














\®]
\O
[\
o0

G. Handler et al.

o
0
i
™
Il
&
)
1]
®
=]
o,
o
o)
o
L)
3]
=5
B>
4':: 4 -
E
o 0.9 + o
-
= ] I
He II 5411
O'B_I""I""I""I""I_
—400 —200 0 200 400
Velocity (km s™%)
,\10 | I Y NN IS ST ST S NN T N T |
— 1 . . r
'n 87 N
E 6_ L] L] B
\’M/ 4— * .'o ¢ '.' [~
>§ 4 . . . Y Y . L
e 2 e i . '.. A . ‘._
.8 i . . . . L
[e] 0— L] ¢ . ¢ -~
— - ‘. ° .. ° -
g —2 S . . S . B
- _4 . o L
o ™7 . . I
2 -
> -8 1 :
o ) L
-10

0.0 02 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Folded Phase (P=3.1—hr)

3.5

3.0

2.5

2.0

sl b e bl

1.5

1.0

0.5

LELEL R o S LA N L L L B

Amplitude (Arbitrary units)

00 +——T— T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20

Frequency (d71)

Figure 7. Bottom panel: amplitude spectrum of radial velocity shifts mea-
sured in the C1v 5801 and 5812 A emission lines. Middle panel: the C1v
central velocities phased on the 3.1 h period and folded over two cycles.
Top panel, upper half: the combined CFHT and NOT time series of the He 1
5411A absorption feature shown as a dynamic spectrum now phased on the
3.1 h period. Top panel, lower half: the mean Hen 5411 A line profile.

(v) Red noise in the amplitude spectrum as a consequence of the
irregular light variability.

There is no evidence for a spectroscopic counterpart of the photo-
metric 1.237 99 d modulation, and no photometric evidence for the
DAC re-occurrence time. Also, there is no correspondence between
the optical radial velocity changes and the simultaneous Kepler
photometry.

4 DISCUSSION

The lack of radial velocity variations with the same period as the
only coherent signal in our data, its double-wave shape, and the
temporal changes of this shape strongly argue against a pulsational
or binary origin. The observed temporal behaviour of this signal
is rather consistent with rotational modulation, i.e. we see areas of
different surface brightness moving in and out of the line of sight.
Prinja et al. (2012a) measured v sini = 50 & 10 km s~! for NGC
6826. With the temperature (7. = 46 000 K) and surface gravity
(log g = 3.8) of the central star spectroscopically determined by
Kudritzki, Urbaneja & Puls (2006), these authors obtained R =
1.8 R¢y. This gives a maximum rotation period of about 1.8 d. The
period of 1.237 99 d inferred above is consistent with this value,
and implies an inclination angle of the rotational axis of the order of
45°. This leaves sufficient horizon for brightness inhomogeneities
to appear and disappear. The shape of this photometric modulation
and its slow changes may be interpreted as two ‘spots’ whose size
or surface brightness contrast somewhat vary with time.

Concerning the hourly photometric variability, the time-scales
themselves immediately rule out a binary or rotational origin; a
potential secondary component would be located within the pri-
mary CSPN, or the CSPN would need to rotate faster than breakup
speed, respectively. The absence of any short-term periodicity in
the whole data set and the irregularity of these variations argue that
we do not see a photospheric phenomenon. This is also an argu-
ment that pulsations are not observed in the Kepler light curves:
pulsation occurs at distinct frequencies. Even if it was stochastic,
it can only appear and disappear at stellar eigenmode frequencies.
Therefore, one would expect to see at least some peaks standing
out in the periodogram of the SC data (Fig. 3), which is not the
case. However, we cannot claim that pulsations are not present at
all because the photometry contains little flux that originates in the
stellar photosphere.

We evaluate the time-scales of possible central star pulsations.
From the most suitable sequence of envelope models by Gautschy
(1993) with respect to NGC 6826 we estimate a pulsation constant
Q = P,/p/pe = 0.042 d for the fundamental radial mode, that
is excited by the k-mechanism in almost all of these models. This
pulsation constant corresponds to a period of the radial fundamental
mode of NGC 6826 of 2.7 h. Given the uncertainties in the stellar
parameters and models, this can only be seen as a rough estimate.
We note that envelope models do not allow the computation of non-
radial modes, but the presence of strange modes with similar periods
as the radial pulsations were noted in the models by Gautschy
(1993).

It is important to constrain under which circumstances we would
have missed the detection of binary-induced variability. A bi-
nary would reveal itself through radial velocity or light variability.
The photometric noise level in our data is 0.072 mmag at worst.
This translates into a detection threshold for periodic signals of
0.29 mmag. Given the dilution of any given variability signal due to
the presence of the nebula (Section 2.1), we conservatively estimate
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Figure 8. Simultaneous C1v radial velocities (upper panels) and Kepler photometry (lower panels) of NGC 6826. The non-overlapping parts of the light curves
have been removed for easier comparison. The light and radial velocity variations do not correspond.

that we would have detected any periodic signal with an intrinsic
amplitude exceeding 1.5 mmag in our data.

Morris (1985) derived expressions for the amplitude of ellipso-
dial light variations. We applied these in combination with the limb
darkening and gravity brightening coefficients for the Kepler band-
pass by Claret & Bloemen (2011), and adopting a central star mass
of 0.74 M (Kudritzki et al. 2006). This resulted in the constraint
that we could have detected binaries with orbital periods shorter
than 7 days under favourable inclinations. However, a stellar (M >
0.08 M(») companion in a 1.238 d orbit would only have escaped
our detection in combination with an orbital inclination below 26°.

Under the assumption of a random orientation of the orbital plane
in space, the probability that it is observed below a certain inclina-
tion angle is

p(<i)=1-—cosi. (@)

Further assuming that the CSPN rotation axis is normal to this
orbital place, this probability can be written as

) — vp(1—cosi) P> i —1 P
p(<i) 7%%7(”1“)2 i >sin~ ((vsini)/vp) )

p(<i)=0 0 <i <sin~!((vsini)/w),

where vy, is the stellar rotational break-up velocity (see Bernacca
(1970) for a detailed discussion).

We can estimate the break-up velocity of the CSPN by using the
spectroscopic parameters quoted earlier and

2mR

Gmy ©

crit —
where R.q is the equatorial radius of the star. Following Reid et al.
(1993), R.q = 1.5 R, where Ris the stellar radius in the non-rotating
case. This calculation yields P = 7.8 h, hence, v, = 280km s7!,
hence, sin™!'((vsini)/v,) = 1023. With these values, probabilities
calculated with equation (2) are only 1.6 per cent higher as if they
were derived with equation (1). Returning to the hypothesized stel-
lar companion in an orbit inclined by less than 26° discussed ear-
lier, the probability that we missed its detection therefore becomes
10 per cent.

A stronger constraint arises from the lack of a detection of peri-
odic radial velocity changes. We again used a central star mass of
0.74 M, and a generous upper limit for its periodic radial velocity
variations of 3.3 km s~! . For orbital periods shorter than 7 days (the

length of our spectroscopic time series), we should have detected
all stellar companions with an orbital inclination above 44°; for hy-
pothesized companions exceeding 0.2 M, the limit on the orbital
inclination is i < 31°, corresponding to a 14 per cent probability of
missing a detection. A stellar companion in a 1.238 d orbit would
not have been detected in radial velocity with an orbital inclination
below 10°. However, in that case the CSPN rotation axis cannot be
normal to the orbital plane because the central star would have to
rotate above break-up speed.

The referee remarked that the shape of the NGC 6826 nebula and
the presence of fast low-ionization emission regions in it (Balick
et al. 1994) suggest that the orbital plane of a hypothetical binary
causing these features would be at low inclination. Whereas such
an interpretation cannot be ruled out completely, it needs to be
reconciled with the orientation of the CSPN’s rotation axis keeping
in mind its critical rotation rate. Furthermore, such a low inclination
is inconsistent with our interpretation of the 1.238 d variation in
terms of a rotational modulation originating from the central star,
unless one postulates a rotation axis significantly deviating from the
normal to the orbital plane.

5 INTERPRETATION

Following their analysis of one year of Kepler LC data on NGC
6826, Jevti¢ et al. (2012) suggested that a combination of stellar
pulsation and interaction with a close companion is a possible ex-
planation of the central star’s variability. According to our results,
such a scenario is very unlikely. Our measurements rather sup-
port another possibility mentioned by Jevti¢ et al. (2012), variable
features on the central star’s surface in combination with inhomo-
geneities and variations in the density structure of its wind. Such
variability is observationally well established in massive hot stars
(e.g. Fullerton 2003).

Large-scale variations in the wind structure are believed to be
seated at the base of the wind, in so-called Co-Rotating Interaction
Regions (CIRs; Mullan 1984). In brief, CIRs arise due to inten-
sity variations on or near the stellar photosphere, such as spots or
non-radial pulsation patterns. Such intensity or temperature varia-
tions modify the outflow velocity of the spherical wind. Hence, the
parts of the wind originating at these locations are differently af-
fected by the driving force, and collide with particles emitted from
other surface regions. Due to stellar rotation, spiral-shaped density
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fluctuations in the wind arise and cause the spectroscopically ob-
served DACs. These DACs occur on time-scales related to the stel-
lar rotation period (several days), and drift slowly through the line
profiles with respect to the wind velocity. As exemplary literature
we refer to Fullerton et al. (1997) for an observational study and
Cranmer & Owocki (1996) and Lobel & Blomme (2008) for hydro-
dynamical model computations.

In addition to the DACs, ‘modulations’ have also been observed
to move through the line profiles. They travel at a much faster
rate than the DACs and have considerably shorter recurrence times
(Fullerton et al. 1997). These ‘modulations’ alter the mean flux, as
opposed to the DACs that are pure absorption features. Radiative
transfer modelling (Lobel, Toald & Blomme 2011) implies that these
are only slightly bowed large-scale density enhancements and local
wind velocity variations that radially protrude into the equatorial
wind. The density enhancement is of the order of 10 per cent, and
can result from mechanical wave action at the base of the stellar
wind, such as produced by non-radial pulsations (e.g. see Kaufer
et al. 2006). The photospheric cause of these variations is called
rotational modulation regions (RMRs).

The variability of some WR stars may be related to such varia-
tions, although they have been interpreted slightly differently. Pe-
riodic photometric variations with time-scales of days have been
attributed to CIRs (e.g. Chené et al. 2011), and irregular short-term
variations with time-scales of hours have been reported in addition.
Their spectroscopic counterparts are believed to be moving features
in optical profiles of wind-sensitive lines, observed not only in WR
stars, but also in Of stars (e.g. Lépine & Moffat 2008) and are
interpreted as clumps propagating in the wind.

The temporal behaviour of NGC 6826 conforms to these scenar-
ios. Taking the photometric 1.237 99 d period to be due to rotation,
the double-wave shape may be a manifestation of two corotating
features. The recurrence time for DACs in the UV lines of NGC
6826 is not well constrained; Prinja et al. (2012a) reported the de-
tection of two sequential features over ~8 h. It is interesting to note
however that we never see more than two strong CIRs in OB stars
that have been monitored for one rotation period.

The time-scales of short-term light variations are consistent with
RMRs or clumps moving within the wind. As our spectroscopy
implies that the variations in the wind are not local, they are most
likely attributable to large-scale features. Therefore, they may be
associated with RMRs. The difficulty with this picture is that the
spectroscopic data of massive stars, in which RMRs are manifested,
imply that they occur quite regularly, whereas the short-term pho-
tometric variability is irregular in our case. Consequently, some
periodically triggered mass-loss must have lost memory by the time
it reaches the depth in the wind that the photometry samples.

Albeit the present observations do give some insight into the
nature of the variability of NGC 6826 (and other ZZ Lep stars),
more observational evidence is needed. Although observationally
hard to obtain due to the faintness of the targets, spectroscopic
evidence for wind clumping or eventual RMR presence in CSPN
should be sought. On the other hand, photometric evidence for
light variability on the RMR and CIR time-scales for massive stars,
focusing on non-WR stars, would also be useful.

In this context, it is interesting to note that Blomme et al. (2011)
analysed CoRoT light curves of three massive O-type stars and also
found some apparently incoherent variability, in all three targets.
The light curves, amplitude spectra and time-frequency analyses of
these stars phenomenologically closely resemble what we report for
NGC 6826. One may therefore speculate that this kind of variability
is present in all hot stars [Blomme et al. (2011); Handler et al.

(2012) discussed it in connection with massive OB stars], and that
it is related to stellar wind variations.

6 SUMMARY

The observed photometric variability of the central star of NGC
6826 consists of a periodic modulation with a time-scale of
1.237 99 d and irregular light variations on time-scales of a few
hours. Optical spectra imply line variability on a similar time-scale,
with a possible period of 3.1 h. UV spectra show DACs with a re-
occurrence time of about 8.5 h. The only possible correspondence
between the photometric and spectroscopic variability may be the
time-scale of the hourly changes.

The periodic photometric variation is best explained by rotational
modulation. The 1.237 99 d period we derived is similar to aster-
oseismic rotation periods of single white dwarf stars (e.g. Winget
et al. 1991). Time-series photometry of ZZ Lep stars may therefore
reveal their rotation periods, but large data sets are needed to detect
these periodicities due to the dominating short-term variability, that
is due to changes in the stellar mass-loss. This behaviour is similar
to what has already been observed in massive OB and WR stars,
suggesting that the same mechanism may be responsible for the
variations in all hot star winds.
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