can be used to con-
strain theoretical models of the stellar interior (e.g.
Briquet et al. 2011; Godart et al. 2012). Until re-
cent years, the most robust evidence for pulsations
in O-type stars was found in the two O9.5 V stars
ζ Oph (Kambe et al. 1997) and HD 93521 (Rauw
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juato, Guanajuato, Mexico.

2Institut d’Astrophysique et de Géophysique, Université de
Liège, Belgium.

3Senior Research Associate F.R.S.-FNRS.

et al. 2008, and references therein). Thanks to
the high-precision photometry from the CoRoT mis-
sion, β Cep-like pulsations have been found in the
O9 V star HD 46202 (Briquet et al. 2011), and prob-
able non-radial pulsations were detected in Plas-
kett’s Star (= HD 47129, O8 III/I + O7.5 V/III,
Mahy et al. 2011). However, these CoRoT data
also revealed a more complex situation as far as ear-
lier main-sequence O-stars are concerned. Indeed,
Blomme et al. (2011) found that the Fourier spec-
tra of the O4 V((f+)) star HD 46223, the O5.5 V((f))
star HD 46150 and the O8 V star HD 46966 are dom-
inated by so-called red noise, i.e. stochastic varia-
tions whose power increases towards lower frequen-
cies. For these objects, the presence of genuine pulsa-
tions could thus not be firmly established. This sug-
gests that the instability that causes the late O-type
stars to pulsate does not extend to the earliest spec-
tral types, at least not on the main-sequence.
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68 UUH-SONDA ET AL.

TABLE 1

SUMMARY OF THE TIME SAMPLING OF OUR OBSERVING CAMPAIGNS

Campaign Starting and ending dates n <S/N> ∆T <∆t> ∆νnat νmax

(JD-2450000) (days) (days) (day−1) (day−1)

OHP 12/2009 5174.293 – 5179.385 57 280 5.092 1.12× 10−2 0.197 44.52

OHP 06/2010 5369.406 – 5375.605 100 405 6.199 1.40× 10−2 0.161 35.60

SPM 06/2010 5370.853 – 5375.980 76 250 5.127 1.31× 10−2 0.195 38.12

OHP 12/2010 5539.270 – 5543.433 51 210 4.163 1.40× 10−2 0.240 35.63

SPM 09/2011 5812.788 – 5820.899 95 265 8.110 1.53× 10−2 0.123 32.68

OHP 09/2011 5825.333 – 5830.651 116 340 5.318 1.40× 10−2 0.188 35.63

In this context, the bright O6 Ief supergiant
λ Cep (= HD 210839) is a very interesting target.
To start, it is a bright (V = 5.08) and most proba-
bly single object (Gies 1987). λ Cep is one out of a
handful of so-called Oef stars in our Galaxy. These
objects (including another bright O-star, ζ Pup) are
characterized by a double-peaked He II λ 4686 emis-
sion line in their spectrum (Conti & Leep 1974). The
variability of this line in the spectrum of λ Cep has
been documented by a number of authors (Conti &
Frost 1974; Leep & Conti 1979; Grady, Snow, &
Timothy 1983; McCandliss 1988; Henrichs, Kaper, &
Zwarthoed 1988; Henrichs 1991; Kaper et al. 1997,
1999). In the context of the present work, we con-
centrate mostly on the variability of the absorption
lines. Indeed, a previous study of λ Cep’s optical ab-
sorption line spectrum revealed the likely presence
of low-order non-radial pulsations (NRPs) with pe-
riods of 12.3 (l = 3) and 6.6 hrs (l = 5) (de Jong et
al. 1999). However, this result was based on a single
line (He I λ 4713) observed during a single five-night
multi-site campaign. Since other Oef stars have been
found to display a strong epoch-dependence in their
variability (Rauw, De Becker, & Vreux 2003; De
Becker & Rauw 2004) the results of de Jong et al.
(1999) needed confirmation. We have thus set up a
multi-epoch, multi-site spectroscopic monitoring to
re-investigate the absorption line profile variability
of λ Cep.

2. OBSERVATION AND DATA REDUCTION

Spectroscopic observations of λ Cep were col-
lected during six observing campaigns resulting in
a total of 495 spectra. Four campaigns (Decem-
ber 2009, June 2010, December 2010 and September
2011) were performed at the Observatoire de Haute
Provence (OHP, France) using the Aurélie spectro-
graph fed by the 1.52 m telescope. The OHP data
were taken with a 1200 lines mm−1 grating blazed
at 5000 Å. This set-up covered the wavelength do-

main from 4460 to 4670 Å with a resolving power
of 20000. The detector was a CCD EEV42-20 with
2048 × 1024 pixels of 13.5 µm2. Typical exposure
times were 10 – 15 minutes. To achieve the most
accurate wavelength calibration, Th-Ar lamp expo-
sures were taken regularly over each observing night
(typically once per hour). The other two campaigns
(June 2010 and September 2011) were performed at
the Observatorio Astrónomico Nacional de San Pe-
dro Mártir (SPM, Mexico) using the echelle spectro-
graph mounted on the 2.1 m telescope. The spec-
tral coverage is about 3800–7300 Å with a resolving
power of 18000 at 5000 Å. The detector used for the
June 2010 observations was a Thomson TH7398M
CCD with 2048 × 2048 pixels of 14µm2, whereas
the September 2011 observations were taken with a
Marconi 2 CCD with 2048×2048 pixels of 13.5 µm2.
Th-Ar lamp exposures were taken about every hour
and a half.

The data were reduced using the MIDAS soft-
ware provided by ESO. The wavelength calibration
was done using the Th-Ar lamp exposures. For
the Aurélie data, the rms error on the wavelength
solutions was found to be around 0.0025 Å, whilst
it is about 0.0080 Å for the SPM data. A very
critical step was the normalization of the spectra.
Whilst the Aurélie data could be normalized self-
consistently over their full wavelength range using a
series of continuum windows, this turned out to be
much more challenging for the data collected with
the echelle spectrograph of SPM. Indeed, because of
the strongly peaked blaze of the latter instrument,
normalization had to be done on specific orders cov-
ering the two lines He I λ 4471 and He II λ 4542.

Table 1 provides a summary of our observing
campaigns and the characteristics of the sampling.
For each campaign, n provides the total number of
spectra that were collected, whilst <S/N> indicates
the mean signal-to-noise ratio of the spectra. ∆T
indicates the total time between the first and last
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LINE PROFILE VARIABILITY OF λ CEP 69

Fig. 1. Upper panel: mean spectrum of λ Cep as ob-
tained from the full set of 324 Aurélie spectra. The most
important spectral features are labelled: stellar lines are
identified above the spectrum, whereas the diffuse inter-
stellar band (DIB) near 4500 Å is indicated below. Lower
panel: square root of the temporal variance spectrum of
the full set of Aurélie spectra. The dotted line yields the
1% significance level computed according to the mean
S/N of the data.

observations, whereas <∆t> provides the average
time interval between two consecutive exposures of
a same night. Finally, Table 1 provides some infor-
mation in view of the forthcoming Fourier analyses.
The last two columns indicate the natural width of
the peaks in the periodogram ∆νnat = (∆T )−1 as
well as νmax = (2 <∆t>)−1 which provides a rough
indication of the highest frequency that can possibly
be sampled with our time series.

3. ANALYSIS

To analyze our dataset, we make use of the tools
used by Rauw et al. (2008) in their investigation
of the variability of HD 93521. The first step in-
volves computation of the temporal variance spec-
trum (TVS, Fullerton et al. 1996) to identify those
parts of the spectrum that display significant vari-
ability. We then apply a 2D-Fourier analysis on a
wavelength-by-wavelength basis over the part of the
spectrum where variability is detected (see Rauw
et al. 2008). For this purpose, we use the Fourier
technique for time series with an uneven sampling
designed by Heck, Manfroid, & Mersch (1985) and
amended by Gosset et al. (2001). Whenever a sig-
nificant frequency is found, we prewhiten the data

for the corresponding variations, and we then re-
peat our Fourier analysis on the prewhitened time
series. Due to aliasing and the contribution of power
at low frequency from a potential red noise compo-
nent, the choice of the ‘right’ frequency is sometimes
non-trivial. This process is performed for up to three
frequencies4, and allows us to build diagrams show-
ing the amplitude and phase associated to the vari-
ous frequencies as a function of wavelength. Finally,
to evaluate the error bars on the semiamplitudes and
phases of the various Fourier components, we have
used Monte Carlo simulations assuming that the un-
certainties on the normalized flux at a given wave-
length and a given time are equal to the noise level of
the corresponding spectrum evaluated over a nearby
continuum window.

Figure 1 illustrates the mean spectrum and the
TVS as computed from the full set of our OHP obser-
vations. This figure shows that significant variability
is present in the strong absorption lines (He I λ 4471,
He II λ 4542) as well as in the N III λλ 4634-4642
emission complex. Weaker absorption lines, such as
the group of N III transitions at λλ 4509-4522 are
also weakly detected in the TVS, whilst the weak
S IV emission lines are not detected as variable.

As an example, Figure 2 illustrates the variabil-
ity of the He I λ 4471 and He II λ 4542 lines in the
June 2010 OHP data. The variability is clearly seen,
as its peak-to-peak amplitude is about 3%. At first
sight, the variations could be consistent with NRPs.
Indeed, they mostly consist of red-wards moving sub-
structures similar to what is commonly seen in the
line profiles of non-radial pulsators. The variability
pattern is not fully constant though, as the widths
and strengths of these substructures vary from night
to night. Figures 1 and 2 show that, although the
variability extends over the full width of the line,
the most prominent variations actually occur in the
core of the line.

For each subset of our data, we have computed
periodograms up to a frequency of 15 d−1 for the He I

λ 4471 and He II λ 4542 lines respectively, over the
wavelength domains 4465−4477 and 4535−4546 Å.
For the OHP data, we have also analyzed the vari-
ations of the N III λλ 4634−42 emission over the
4628−4646 wavelength range5. This emission triplet
is produced in the photosphere, although its strength
is dependent on the conditions in the innermost ac-

4As we show below, three frequencies are usually sufficient
to account for the power in the Fourier spectrum.

5Due to the strongly peaked blaze of the SPM echelle spec-
trograph, we were not able to normalize the SPM data of this
emission complex with sufficient accuracy.
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70 UUH-SONDA ET AL.

Fig. 2. Greyscale images illustrating the residuals of individual He I λ 4471 (left) and He II λ 4542 (right) line profiles
with respect to the mean profiles (shown by the lower panels) for the June 2010 OHP data. The labels on the vertical
axes of the greyscales yield the date of the observation expressed as HJD-2455300.

celerating part of the stellar wind (Rivero González,
Puls, & Najarro 2011). Therefore the variability of
this complex could reflect both the changing con-
ditions in the photosphere (due e.g. to pulsations)
and at the very base of the wind. The interpreta-
tion of its variability is however complicated by the
blend with other species such as Si IV λ 4631 and
C III λλ 4647−50.

Below we summarize the results obtained in our
analyses. Figure 3 illustrates the output of our
method for the specific case of the June 2010 OHP
data set.

For some of the individual observing campaigns
(e.g., December 2009, December 2010), the power
spectra after prewhitening the dominant frequency
are characterized by power at low frequencies which



©
 C

o
p

y
ri

g
h

t 
2

0
1

4
: 
In

st
it
u

to
 d

e
 A

st
ro

n
o

m
ía

, 
U

n
iv

e
rs

id
a

d
 N

a
c

io
n

a
l A

u
tó

n
o

m
a

 d
e

 M
é

x
ic

o

LINE PROFILE VARIABILITY OF λ CEP 71

0 5 10 15
0

0.0002

0.0004

0.0006

0 5 10 15
0

0.0002

0.0004

0.0006

0 5 10 15

0

0.2

0.4

0.6

0.8

1

0 5 10 15
0

0.0002

0.0004

0.0006

0 5 10 15
0

0.0002

0.0004

0.0006

0 5 10 15

0

0.2

0.4

0.6

0.8

1

-400 -200 0 200

0.95

1

-400 -200 0 200

0.005

0.01

-400 -200 0 200

-1

0

1

-400 -200 0 200

-1

0

1

-400 -200 0 200

-1

0

1

-400 -200 0 200

0.9

0.95

1

-400 -200 0 200
0

0.005

0.01

-400 -200 0 200

-1

0

1

-400 -200 0 200

-1

0

1

-400 -200 0 200

-1

0

1

Fig. 3. Illustration of the output of our Fourier and prewhitening analysis in the case of the June 2010 OHP data set.
The figures on the left correspond to the He I λ 4471 line, whilst those on the right are relative to the He II λ 4542 line.
The top three panels illustrate for each line, the original periodogram, the periodogram after prewhitening of the three
frequencies quoted in Table 2 and the spectral window (from top to bottom), as a function of frequency. The lower five
panels provide the mean normalized line profile, the amplitude of the variations associated with the different frequencies
(black hexagone, red crosses and blue stars correspond to ν1, ν2 and ν3 respectively), as well as their phases modulo π,
as a function of radial velocity across the line profile. The error bars on the amplitude and phase were evaluated via
Monte Carlo simulations (see text). The color figure can be viewed online.



©
 C

o
p

y
ri

g
h

t 
2

0
1

4
: 
In

st
it
u

to
 d

e
 A

st
ro

n
o

m
ía

, 
U

n
iv

e
rs

id
a

d
 N

a
c

io
n

a
l A

u
tó

n
o

m
a

 d
e

 M
é

x
ic

o

72 UUH-SONDA ET AL.

TABLE 2

FREQUENCIES OF THE STRONGEST PEAKS IN THE POWER SPECTRA

Campaign He I λ 4471 He II λ 4542 N III λλ 4634-42

ν1 ν2 ν3 ν1 ν2 ν3 ν1 ν2 ν3

(d−1) (d−1) (d−1)

OHP 12/2009 2.21 – – 2.15 – – 2.32 – –

OHP 06/2010 0.87 1.41 2.12 0.87 1.40 3.80 0.56 0.85 0.30

SPM 06/2010 2.22 2.86 1.60 2.24 0.63 2.90 – – –

OHP 12/2010 0.75 5.58 – 0.76 – – 2.10 0.47: 7.19

SPM 09/2011 1.00: 4.17 0.55 0.66 – – – – –

OHP 09/2011 0.31 3.00 0.54: 0.29 1.61 3.41 0.38 – –

A colon behind the value of the frequency means that our time series provides a poor phase
coverage of the corresponding cycle.

cannot be explained by a simple combination of in-
dividual peaks and their aliases. This situation is
reminiscent of red noise. In case there is a significant
contribution of red noise, it can bias the choice of the
right frequency amongst the various aliases. Indeed,
the addition of red noise will apparently enhance the
strength of the aliases in the lower frequency domain.
Moreover, in this case, the prewhitening of a specific
frequency overcorrects the effect of this frequency
(and overestimates the associated amplitude), as it
pumps some power which actually belongs to the red
noise.

When all the OHP data are combined, the power
spectrum cannot be explained by the combination
of a small number of frequencies. Indeed, the ac-
tual structures in the power spectrum are broader
than expected from the sampling of the data set and
prewhitening leaves a substantial power around the
prewhitened frequencies that cannot be attributed to
their aliases. This result has important implications
as far as the stability of the variations is concerned
(see § 4.1 below).

Table 2 provides an overview of the frequencies
that we have detected in our spectroscopic time se-
ries of λ Cep. We have checked whether or not our
data correctly sample the corresponding cycles. In
most cases, the sampling is either very good or even
excellent. There are however a few cases where
the sampling is poor. These are mostly frequen-
cies near 0.5 or 1 d−1 which are notoriously prob-
lematic in single-site ground-based observing cam-
paigns. These frequencies are identified by a colon
in Table 2.

The OHP and SPM campaigns in June 2010
were performed simultaneously, allowing in princi-
ple a better coverage of the variations of λ Cep, as

the time coverage achieved from both observatories
is about 60% during five consecutive days. Unfortu-
nately, because of the difficulties with the normaliza-
tion of the SPM data and despite several attempts,
it turned out to be impossible to normalize the data
from both observatories in a fully consistent way.
Therefore, if we combine the time series from OHP
and SPM into a single time series, we are dominated
by frequencies near 1 and 0.1 d−1, which reflect the
artificial variations introduced by the different nor-
malizations. What we can do though, is to compare
the frequencies found from the individual observato-
ries. The agreement is quite reasonable: data from
both observatories indicate a frequency between 2.12
and 2.24 d−1, as well as a variation with a frequency
of 0.87 d−1 or its alias at 2.86 d−1 (either of these fre-
quencies yield good results during the prewhitening
process).

The normalization problems with the SPM data
of the September 2011 campaign lead to a peri-
odogram of the He I λ 4471 line dominated by 1 d−1.
This is clearly an artefact which impacts our analysis
for this spectral line during this specific campaign.

4. DISCUSSION

4.1. The long-term stability of the variability of

λCep

Although there are a few higher frequencies, the
majority of the strongest peaks are located below
3 d−1 (see Table 2). The most obvious candidate for
a stable periodicity that emerges from our analysis
corresponds to a frequency near 2 d−1 (actually in
the range 2.10−2.32 d−1). We note however that,
even for this frequency, its visibility in the individ-
ual observing campaigns is strongly variable from
one epoch to the other. This epoch-dependence can
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TABLE 3

PROPERTIES OF NRP CANDIDATES

ν (d−1) Line Campaign
|∆φ|

π
l

0.29 He II λ 4542 OHP 09/2011 ∼1.7 2

0.31 He I λ 4471 OHP 09/2011 ∼1.7 2

0.54 He I λ 4471 OHP 09/2011 ∼2.0 2−3

0.66 He II λ 4542 SPM 09/2011 ∼1.0 –

0.87 He I λ 4471 OHP 06/2010 ∼2.5 3

1.60 He I λ 4471 SPM 06/2010 ∼0.5 –

2.15 He II λ 4542 OHP 12/2009 ∼2.5 3

2.21 He I λ 4471 OHP 12/2009 ∼2.7 3

2.22 He I λ 4471 SPM 06/2010 ∼0.8 –

2.24 He II λ 4542 SPM 06/2010 ∼1.0 –

2.86 He I λ 4471 SPM 06/2010 ∼3.5 4

2.90 He II λ 4542 SPM 06/2010 ∼3.5 4

3.00 He I λ 4471 OHP 09/2011 ∼2.5 3

3.41 He II λ 4542 OHP 09/2011 ∼1.5 2

either be genuine, or it can be the result of the sam-
pling of the time series. The latter situation is well
illustrated by the June 2010 data. In the SPM time
series, the 2.2 d−1 frequency makes up the strongest
peak in the periodogram of both helium lines, whilst
in the OHP data, it appears only in third position
in the power spectrum of the He I λ 4471 line and is
missing among the three most important frequencies
of the He II λ 4542 line.

de Jong et al. (1999) analyzed 169 spectra of
λ Cep having a S/N similar to our data, and reported
two frequencies, at 1.95 and 3.6 d−1 that they at-
tributed to non-radial pulsations. On the one hand,
our data seem to confirm the existence (and long-
term stability) of a period near 12 hours, although
the practical problems in correctly sampling this pe-
riod make it difficult to establish its actual value.
Assuming that all detections in Table 2 in the range
2.10−2.32 d−1 refer to the same frequency6, we esti-
mate a value of (2.19±0.08) d−1, corresponding to a
period of (10.9 ± 0.4) hr. When considering this fre-
quency as a candidate non-radial pulsation, we note
however that the degree l seems to differ from one
epoch to the other (see § 4.2). This casts serious
doubt on the stability of the period. On the other
hand, our data show no evidence of the 3.6 d−1 fre-
quency reported by de Jong et al. (1999), although
such a frequency would be well sampled by our time
series. This frequency thus probably reflects a tran-
sient phenomenon.

6If we restrict ourselves to those occurrences that show a
behaviour of the phase constant consistent with NRPs (see
Table 3), the frequency would be (2.21 ± 0.04) d−1 for an
associated period of (10.9 ± 0.2) hr.

Kholtygin et al. (2011) analyzed two series of
spectroscopic observations of λ Cep obtained in 1997
(3 nights) and 2007 (4 nights). They found line
profile variability at the 2−3% level in many He I,
He II and H I lines. Unfortunately, only one of the
nights of the 1997 campaign was actually suitable
for a Fourier analysis which indicated variations of
the He II λ 5412 line with a frequency near 3 – 4 d−1.
The 2007 time series was less densely sampled than
the 1997 time series, but Kholtygin et al. (2011)
nevertheless derived a list of 13 different frequen-
cies. A first series of 6 frequencies (0.3, 0.6, 0.7, 0.9,
1.4, 1.6 d−1) was attributed to rotational modula-
tion, whilst the remaining frequencies (2.2, 2.3, 2.5,
2.6, 4.1, 4.5, and 6.9 d−1) were interpreted as non-
radial pulsations7. Many of these frequencies also
emerge at least once from our analysis.

4.2. Non-radial pulsations?

Establishing the presence of a periodicity in the
line profile variability of λ Cep does not necessar-
ily imply that it is due to non-radial pulsations.
To check which of the periodicities detected in our
analysis are good candidates for NRPs, we have in-
spected the amplitude and phase diagrams obtained
in the course of the prewhitening process.

Non-radial pulsations are expected to produce
a pattern of alternating absorption excesses and
deficits that cross the line profile from blue to red as
the star rotates. This results in a progressive varia-
tion of the phase of the modulation across the line
profile. In our data, only a subset of the frequencies
identified in Table 2 yields a monotonic progression
of the phase constant φ across those parts of the line
profile where the amplitude of the variation is large
(see, e.g., the ν1 frequency of the He I λ 4471 line
in Figure 3), whilst other frequencies do not show
a coherent trend (e.g., the ν3 frequency of the He II

λ 4542 line in Figure 3).
Telting & Schrijvers (1997) and Schrijvers & Telt-

ing (1999) presented linear relations between the ob-
served phase difference between the blue and red line
wings and the degree l, as well as between the blue-
to-red phase difference of the variations in the first
harmonics and the absolute value of the azimuthal
order |m|. These relations were shown to work to
first order for spheroidal and toroidal, sectoral and
tesseral pulsation modes with l ≤ 15 and |m| ≥ 2
(Telting & Schrijvers 1997). In our data, we have no
detection of the first harmonics, thus preventing us

7It has to be stressed though that some of these frequencies
were apparently only detected over a very narrow wavelength
range.
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Fig. 4. Left: log-log plot of the amplitude spectrum of the full OHP time series of the He I λ 4471 line. The red line
shows the best-fit red-noise relation with A0 = 0.012, γ = 1.15 and τ = 0.026 day. Right: same, but for simulated data,
where all the variations are assumed to arise from red noise. See text for details of the simulations. The color figure
can be viewed online.

from determining the value of |m|. But, we can still
attempt to determine l using the relations quoted by
Schrijvers & Telting (1999). The results are listed in
Table 3. Note that we do not quote values of l < 2,
as such values are outside the conditions of applica-
bility of the Schrijvers & Telting (1999) relations.

The fact that a frequency appears in Table 3 does
not necessarily imply that it is truly associated with
non-radial pulsations. Indeed, some of the frequen-
cies behave differently for different epochs or lines.
For instance, no clear trend is seen in the phase of
the 0.63 d−1 frequency in the June 2010 SPM data,
although the same frequency shows a trend in the
SPM data of September 2011. In a similar way,
we note a stepwise variation of the phase constant
for the 2.24 d−1 frequency in the He II λ 4542 SPM
June 2010 data, whereas the variation is much more
progressive for the 2.22 d−1 frequency in the He I

λ 4471 data of the same campaign. In both cases,
|∆φ| ≤ π. This behaviour strongly contrasts with
the clear monotonic progression of the phase con-
stant over 2.5−2.7 π observed for the 2.15−2.21 d−1

frequency in the OHP December 2009 data. We have
checked that this difference in behaviour is robust
against the number of frequencies that we prewhiten
in a given data set and hence does not arise from
interference between the different modes. This re-
sult suggests that, after all, we might not be ob-
serving the same mode at different epochs. Finally,
the phase variation of the 0.87 d−1 frequency in the
June 2010 OHP data is different for the He I λ 4471
and He II λ 4542 lines (monotonic decrease in the for-
mer case against roughly constant phase in the latter
case).

It appears thus that there is no evidence for per-
sistent NRPs in λ Cep. Instead, the various modes

seem to be transient if they are indeed associated
with NRPs.

4.3. Red noise?

As pointed out in § 3, in some cases, prewhiten-
ing of a frequency leads to a power spectrum, domi-
nated by low frequencies, but without a distinct indi-
vidual frequency responsible for the observed power.
This situation could indicate that the signal is ac-
tually due to a stochastic process, referred to as red
noise. Blomme et al. (2011) reported the detection of
such a red noise component in the power spectra of
the CoRoT photometry of early-type O-stars on the
main-sequence. These authors suggested that the
red noise could come either from a sub-surface con-
vection layer, granulation or wind inhomogeneities.
Although speculative, these explanations, especially
the first and the last one, could also be relevant for
λ Cep.

Following, the approach of Blomme et al. (2011),
which is based on the formalism of Stanishev et al.
(2002), we have fitted an expression

A(ν) =
A0

1 + (2π τ ν)γ
,

to the amplitude spectra of λ Cep. Here A(ν) is the
amplitude derived from the power spectrum, A0 is
a scaling factor, γ is the slope of the linear part (in
a log-log plot) and τ (in days) is an indication of
the mean duration of the dominant structures in the
line profile variability. The fits were performed for
the amplitude spectra computed between 5 × 10−4

and 15 d−1. Above this frequency, the amplitude
spectra are mostly dominated by white noise. As an
illustration, the left panel of Figure 4 shows a log-
log plot of the amplitude spectrum of the He I λ 4471
line in the full OHP time series.
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The best-fit parameters of the red-noise model
vary from epoch to epoch and between the various
lines. On average, we find γ = 1.22 ± 0.19 and
τ = (0.028± 0.013) day. The γ value is intermediate
between the values (0.91 – 0.96) of the three early-
type stars investigated by Blomme et al. (2011) and
the value (2.3) of Plaskett’s Star studied by Mahy
et al. (2011). On the other hand, the τ value is
significantly shorter than for any of the above cited
stars (0.08 – 0.17 day, Blomme et al. 2011; Mahy et
al. 2011). Thus, the mean lifetime of the red-noise
components is shorter in our case than what is ob-
served in the CoRoT photometry of O-type stars.

The left panel of Figure 4 reveals a rather low dis-
persion of the observed amplitude spectrum about
the best-fit A(ν) relation. At first sight, this is at
odds with a red-noise behaviour, where the stan-
dard deviation of the periodogram is expected to
be equal to the mean of the periodogram (see e.g.
Timmer & König 1995), and should thus be sig-
nificantly larger. The dispersion found here is also
much smaller than what was observed in the anal-
ysis of the CoRoT photometry of O-stars (Mahy et
al. 2011; Blomme et al. 2011). To understand the
origin of this difference, we need to recall the way
our observed amplitude spectrum is obtained. In
fact, the observed periodogram is the sum of the pe-
riodograms computed at each wavelength bin across
the line. Each of the helium lines studied here in-
cludes between 110 and 120 wavelength steps. Hence
the resulting power spectrum is the mean of 110−120
power spectra. Therefore, if the noise properties of
the different wavelength bins are independent, the
dispersion of the periodogram is reduced by a factor
≈
√

110 −
√

120.

We have generated synthetic light curves dom-
inated by red noise using the recipe of Timmer &
König (1995) along with the above formalism for
A(ν) and the average parameters derived above.
For the purpose of these simulations, we adopted
the same sampling as for the full OHP time series.
We further averaged 120 independent power spectra,
computed with the same sampling, the same A(ν)
relation, but independent random variables for the
Fourier transform of the red noise (see equation 9 of
Timmer & König 1995). The latter step was done to
mimic the way the observed power spectra are ob-
tained. The resulting amplitude spectrum is shown
in the right panel of Figure 4. As one can see, the
simulated amplitude spectrum indeed has a disper-
sion that is even smaller than what we found in the
observed amplitude spectrum. This implies that the
intrinsic wavelength width of the red-noise structures

in λ Cep is wider than the wavelength step that we
have adopted in our analysis. Furthermore, the ob-
served amplitude spectrum displays some excesses
that stand out relatively clearly, such as the feature
near 2.15−2.21 d−1. The width of this feature in
Figure 4 clearly exceeds the natural width of the
entire OHP time series (1.5 × 10−3 d−1), indicating
that the feature cannot be due to a single periodicity,
but rather arises from a quasi-periodic phenomenon.
If we assume, as we have done in Figure 4, that the
bulk of the power is due to red noise, we find that red
noise accounts for about half of the observed ampli-
tude of variations at these frequencies. In summary,
we conclude that red noise probably contributes to
the variations of λ Cep, but additional power could
come from a few groups of discrete frequencies.

4.4. An alternative scenario?

The lack of a stable period and/or pattern of vari-
ability, as well as the putative presence of a red-noise
component suggest a stochastic, chaotic or quasiperi-
odic phenomenon. This situation likely extends into
the variability of the wind lines of stars such as
λ Cep. Indeed, Rauw et al. (2003) and De Becker
& Rauw (2004) found substantial variability in the
He II λ 4686 emission line of other Oef stars with
apparent periodicities that exist only over the typ-
ical time scale of an observing campaign, but are
not stable over the long term. Recently, Henrichs
& Sudnik (2012, 2013) reached a similar conclusion
for the variability of this line in the specific case
of λ Cep. They suggested that this situation arises
from the presence of numerous, short-lived, localized
magnetic loops at the stellar surface, so-called stellar
prominences, corotating with the star. These mag-
netic loops would be the footpoints of wind struc-
tures. This explanation could extend to the variabil-
ity of the photospheric lines studied in this paper if
these magnetic loops are associated with spots that
rotate across the line of sight, and mimic the line pro-
file variations usually attributed to NRPs. Henrichs
& Sudnik (2013) suggest that the rotation period
of λ Cep should be about 4 d. If the quasi-periodic
variations on time scales of 10.9 hours detected in
this paper are indeed due to such spots, one would
need about 9 spots on the stellar surface.

To date, there has been no firm detection of a
magnetic field in λ Cep: Kholtygin et al. (2011) in-
ferred an upper limit of 1 kG on the longitudinal
magnetic field. However, if the scenario proposed
by Henrichs & Sudnik (2012, 2013) is right, the
magnetic configuration would be considerably more
complex than a dipole, rendering its detection much
more challenging (see Kochukhov & Sudnik 2013).
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5. CONCLUSION

The initial goal of our study was to get a deeper
insight into the non-radial pulsations of λ Cep. How-
ever, our data revealed an unexpectedly complex sit-
uation, with no clear evidence for a single set of sta-
ble pulsation modes. This situation is very similar to
what is observed for the emission lines of this star, as
well as of other members of the Oef class, suggesting
a common origin. The question as to what causes
the observed line profile variability of λ Cep is thus
still open. We have investigated the possibility that
red noise might be responsible for this phenomenon,
but this explanation does not seem to account for the
full power. Additional variability likely arises from
a large number of transient periodicities that might
or might not be due to oscillations of the stellar sur-
face. To make further progress in understanding the
variability of this object, more stringent constraints
on its magnetic field, regarding both its strength and
its geometry, are needed.
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