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Abstract. New perspectives are provided on significant spatial structure and temporal variability in the near-
star wind regions (i.e. < 3 R.) of the massive luminous star HD 152408 (classified as O8:lafpe or WN9ha).
This study is primarily based on the analysis of high-quality échelle spectra secured during 21 nights between
1999 July to August, using the Landessternwarte-developed (fibre-fed) FEROS instrument on the ESO 1.52-m
telescope. These extended time-series data, with a total simultaneous wavelength coverage of AA3600—9200 A,
were exploited to monitor absorption and emission fluctuations (of ~5-10% of the line flux) in several Hel and
Balmer lines, together with more deep-seated (near-photosphere) disturbances in weaker metallic emission and
absorption lines. Organised large-scale wind structure in HD 152408 is principally betrayed by sequential episodes
of discrete absorption and emission features, which migrate from near zero velocity to almost the wind terminal
velocity. This evolution is extremely slow, however, typically spanning ~4 days for an individual episode. We
demonstrate that the blue-shifted absorption episodes in Hel are very closely mirrored (in velocity and time)
by absorption features (i.e. reduced not enhanced flux) in the blue wings of the mainly recombination formed
broad Ha emission line. The implication is that there is detailed balancing between ground state photoionization
and recombination in the substantially optically thick Balmer lines. Surprisingly, the velocity behaviour of the
red-ward and blue-ward migrating features is highly asymmetric, such that the mean acceleration of the former
is less than 50% of the latter. Fourier analysis reveals a modulation time-scale for the wind activity of ~7.7 days,
plus its harmonic at 3.9 days. The longer period is ~28 times greater than the characteristic radial wind flow time
of HD 152408. We also detect a ~1.5 day periodic variation in the radial velocity of the weak C1v AA5801, 5812
absorption lines, which are the closest approximation to “pure” photospheric lines in the optical spectrum of
HD 152408. The wind-formed optical lines of HD 152408 are also affected by fluctuations in the central peak
emission, particularly evident in Ha where the equivalent width may vary by up to 20%. Data secured between
1995 and 1999 reveal, however, that the epoch-to-epoch mean profiles are remarkably similar. Non-LTE steady-
state stellar atmosphere models are used to synthesis profiles to match representative Ha and Hel A5876 line
profiles. Only a slow (tailored) velocity law (compared to 8 = 1) provides a good match to the Ha emission
peak and wings, but the models predict excess Hel absorption. The observed extreme Ha emission variations
can be reproduced by the synthetic profiles with an implied +10% variation in mass-loss rate. The results on
optical line profile variability in HD 152408 are discussed in the context of models for co-rotating interaction
regions (CIRs) in the wind. Several constraints are provided that argue against simple velocity fields in such
streams, including (i) the slow acceleration of features to high velocities, within ~3 R,, (ii) the strong asymmetry
in projected acceleration of the approaching and receding stream material, (iii) Balmer line absorption effects
in the approaching material, (iv) the rise of localised features from very low velocities, and (v) the stability of
the large-scale CIRs against turbulent small-scale wind structure. We suggest that it may be worth exploring
hydrodynamic simulations of CIRs that incorporate different velocity fields on the leading (faster accelerating;
blue-ward absorption) and trailing (slower accelerating; red-ward emission) edges of the spiral structures.
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1. Introduction

Send offprint requests to: R. K. Prinja,

e-mail: rkp@star.ucl.ac.uk Time-series optical and ultraviolet (UV) spectroscopy has
* Based on observations collected at the European Southern unambiguously established that the radiation-pressure-
Observatory, Chile (ESO 63.H-0080(A)). driven winds of luminous early-type (OB) stars are highly
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variable on characteristic time-scales of hours to several
days. The most substantial fluctuations seen in the ab-
sorption and emission line profiles of these stars betray
organised large-scale structure in the winds, which may
be induced by changes in the star itself and can have an
impact on the overall nature of the outflow. The princi-
pal tracers of large-scale wind perturbations in OB star
winds are localised evolving features that provide optical
depth and velocity structure to otherwise smooth wind-
formed spectral lines. These diagnostics have been most
sensitively exploited via time-series monitoring of UV res-
onance lines with the International Ultraviolet Explorer
(IUE) satellite. The latest (and final) of these campaigns
used IUF to study the winds of a few Galactic OB stars
almost continuously for several weeks (e.g. Massa et al.
1995; Kaper et al. 1996; Prinja et al. 1998). The extended
monitoring revealed that the wind line profiles vary con-
tinuously and provided striking evidence for repeatabil-
ity in wind activity over a typical time-scale of several
days. Generally, the modulation times for the wind vari-
ability are substantially longer than the wind flow times
(~ hours). These results have led to the notion that large-
scale wind structure in OB stars may be directly linked
to the stellar rotation rate, with a causal connection to
inhomogeneities at the stellar surface.

A currently popular model for providing slowly prop-
agating and repetitive wind perturbations in hot stars is
based on earlier discussions by Mullan (1984, 1986) of the
potential role of co-rotating interaction regions (CIRs) in
massive stars. Cranmer & Owocki (1996) developed these
ideas in detail for the case of OB stars and consider inho-
mogeneities which cause the wind from different longitu-
dinal sectors on the stellar surface to emerge with different
densities and/or velocities. These different wind streams
then interact to form CIRs, which inevitably evolve into
spiral-shaped shock structures. In this model, variations
in wind absorption result from material flowing through a
semi-permanent co-rotating wind structure.

The applicability of the CIR model is not widely
tested, however, and challenging issues remain concern-
ing the physical coupling of inhomogeneities at the
stellar surface to the generation of wind structure. The im-
pact of substantial wind variability on mass-loss rate esti-
mates also needs further exploration. A particular problem
is that though the IUFE satellite produced the landmark
data sets mentioned above, the termination of its opera-
tions in 1996 left the results on hot star wind structure on
a fairly narrow astrophysical footing. Ultraviolet data sets
of requisite high spectral and temporal resolution, extend-
ing over 15 days or more, only exist for about half-a-dozen
O and early B supergiants. The detailed time-dependent
spectroscopic properties can differ substantially, however,
from star to star. For example, the nature of the fea-
tures responsible for providing modulated (or even cyclic)
wind activity can differ fundamentally between “classi-
cal” discrete absorption components (DACs, e.g. & Per,
De Jong 2000), near-sinusoidal localised variations about a
well defined mean state (HD 64760, Fullerton et al. 1997),
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and fluctuations of the entire Doppler shifted absorption
trough (¢ Pup, Howarth et al. 1995). Furthermore, one
of the observational signatures relied on in the CIR-type
models is “phase-bowing” in the UV wind lines, where dis-
crete features in the line profiles develop simultaneously
towards lower and higher blue-shifted velocities. (see e.g.
Fullerton et al. 1997). This property is, however, a function
of the ratio of rotation velocity to wind terminal velocity,
and is absent in most of the other stars studied.

Proper understanding of the outflows of OB stars re-
quires a deeper knowledge of the nature and consequences
of their variability. This is also important since the origin
of large-scale wind structure has implications for the fun-
damental nature of the stellar surfaces. In the post-IUE
era, key observational diagnostics can still be obtained at
several wave-bands, including optical, infrared, millimetre
and radio. In fact complementary data from these different
regions are extremely important to determine the form of
wind structure on different geometric scales. Nevertheless,
optical spectroscopy currently offers the more direct diag-
nostics of large-scale wind perturbations in OB stars (see
e.g. Ebbets 1982; Kaper et al. 1997, 1998). In particular,
the density-squared dependence of the recombination lines
makes them ideal probes of the inner-wind regions (less
than 3 R,) and have the potential to tightly constrain
the depth (close to the photosphere) to which large-scale
structure persists in the winds. With this motivation, we
present in this paper échelle optical time-series data of the
massive luminous star HD 152408, spanning over 20 nights
in 1999, plus more limited data taken several years apart.
Fresh perspectives are provided on hot star wind struc-
ture by studying deep-seated activity simultaneously in
a variety of strategic lines, including the Balmer series,
He1, He1l, and near-photospheric (relatively weak) metal
absorption and emission lines. Our study differs funda-
mentally from recent optical spectroscopic work on small-
scale wind structure, which is usually identified as rapidly
evolving (over ~ hours) bumps on “pure” emission pro-
files (e.g. Moffat & Robert 1992; Eversberg et al. 1998).
We identify in particular slowly migrating (over ~ several
days) absorption signatures due to large-scale features; the
temporal behaviour of wind material localised along the
line of sight to the stellar disk is not only examined in
He absorption troughs, but it can also be seen acting on
the blue Ha “emission” wing.

1.1. The candidate star, HD 152408

HD 152408 is a luminous member of NGC 6231, and is be-
lieved to be a single star (e.g. Conti et al. 1977; my ~ 5.8).
It was originally classified as O8:Iafpe by Walborn (1972),
but this has been revised to WN9ha by Bohannan &
Crowther (1999; see also Walborn & Fitzpatrick 2000).
A detailed atmospheric analysis of the optical spectrum
was also presented by Crowther & Bohannan (1997), who
support the general notion that Of stars are helium en-
riched by core processed material. HD 152408 has a strong
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Table 1. Stellar parameters of HD 152408

Parameter Value Reference
Spectral type  O8:Iafpe, WN9ha 1,6
Tor 28 500 K 2
Log(L/Lw) 5.80 2

M (mean) 2.1 1075 Mg /yr 3

Voo 955 km s~ ! 4

Ve sin(i) 85 km s™! 5
Piot /sin(i) 20 days -

1: Walborn (1972); 2: Crowther & Bohannan (1997); 3: this
paper; 4: Prinja et al. (1990); 5: Howarth et al. (1997); 6:
Bohannan & Crowther (1999)

stellar wind (e.g. Swings 1942; Struve 1944; Walborn
1975; Fullerton 1990), and the star provides an interesting
opportunity to “bridge” the wind properties of very lumi-
nous O-type stars and late WN-type Wolf-Rayet stars.
HD 152408 offers rich prospects in the optical for compar-
isons between blue-shifted absorption and extended emis-
sion line profiles, which we exploit here in our study of its
temporal wind properties. Previously, Prinja & Fullerton
(1994) reported on a short (~5 night) optical time-series
data set of this star, highlighting blue-ward migrating dis-
crete absorption features in the trough of He1 A5876, with
similar characteristics to slowly evolving DACs seen in
UV spectra of OB stars. Additional evidence for deep
atmospheric or photospheric activity is signalled by the
photometric variations reported by Balona (1982; see also
Morrison 1975), which range up to ~0.02 mag in V over
several nights; there is no clear evidence in these data for
periodic modulations. A summary of stellar parameters
is given in Table 1. Note that HD 152408 has an excep-
tionally low ratio of Voo /Vedge ~0.43 (Where veqge is the
velocity at which the gradually sloped blue wings of the
UV resonance lines meet the local continuum). This value
is discrepant with that for Galactic O stars generally, and
is only barely matched by a few WR stars (e.g. Prinja
et al. 1990).

2. The optical data sets

Our study of time-dependent wind activity in HD 152408
is principally based on observations secured between 1999
July 13 and 1999 August 4 using the Fibre-fed Extended
Range Optical Spectrograph (FEROS), which was devel-
oped and built for the European Southern Observatory
(ESO) by a consortium led by the Landessternwarte
Heidelberg (Kaufer et al. 2000). Our data set was se-
cured during Guaranteed Time observations, with FEROS
mounted on the ESO 1.52 m telescope at La Silla, Chile.
The spectrograph provides simultaneous coverage over a
substantial range from 3600 to 9200 A in 39 orders, with a
resolving power, A/AX = 48000 (2.2. pixels). A 2K x 4K
(15u pixel) EEV CCD detector was used. The individ-
ual observations of HD 152408 were secured (by A.K. and
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Table 2. Summary of the optical data sets

Instrument Dates No. of spectra
FEROS 1999 July 13-Aug. 4 81
HEROS 1995 May 20—June 3 15
HEROS 1996 April 18-June 1 15
HEROS 1999 July 4-July 10 7

0.S.) with typical exposure times of ~10 min, and signal-
to-noise in the range ~175-200 (at AA6630 to 6650 A).

The time-series analysis presented here is based on
81 FEROS spectra taken over 21.25 days. The sampling
was typically 4 to 5 spectra taken over ~7 hours each
night, with the exception of a data gap of 2.76 days be-
tween 1999 July 17 and July 20. FEROS was delivered at
ESO with pipe-line data reduction software (e.g. Kaufer
et al. 2000), and these ESO-MIDAS based algorithms
(“context feros”) were used to process the spectra ac-
cording to standard échelle reduction procedures, includ-
ing bias subtraction, flat fielding, correction for scattered
light and order overlaps, wavelength calibration and op-
timal extraction of the spectra. Heliocentric velocities are
presented throughout this paper; we opt against trans-
forming to an approximate stellar rest frame by subtract-
ing a radial velocity of ~—40 kms~! (e.g. Conti et al.
1977; Fullerton 1990), since we find evidence here for sys-
tematic radial velocity shifts in some of the lines previ-
ously used to derive this value. The individual spectra
were normalised to a consistent pseudo-continuum by fit-
ting splines through carefully selected (line-free) regions
in the vicinity of the spectral features of interest. These
regions were originally identified in the mean spectrum of
the time-series.

The FEROS data set outlined above is ideal for moni-
toring the development and evolution of substantial wind
activity during each night, and from night-to-night. We
are also able to derive information on the longer-term wind
behaviour (e.g. year-to-year) from the fact that HD 152408
was included as one of the targets in previous extended
monitoring programs carried out by the Landessternwarte
Heidelberg. In particular, we have examined nightly spec-
tra taken in 1995, 1996 and 1999 with the Heidelberg
Extended Range Optical Spectrograph (HEROS) on the
ESO 50-cm telescope at La Silla in Chile. A summary list
of these observations is given in Table 2. HEROS pro-
vides a resolving power of ~20000 and a total wavelength
range of 3500 to 8600 A, which is covered in two chan-
nels (blue: 3540-5600 A and red: 5800-8600 A). Individual
spectrograms have a signal-to-noise ratio ~100 for 1 hour
exposures. The basic strategy of the HEROS campaigns
was to secure one spectra per night over several weeks
and months, for a broad range of early-type stars. The
HEROS spectra of HD 152408 were also reduced semi-
automatically in a modified ESO-MIDAS échelle context.
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Fig. 1. The mean spectrum of HD 152408 for the FEROS time-series data. Wind activity is analysed in this paper via simul-
taneous monitoring of absorption and emission fluctuations in several Hel and Balmer lines, together with more deep-seated
disturbances in the He Il absorption and narrow metal emission/absorption lines (e.g. C111, C1v and N111)

3. Line profile variability

The time-variable properties of key spectral line profiles
in our FEROS data set of HD 152408 from 1999 (Table 2)
are discussed here. Prior to that, the mean of the FEROS
time-series spectra is shown in Fig. 1. Numerous strong
and weak lines are evident, both, in emission and absorp-
tion. Our study of stellar wind activity focuses on (i) the

Balmer series of Ha, HG, and H~, (ii) the Her lines at
A3888.65 (335-33PY), A5875.57 (23P°-33D), and \4471.48
(23P%-43D), and (iii) the metal emission and absorption
lines due to C11r A5695.92, N11I A\4634-4641, and C1v
A5801.31. The well-developed P Cygni profile of He 1 A5876
and the substantial Ha emission profile serve as probably
the most important lines for a study of the temporal wind
behaviour in HD 152408. The blue wings of these lines
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Fig. 2. Variability in the wind-formed lines of HD 152408 takes two principal forms: (i) left-hand panels — localised blue-shifted
absorption enhancements are seen in Hel A5876, which correspond to reduced flux at the same velocities in the blue wings of
Ha and HB. (Localised emission features are also present in the red-wing of Ha, e.g. Fig. 3.), (ii) right-hand panels — the central
emission peak in Ha, HB and He1 A5876 can change substantially, mostly within a velocity region of ~—200 to 200 kms~!. The

terminal velocity, veo, is marked (upper-left panel). The weak emission feature in the red wing of HB at ~400 km s~

N1 (and similarly for Hy in Fig. 1)

extend to more than 90% of the wind terminal velocity
derived from saturated UV P Cygni profiles (see Table 1).

Some examples of changes in corresponding He 1 A5876,
Ha and HQ line profiles are shown in Fig. 2. These data
highlight two fundamental forms of variability:

1. (Fig. 2; left-hand panels) Localised (in velocity space)
absorption enhancements, are clearly noted in the
blue-ward troughs of the Hel profile. Reduced flux is
also seen at essentially the same velocities in the blue
wings of Ha (and HB). This absorption effect is ex-
amined further below. The absorption depths of the
discrete features in He1 A5876 may change by up to
~10% with respect to the mean profile;

2. (Fig. 2; right-hand panels) Substantial changes in the
peak and central emission strength are noted in He,

b is due to

and the total emission equivalent width may vary by
up to ~20%. Sympathetic fluctuations are also evident
in HG and He1 A5876. The Ha variations are most
prominent in the central regions of the line profiles.

In order to examine systematic and progressive changes in
the optical line profiles, the FEROS time-series data are
shown as grey-scale representations in Fig. 3 (a; Balmer
lines and b; HeT lines). To enhance the contrast in these
images, and following convention, the respective mean line
profile is subtracted from each spectrum in the time-series.
(The mean profiles used are shown in the bottom pan-
els for each case in Fig. 3.) Regions of excess absorption
with respect to the mean therefore appear darker, while
lighter shades correspond to intervals when the local flux
was greater than the mean value. Additionally, in order to
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Fig. 3. a) Grey-scale representations of variability in the FEROS Balmer lines of HD 152408. Darker shades indicate regions of
enhanced absorption (reduced flux) with respect to the mean profile (which is shown below each grey-scale image). The scales
for the images correspond to differences from the mean of +5% (white) and —5% (black). The temporal variance spectrum
(TVS, Sect. 3) is shown above each dynamic image. The level of significance in the TVS for a probability of 95% is ~3 107°

quantify the extent of variability as a function of velocity,
we computed the temporal variance spectrum (TVS) for
each line profile in Fig. 3 (see e.g. Fullerton et al. 1996):

1 s, -5)\
TVS); = 0f—— e — 1
o -ivsy (257) N
where S;; is the normalized intensity of the 7th pixel in the
jth spectrum, S; is the weighted mean of the normalized
intensity, 0. is the inverse of S/N of spectrum j measured
-1
[% Z;VII Ugjz} . The
TVS results are also shown in Fig. 3, above each grey-
scale image.

The illustrations in Fig. 3 demonstrate that the stel-
lar wind of HD 152408 is continuously variable over the
~21 days of FEROS observations. The line profile be-
haviour revealed is clearly not erratic, but is instead organ-
ised into sequential localised episodes of enhanced and/or
reduced flux, which migrate in velocity as a function of
time. The discrete features develop remarkably slowly, and
typically evolve between ~3-8 days (see further discussion
below). These time-scales are substantially longer than
those reported, for example, by Eversberg et al. (1998)
for the case of small-scale structure in the O4 super-
giant ¢ Pup. The systematic variations in the Ha profiles
(Fig. 3) are noted at blue-ward and red-ward velocities,
and the former are mimicked in H3 and H~y. A substantial
enhancement is noted in the central Ha emission strength
towards the end of the time series (see also Fig. 2). It is

in a continuum band, and of =

fairly clear from the grey scale images that the discrete ab-
sorption features seen in the short-ward extended troughs
in He 1 A5876 correspond very closely to episodes of reduced
flux in the blue wings of the Balmer lines. We tested this
relation (and those between other velocity regimes and
line profile components) by computing co-variance ma-
trices from individual time-series spectra. The procedure
allows the variable flux at a given velocity bin to be di-
rectly correlated against every other velocity bin across a
line profile. The results from the co-variance analysis are
shown in Fig. 4 as two-dimensional grey-scale represen-
tations, where stronger positive correlations are flagged
by whiter shades. A very tight correlation is present be-
tween changes in the Hel A5876 blue absorption trough
and the Ha blue wing. This result confirms the notion
that substantial wind structure is seen in absorption in
Ha. Despite initial appearance in Fig. 3a, there is no lo-
calised correspondence between changes in the blue and
red wings in Ha (or blue-ward and red-ward velocities in
He1 A5876); the brighter regions in the upper-left panel in
Fig. 4 relate to the increase in peak emission strength seen
towards the end of the FEROS data set (see also Fig. 3a).
In this case the increase in Ha central emission extends
simultaneously to the blue and red wings, but not to such
high velocities as the discrete migrating features. Finally,
we note in Fig. 4 (bottom-right panel) that there is some
correlation between fluctuations in the Ha red emission
and the (much weaker) Hel A5876 emission component.
We do not find any unique relation in terms of a
time-lag between the occurrence of the episodic blue-ward



R. K. Prinja et al.: Stellar wind structure of HD 152408

He I A3889 He I A5876
P B P

897

He I N4471
PR R

Time (days)

i. (et L _Ju.llnl.,.w.ll.trll,-,]iuuLhu i

L.

Int.

—1000

Velocity (km s ')

Fig. 3.

migrating features and the red-ward features. A lag may
be expected, for example, as a given structure that is
rooted to stellar surface is carried through the line-of-sight
at the rotation rate. A unique lag of a reasonable frac-
tion of the rotation rate (e.g. ~5 days or more) cannot
be identified in our data. The analysis is complicated by
the fact that multiple features may be present at a given
time, which prevents an unambiguous connection between
a given blue-ward and red-ward feature. (Furthermore, we
note below that the accelerations of the blue and red fea-
tures are in fact different in any case.)

The TVS of Ha in Fig. 3a is clearly asymmetric such
that the variability in the blue wing is more extended in
velocity (by more than 300 kms~1) than in the red wing.
(The mean Ha profile is by contrast highly symmetric de-
spite some blending due to He 11 A6560.2.) This asymmetry
in the variance characteristics is also apparent to a sim-
ilar degree in Hf (Fig. 3a). These results are consistent
with an empirical picture where the changes in the blue
Ha wing are dominated by the effects of episodic absorp-
tion features, which arise from wind structure localised
along the line-of-sight to the stellar disc. In contrast, the
red-ward Ha wing is distorted by emission humps due to
large-scale structure moving away from our line-of-sight.
A blue-to-red asymmetry in the Ha TVS is expected in
this scenario since the overall emission profile is produced
by gas occupying a considerably greater volume than the
gas responsible for absorption features.

The He1 TVS results point to blue-ward variability ex-
tending down to very low velocities (less that —50 km s~1;

b) Same as Fig. 3a except for the Hel lines at A3889, A5876 and 4471

e.g. Her M\4471 in Fig. 3b). It is perhaps unusual to note
the degree of structure in the He1 TVS, which may in
part be due to the relatively strong absorption enhance-
ment noted between ~11 to 20 days into the time-series.

There is a surprising but clear discrepancy between
the observed time-variable velocity behaviour of the blue-
ward migrating features compared to the red-ward ones.
The velocities of 10 blue-ward features in He1 A5876 and
6 red-ward features in Ha were measured as a function
of time, directly from the grey-scale images using a sim-
ple cursor method (e.g. Fig. 3). The results are plot-
ted in Fig. 5. All the blue-ward features have broadly
the same acceleration rates and the same is true for
the red-ward propagating features; however, the blue-ward
features accelerate faster than the red-ward ones. The
mean accelerations in Fig. 5 are ~185 km s~! day~! and
85 kms~! day~! for blue and red cases, respectively. Over
the same time interval the maximum velocity reached by
the red features is only about 50% of that reached by the
blue-ward features. This result is of course consistent with
the TVS discussed earlier.

It seems unlikely therefore that the discrete features in
the line profiles are due to the motion of mass-conserving
blobs travelling in the wind, since they would be expected
to follow trajectories of varied inclinations to the line-
of-sight to the observer, and hence provide a range of
projected velocities and accelerations. Furthermore, the
accelerations of these features are typically only ~15 to
20% of the values expected for “8 = 1”-type velocity
laws in steady-state wind models. Sampled at ~0.5 v
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Fig. 4. Grey-scale representations of the co-variance in the
FEROS data between changes in (i) the red and blue wings of
Ha (top-left), (ii) the Ha blue wing and HeT A5876 absorption
trough (bottom-left), (iii) the red emission and blue absorp-
tion components of He1 A5876 (top-right), and (iv) the Ha red
wing and Hel A5876 red emission component (bottom-right).
A positive linear correlation is flagged as white shades in these
diagrams

the accelerations of the absorption features in the Hel
lines are also ~30 to 40% less than recorded for “classi-
cal” DACs in the UV resonance lines (see e.g. references
in Sect. 1). The inference is that localised variability in
the HeT absorption troughs and Ha wings betrays the ef-
fects of very slowly evolving perturbations (~ over several
days), through which wind material flows. We postpone
further discussion of the asymmetry recorded in Fig. 5
until Sect. 8.

3.1. The Hel discrete absorption episodes

The three HeT lines shown in Fig. 3b provide a fine oppor-
tunity to trace and compare wind material from very low
velocities and radial depths in the wind (i.e. Her A\4471)
to progressively greater distances from the stellar surface
(i.e. He1 A5876 and He1 A3889). Though several different
episodes are evident between these lines, the strongest and
best resolved cases are seen after T' ~ 11 days in Fig. 3b.
To derive simple measures of the relative properties of
structure in these lines, we analysed the mean-subtracted
spectra in Fig. 3b by (least squares) fitting them with a
Gaussian absorption profile to determine the central veloc-
ities and relative overall strengths. In most cases (despite
some strong blending effects) the model Gaussian profiles
provide good matches to the difference spectra.

Results from the profile fits are shown in Fig. 6 for the
episodic features recorded between T' ~ 11 to 21 days in
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Fig. 5. The accelerations of 10 separate discrete features ev-
ident at blue-ward velocities in the absorption trough of Hel
A5876 (closed symbols) are compared to those of 6 red-ward
migrating features in Ha (skeletal symbols and dots)

He1 A3889, He1 A5876 and He 1 A\4471. The figure describes
the properties of 3 separate features (labelled “a”, “b” and
“c” in the caption). The linear accelerations of features “a”
and “b” is fairly consistent between the different HeT lines,
but feature “c” appears to evolve slower in He 1 A3889 than

in Her A5876 (see also Fig. 3b).

It is also interesting to compare the relative strength of
the discrete features in Fig. 5 as a function of central veloc-
ity. The episodes seen in Hel A4471 have a peak strength
at lower velocity than in He1 A5876; in the latter case the
absorption strength rises until a velocity of ~—420 kms™1!,
and the features subsequently fade away. In greater con-
trast, the same features continue to strengthen in Hel
A3889 up to ~—600 kms~!. These simple measurements
sample regions well blue-ward of the moderate-to-weak
emission components of the HeT lines, and are unlikely to
be grossly affected by any underlying emission changes.

3.2. Current overview of time-dependent wind
properties

Before proceeding further, the principal characteristics of
the time-variable behaviour of optical lines in HD 152408
derived in this section are briefly summarised here. The
stellar wind of this massive luminous star, which has an
average projected rotation velocity, is strongly affected by
organised inhomogeneities. In contrast to small-scale fea-
tures seen in the optical lines of WR, and some O stars,
these structures evolve very slowly over several days and
represent large-scale perturbations. They are revealed by
localised absorption enhancements in the HeT lines, and —
with close correspondence — by discrete regions of reduced
flux in the blue wings of Ha. The structures are also di-
agnosed by emission humps in the red wing of Ha. The
discrete features in the line profiles generally accelerate
more slowly than “classical” DACs seen in the ultravio-
let resonance lines of OB stars. An important constraint
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Fig. 6. The central velocities and relative strengths (in ar-
bitrary units) of 3 strong discrete absorption features in
the (FEROS) Hel A3889, A5876 and A4471 line profiles are
compared. The results are based on Gaussian profile fitting
(Sect. 3.1). The closed circles, asterisks, and open circles in
this figure correspond to features labelled a), b) and c), re-
spectively, in Sect. 3.1

is that red-ward migrating features typically accelerate
~50% slower than the blue-ward features.

Extended FEROS spectroscopy, with simultaneous
time-series coverage of Hel and Balmer lines, has permit-
ted us to demonstrate absorption effects at blue-ward ve-
locities in the Balmer lines. This is perhaps an unexpected
result for an Of or WR star since emission processes nor-
mally dominate in these lines as a result of recombinations
from a higher ionization state, which are followed by ra-
diative de-excitations. If the wind is extremely opaque in
hydrogen, however, there would be detailed balancing be-
tween photoionization out of, and recombination back into
the H° ground state. In the dense wind case of HD 152408
the line formation mechanism in the wind is therefore such
that there is a substantial population in the lower (sec-
ond) level of hydrogen, which then effectively becomes the
ground state and the line behaves as a scattering line. This
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is in fact the transition that yields the He1 A5876 P Cygni
profile for this star. In this respect, some parallels may be
drawn, for example, between the very dense and relatively
slow wind of HD 152408 and that of the luminous hyper-
giant P Cygni (see e.g. the wind model of Drew 1985).

4. Search for modulated wind activity

We discuss next whether the stellar wind variations de-
scribed in Sect. 3 are repetitive or quasi-cyclic. A rig-
orous time-series analysis of the line profile fluctuations
in the FEROS data set was carried out using the dis-
crete Fourier transform methods described, for example,
by Gies & Kullavanijaya (1988) and Baade (1988). We
used the iterative CLEAN algorithm (Roberts et al. 1987)
to deconvolve the features of the window function from
the discrete Fourier transform. The results discussed here
have been CLEANed for 200 iterations and a gain of 0.2.

The CLEANed Fourier transforms for He1 A5876, Ha
and Hp are illustrated in two-dimensional image represen-
tations in Fig. 7. The dark horizontal bands in these im-
ages represent peak power signals of the same frequency
over an extended velocity range in the line profile. For
each spectral line in Fig. 7, the right-hand-panel shows
power as a function of frequency, summed over the entire
line profile (i.e. a mean periodogram). The mean spec-
trum of the time-series is plotted in the lower panel. The
images in Fig. 7 provide some evidence for modulated
activity at two frequencies, with a reasonable degree of
consistency between the 3 spectral lines. In decreasing or-
der the dominant frequencies are: 0.131 + 0.030 d~' and
0.263 & 0.032 d~—! in Her1 A5876; 0.139 4 0.027 d=! and
0.256 & 0.033 d~! in Hey; 0.122 £ 0.036 d~! and 0.258 +
0.019 d~! in HB. (The errors represent the half-width at
half-maximum of the periodogram peaks.) The mean of
these frequencies correspond to periods of Py = 7.67 and
P, = 3.86 days (with an uncertainty of ~20%). The dom-
inant signal, Pj, is almost exactly 2 x P, and the power
in P; extends over a larger velocity range in all lines, in-
cluding slightly red-wards in Ha.

A quasi-cyclic modulation in the absorption enhance-
ments is more striking in He1 A5876, and perhaps better
defined for a period of ~7.7 days than 3.9 days. These two
(dominant and harmonic) periods are approximately 2.5
and 5.0 times the estimated maximum rotation period of
HD 152408 (Table 1). The projected rotation rate is very
average for its spectral type, and thus the inclination of
the rotation axis to the line-of-sight is unconstrained. We
cannot therefore uniquely establish (or rule out) strict ro-
tational modulation of the wind in HD 152408. The time-
scales of the repetitive behaviour documented in Fig. 7
are rather long and of course correspond to the slow ve-
locity evolution of individual episodic features in the line
profiles. In contrast, the characteristic radial wind flow
time of HD 152408 (i.e. ~R,/vs) is ~6.5 hours, which
is ~28 times the dominant modulation period P;. Since
the modulation time-scales associated with the large-scale
wind structures are significantly greater than the wind
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Fig. 7. Results from the discrete Fourier transform analysis of FEROS data for He1 A\5876, Ha, and HS. The grey-scale images
show power as a function of position in the line profile, and the frequency distribution of power summed over each line profile
is shown in the right-hand panels. The mean line profiles are shown in the bottom-panels. We identify the dominant frequency

at ~0.13 d~! and its harmonic at ~0.26 d~!

flushing time over the optical line formation region, it is
very unlikely that the wind structures diagnosed in our
optical data are due to processes entirely intrinsic to the
wind. The perturbations likely arise as a result of in-
homogeneities rooted at the stellar surface and are con-
trolled to some degree by the rotation rate of the star.
This is the simplest phenomenological picture for gener-
ating time-scales of ~ several days in the winds of O and
early-B supergiants. The substantial “underlying” wind of
HD 152408 is also expected to be riddled by small-scale
structure that arises from the action of the intrinsic line-
stability mechanism on very short time-scales and lengths.
Though we have not directly detected small-scale struc-
ture in our spectroscopy, it would act to disrupt the de-
velopment of large-scale features (e.g. Owocki 1999). At
minimum, this interaction would lead to decreased co-
herence in the observed wind modulations and generally
more ambiguous evidence for repeatability (e.g. in Fig. 3).
Indeed, it is surprising to witness systematic patterns in
the wind-formed line profiles of HD 152408 that persist for
~20 days and possibly much longer (e.g. Sect. 6), given
that the “underlying” wind is expected to be so dynami-
cally unstable.

To investigate further the quasi-periodic behaviour
identified in Fig. 7 we extended the Fourier analysis to

determine for each position in the spectral line, the semi-
amplitude and phases for the best-fit sinusoids for the two
periods, P; and P,. The results are illustrated in Fig. 8
for He1 A5876, He1 \4471 and Ha. The semi-amplitude is
expressed as a percentage of the continuum, and is approx-
imately twice the amplitude of the power spectrum at the
frequency of a detected period. The phase is determined
from the first spectrum of the FEROS time-series and the
distribution of phase constant runs from —x to = (Fig. 8).
The phase change as a function of velocity shows how the
sinusoid of a detected period moves across the line profile.
For each spectral line the mean line profile is plotted in
the bottom panel for reference. The point-to-point scatter
in the phase constant across the line is perhaps slightly
lower for P than P, since the former is more convincing
in our data.

Despite initial appearance, it is important to note that
the phase as a function of velocity for P; in Fig. 8 is
not genuinely “bowed”. For the case of P, the phase
is most advanced in the short-ward absorption trough
at ~—315 kms™!, in both HeI lines. Blue-ward of this
position the phase increases approximately linearly to-
ward the wings of the lines, in the direction of the prop-
agating absorption features (Fig. 3). The apparent in-
crease in phase red-ward of ~—315 km s~ is artificial,
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however, and not due to the propagating localised fea-
tures. The much steeper rise in phase between ~—315 to
~—100 kms~! is instead due to a “connection” made in
the phasing algorithm between the dominant low velocity
region of each episode (at ~—300 kms™!) and the ini-
tial appearance (between rest velocity and —100 kms™!)
of the subsequent feature. The contrived link between the
low velocity regions of 2 separate epsiodic features results
in the impression of increased redward phase in the dia-
gram in Fig. 8. To a lesser extent this phase behaviour
is also noted at blue-ward velocities in Ha. Furthermore,
inspection of the grey-scales in Fig. 3 and the velocity
versus time behaviour in Fig. 5, provides no convinc-
ing evidence for “bowed” structures of the kind noted in
HD 64760 (i.e., features extending simultaneously to lower

1000 distribution of phase constant with veloc-
ity is not genuinely “bowed” (see Sect. 4)

and higher blue-shifted velocities; Fullerton et al. 1997).
It is indeed likely that any azimuthal extent to the wind
structure in a moderate rotator such as HD 152408 will
not be so pronounced, particularly in the inner-wind re-
gion sampled in our optical data (see Sect. 8).

5. Deep-seated disturbances

We have demonstrated in the previous section that the
variability seen in the Balmer and Hel wind lines spans
a wide velocity range, from almost the rest velocity to
the terminal velocity. If the structures responsible for the
wind activity are indeed anchored at or close to the stel-
lar surface then a natural next step would be to exam-
ine time-dependent behaviour in weak photospheric lines.
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Fig. 9. Grey-scale representations of variability in the FEROS data of the weak metallic line due to C 111 A5696, and the weak
absorption troughs of He1l A4541 and C1v A5801. The temporal variance spectrum (TVS; Sect. 3) is shown above each image.
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Unfortunately, in the dense-wind case of HD 152408 there
are essentially no “pure” photospheric features in our op-
tical spectrograms, i.e. measurable lines that are totally
unaffected by stellar wind contamination. We can, how-
ever, consider slightly asymmetric (weak) C1v and Helr
absorption lines and weak metallic emission features to
diagnose any evidence for deep-seated activity very close
to the photosphere of HD 152408.

A grey-scale representation of changes in our FEROS
time-series data of C 111 A5696 (emission), He 11 A4541 (ab-
sorption) and C1v A5801 (absorption) is shown in Fig. 9.
There is a good general agreement between the variations
evident as a function of time in the shallow absorption
troughs in Fig. 9, and also with some of the principal
stellar wind events seen in Hel and Ha (cf. Fig. 3). In
particular the strong absorption enhancement seen in Hel
between T' ~ 13 to 18 days is also partially noted at low
velocities (less than —200 kms™!) in absorption in He1r
A541 and C1v A5801. There are also line profile distur-
bances centred around zero velocity in these two lines seen
near the start of the time-series (T' < 3 days) and towards
the end of the observing run (7" > 18 days), which coincide
with propagating wind episodes in He1 (Fig. 3b).

Despite the wind effects noted above, the absorption
line profiles of C1v AA5801, 5812 are generally fairly sym-
metrical and provide the best opportunity to examine ac-
tivity in layers closest to the photosphere. The grey-scale
image in Fig. 9 suggests some evidence for continuous
changes in C1v during each night. (This is also true for
He1r A\541 absorption.) The variability princially takes

the form of radial velocity shifts (see e.g. Fig. 10), which
were quantified here using least squares Gaussian-profile
fitting. A Fourier time-series analysis of the C1v central
absorption velocity versus time results indicates peaks in
the power signals at a period ~1.45 days, and less sig-
nificantly at ~2.30 days. (Since the beat period between
these periods is ~0.9 days, the ~2.3 day period might
be an alias.) A grey-scale representation of the individual
quotient (with respect to the mean) C1v A5801 profiles
is shown in Fig. 10, where the data are phased on the
~1.45 day period (with phase zero arbitrarily set to the
first spectrogram in the time-series). The measured cen-
tral radial velocities are also shown in Fig. 10 phased on
this time-scale. The maximum amplitude of the velocity
changes is ~25 kms~! and the mean full-width at half-
maximum of the profiles is ~130 kms~!. We cannot de-
tect the motion of any sub-features in the weak troughs.
The radial velocity shifts reported here may indicate that
HD 152408 is pulsating, possibly in the radial fundamen-
tal mode. For an estimated mass of 30 Mg (e.g. models in
Sect. 7), the pulsational Q-value = P (M /Mg /(R/Ro)?)?
is ~0.044. This value and the observed period, P, are fairly
consistent with the radial pulsation parameters predicted
for evolved supergiants in the 60 Mg initial mass models
of Lovy et al. (1984). Alternatively, however, the C1v and
He 11 absorption variability may be due to radial pertur-
bations as a result of “strange-mode instabilities”, which
are predicted for massive stars located in the upper-left re-
gion of the H-R diagram (e.g. Kiriakidis et al. 1993). The
ratio of (Ly/Lg)/(My/Mg) for HD 152408 is ~2 10* and
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Fig. 10. The grey-scale image shows individual C1v AA5801,
5812 absorption profiles (quotients with respect to the mean
profile) phased on the 1.45-day period, and plotted over two
cycles (Sect. 5). The corresponding heliocentric radial velocities
for the A5801 component are shown in the right-hand panel. A
pair of line profiles is shown in the panel below the grey-scale
image. The stable feature at A5797 is a diffuse interstellar band
(DIB)

is thus in excess of the ~10* lower limit quoted by Glatzel
(1999), above which strange modes are predicted. A more
intensive, higher-resolution, multi-site data set covering
about 5 nights would be most worthwhile to properly re-
solve the nature of the subtle absorption profile changes.
Finally, a reminder from Sect. 1, that photometric vari-
ability of up ~0.02 mag in V has also been detected in
HD 152408 (Balona 1982).

The weak emission features due to moderately ion-
ized metals (e.g. N1 A4364, C1i1 A5696) are also ap-
proximately Gaussian in shape, with full-width at half-
maximum of ~115 kms™! (cf. v, sin(i) ~85 kms™!;
Table 1) and centred close to rest velocity. Though they
form in the expanding envelope of HD 152408, these
features must nevertheless originate close to the stellar
surface, but slightly beyond the C1v and Hell absorp-
tion line-formation region. Previously, Prinja & Fullerton
(1994) provided tentative indication for a possible link be-
tween velocity shifts in these metal lines and the onset
of propagating absorption enhancements in Hel A5876.
The radial velocities of the N 111 and CIil emission fea-
tures were determined by Gaussian profile fitting, and
the results are shown in Fig. 11 as a function of time.
The central velocities are also compared in this figure to
the stellar wind structures evident in He1 A5876. There
are genuine shifts in the emission line central velocities
of up to ~15 kms~!, but with no significant change in
total equivalent width. There does not appear to be any
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Fig. 11. (Heliocentric) radial velocity variations in deep-seated
emission lines of N111 A\4634 and C1r A5696 are shown as a
function of time in the right-hand panel. These disturbances
are compared to the onset and development of blue-ward mi-
grating absorption features seen in Hel A5876 (grey-scale; see
also Fig. 3b). The mean FEROS He1 A5876 profile is shown in
the bottom-panel

unique relation between either the amplitude or direction
of the velocity shifts and the occurrence of large-scale wind
structure. Perhaps slightly intriguing is the relatively large
disturbance in N 111 and C 111 central velocity seen between
T ~ 11 to 12 days, which almost coincides with the initial
development of one of the strongest absorption episodes
in Hel. Similar “associations” are not present, however,
for velocity excursions seen at T ~ 3 days, 6 to 7 days,
and 20 to 21 days. There is also no correlation between
the peak intensity of the N 111 and C111 emission and the
central (£100 kms~!) Ha emission strength.

It is clear that there are variations in the radial ve-
locities of weak metallic emission features which betray
deep-seated near-photospheric perturbations. We cannot
however recover in these emission-line data the 1.5 day pe-
riod discovered above in the weaker C1v absorption lines.
The emission fluctuations are not cyclic in our FEROS
data set, though we cannot rule out the possibility of more
subtle velocity variations in N 111 and C 111 on shorter time-
scales than considered here. These is also no significant
power at ~1.5 days in HeI and Balmer lines that exhibit
discrete migrating features in the stellar wind, with a mod-
ulation time-scale of ~7.7 day (Sect. 4; Fig. 7).

6. Long-term behaviour

Our discussion has so far focussed on the more intensely
time-sampled FEROS data secured between 1999 July to
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Fig. 12. Evidence for slowly evolving, blue-ward migrating,
localised absorption features in Hel A5876 spectra taken with
the HEROS instrument in May—-June 1995. Two features are
identified between 3 to 9 days into the observing run, covering
a velocity range of ~—200 to —750 km s~!

August, which is clearly very suitable for examining the
incidence, development and recurrence of large-scale wind
structure. As outlined in Sect. 2 (Table 2), we have secured
other (more limited) observations of HD 152408 between
1995 and 1999 using the HEROS instrument. These ad-
ditional data can provide some information on the long-
term (year-to-year) properties of the stellar wind. Note
also that several studies have previously reported opti-
cal line profile variability in this star (see references in
Sect. 1), and in particular Prinja & Fullerton (1994) doc-
umented blue-ward migrating discrete absorption features
in the absorption trough of He1 A5876, in data taken over
~5 nights during 1992 July. A grey-scale image of variabil-
ity in He1 A5876 in our HEROS data from 1995 (Table 2)
is shown in Fig. 12 (cf. Fig. 3b). Fifteen spectra are pre-
sented covering ~14 days. Despite the poor time sampling
we can identify at least two episodic features progressing
from very low initial velocities. They accelerate very slowly
towards the blue wing and are reminiscent of the features
in the FEROS (1999) data. The data shown in Fig. 12
are of course not suitable for testing for quasi-periodic
behaviour, or the ~7.7 and 3.9 day modulation times dis-
cussed in Sect. 4. (Unfortunately the same is true for all
our HEROS data of HD 152408.) It is clear, however, that
the basic observation of slowly migrating discrete features
which affect a very wide velocity domain — both, blue-
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wards in absorption in Hel and Ha, and red-wards in the
Ha emission wings — is a long-term (years) phenomena in
this star. The underlying physical mechanism responsible
for the variability is broadly stable over at least 8 years.

In addition to the episodic migrating features in the
line profiles, we have shown that the Ha lines are also af-
fected by changes in peak intensity and equivalent width,
particularly in the low velocity regime. The central Ha
equivalent width between +100 kms~! was measured in
the FEROS and HEROS 1995 data sets. The results are
shown as a function of time in Fig. 13 (where time is
normalised to the first exposure for each epoch). Gradual
changes in peak Ha emission strength are better recorded
in the more intensive FEROS data, though both data
sets highlight continual fluctuations in the central regions.
The overall mean equivalent width and standard deviation
(s.d.) for this limited velocity region is —7.5 A, s.d. 0.4 A
and —7.4 A, s.d. 0.3 A for FEROS and HEROS 1995,
respectively. (The corresponding total equivalent widths
across the full line profile are —25.7 A and —25.5 A.) The
data in Fig. 13 do not provide any reliable evidence for
cyclic or periodic behaviour, including for example mod-
ulations which are closely commensurate with the periods
identified in Sect. 4 for the (localised) propagating episodic
features.

From the viewpoint of gross stellar wind properties,
it is interesting to note that the time-averaged mean line
profiles from epoch-to-epoch agree remarkably well. The
mean Ha profile for each data set listed in Table 2 is
shown in Fig. 14. The mean total Ha equivalent widths
for the time-series data sets agree to within ~0.8%. This
result ties in very well with the general success of de-
riving global parameters such as mass-loss rate from fit-
ting Hoa emission profiles in OB stars with steady-state
line-driven-wind models (e.g. Leitherer 1988; Lamers &
Leitherer 1993; Puls et al. 1996). The temporal behaviour
identified in our study does, however, indicate that the
lower wind layers of HD 152408 (i.e. out to ~3 R,) are
not smooth, but affected by pronounced coherent struc-
tures. Their influence is mostly restricted to localised and
relatively shallow features on the broad overall Ha wings.

7. Steady-state line-synthesis modelling

In this section, we briefly attempt to match some of the
Ha and He 1 line profiles of HD 152408 with steady-state
line synthesis models. Our aim is simply to assess the ex-
tent of global mass flux changes that would be implied
by the observations (though of course we do not suggest
this as a physical interpretation of the variability). We also
examine the plausibility of canonical wind velocity law pa-
rameterisations, and use our FEROS data to contrast the
matches obtained from the line synthesis between Ha and
He 1 A5876.

Crowther & Bohannan (1997) and Bohannan &
Crowther (1999) have previously studied the time-
averaged optical and near-IR spectral properties of
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Fig. 13. Variations in the central (£100 km s™') Ha emis-
sion equivalent width in FEROS (1999; closed symbols) and
HEROS (1995; open symbols) data of HD 152408

HD 152408, revealing stellar parameters and chemistry
with the non-LTE iterative technique of Hillier (1987,
1990). Here, we differ from these previous studies through
application of the updated code of Hillier & Miller (1998)
which now accounts for line blanketing by H1, Hel-I1,
Ci-1v, N1ir-v, Sitv, Felv-vI to generate synthetic line
profiles for comparisons to our FEROS optical observa-
tions.

Use of a standard g = 1 velocity law fails to pro-
duce the observed shape of the Ha profile (see Crowther
& Bohannan 1997). This is clearly illustrated in Fig. 15
where the mean FEROS Ha profile (open circles) is com-
pared with two models, one calculated with a = 1 law
(dashed line), the other using a tailored slower law (solid
line), adopting 1 = 1, 82 = 3, vexy = 500 kms~! and
Uso = 955 kms~! using the parameterization of Hillier &
Miller (1999). Modelling the mean FEROS profiles of the
usual He 11 A4686, He 1 A5876 and Ha diagnostics results in
the following parameters for HD 152408, i.e. T, = 28 kK,
log(L/Le) = 5.8, R, = 34 Ry, M = 2.1 1075 My yr*
and H/He = 1.5 by number. Agreement with previous
studies is excellent, revealing that the effects of line blan-
keting does not greatly affect the wind lines of such stars.
Having fixed the stellar parameters from the above diag-
nostics, we subsequently calculated a range of models in
which solely the mass-loss was varied, in order to mimic
“extreme” FEROS cases.

Figure 15 also includes comparisons between the mod-
els and the mean He1 A5876 profile. This reveals that
the slow law also provides a better match to the emis-
sion component. However, both models strongly over-
estimate the absorption component. There is a well es-
tablished problem with non-LTE models reproducing the
absorption strengths of HeTl lines in Wolf-Rayet stars and
O supergiants. Nevertheless, theoretical predictions for
other optical lines are found to be in good agreement
with observations, giving confidence in the reliability of
derived parameters. From Fig. 15, absorption produced
by the 8 = 1 law, albeit too strong, is in better agree-
ment with observation than the tailored slow law, since it
extends much further to the blue.
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Fig.14. Comparisons between the mean Ha profiles from
FEROS (1999; solid line), HEROS 1995 (dotted line), HEROS
1996 (short-dashed line), and HEROS 1999 (dot-dashed line).
The epoch-to-epoch mean line profiles are essentially identical,
particularly in the central emission regions

We compare in Fig. 16 synthetic Ho and Herl pro-
files with (constructed) FEROS minimum and maximum
emission flux “template” profiles. The mass-loss required
to reproduce the Hor profiles correspond to 2.0 1072 and
2.4 107® Mg, yr~!. The observed Ha profile changes can
be reproduced with a £10% variation in M — similar varia-
tions are predicted in He1 A5876, in reasonable agreement
for maximum emission, but somewhat discrepant for the
minimum case. The Hel absorption is more discrepant,
however, since the models predict it to (i) be much deeper
than observed, and (ii) extend to ~75% v, in contrast
to ~Us from observation.

8. Discussion

In this study, we have successfully probed time-dependent
stellar wind activity in HD 152408 by simultaneously mon-
itoring fluctuations in several strategic optical absorption
and emission lines, including Balmer, He1, He 11, and weak
metallic features. The principal results on the nature of
wind structure in HD 152408 may be summarised as fol-
lows:

1. The Ha forming (inner-stellar wind) region is domi-
nated by very slowly evolving (~ several days) per-
turbations that are betrayed by localised absorption
and emission features that propagate blue-ward and
red-ward in Balmer and Hel lines. These features are
fairly pronounced, with changes of ~10% of the line
flux. They migrate over a wide velocity range, between
< 0.05v50 to > 0.9v4;

2. There is a clear asymmetry between blue-ward and
red-ward propagating features, such that the accel-
erations of the latter are barely 50% of the former.
Variability in the red wing of Ha only extends to ~50%
of the velocities compared to the blue wing;

3. At blue-ward velocities the perturbations in the stel-
lar wind are seen as reduced flux (not enhanced emis-
sion) in the Ha wing, with excellent correspondence,
in velocity and time, to the occurrence of discrete
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Fig.15. Upper-panel — The mean FEROS Ha profile (open
circles) is compared to synthesised model profiles, calculated
for a B = 1 velocity law (dashed line) and a (tailored) slower
velocity law (solid line; see Sect. 7). The two velocity laws are
compared in the inset. Lower-panel — same as above, except for
He1 A5876

absorption components in the P Cygni-like trough of
Her A5876. The implication is that the Ha opacity
in the wind of HD 152408 is extremely high and the
source function permits line-scattering in a similar
fashion to the formation mechanism operating in Hel
A5876. The blue-shifted perturbations can therefore be
localised in the direction along the line-of-sight to the
stellar disk;

4. The fundamental pattern of wind activity revealed by
our time-series data is systematic and regular over
a time-scale of several days, as opposed to chaotic
over a few hours. (The latter may, for example, be
expected for the case of small-scale structures aris-
ing from the action of the radiative instability mecha-
nism.) Furthermore, we identify quasi-periodic modu-
lation time-scales for changes in the Hel and Balmer
lines of ~7.7 and 3.9 days (the latter being the har-
monic of the former). The extended length of these
time-scales, compared to steady-state wind flow times
across the optical line formation regions, suggests that
the variability has a causal connection to stellar rota-
tion;

5. The weak C1v AA5801, 5812 absorption lines are used
to diagnose structure on or very close to the photo-
sphere. Cyclic radial velocity shifts of up to ~25 kms~!
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Fig. 16. Upper-panel — The FEROS maximum and minimum
flux Ha profiles of HD 152408 (filled circles and open circles, re-
spectively) are compared to synthetic model profiles for mass-
loss rates of 2.4 1075 Mg yr~* and 2.0 1075 Mg yr~ ' (solid
and dashed lines, respectively). Lower-panel — same as above,
except for He1 A5876

are detected in these lines, with a period of ~1.5 days
(and possibly ~2.3 days);

6. The strong Ha emission line of HD 152408, in par-
ticular, reveals a second form of variability that is
dominant in the central regions of the profile (i.e.
4200 kms~!), and is characterised by significant
changes in the peak emission flux over several days.
There is no clear empirical connection evident be-
tween these peak fluctuations and the occurrence of
discrete migrating features. In non-LTE line-synthesis
modelling the differences in central emission may be
reproduced by changes of & 10% in the mass-loss rate.

8.1. Co-rotating interaction regions?

The key properties outlined above are broadly consis-
tent with a scenario of perturbations in the stellar wind
that create a plateau in the local radial velocity gradi-
ent, which in turn increases the line optical depth at that
point in the flow. The spectroscopic signatures described
here would therefore arise due to material that accelerates
through the plateau much more rapidly that the plateau
itself evolves. Since the absorption and emission features
evolve over several days, this phenomenological picture
is most closely related to the hydrodynamical models of
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co-rotating interaction regions (CIRs) developed by
Cranmer & Owocki (1996), which were inspired by the
ideas discussed by Mullan (1984, 1986). The constraints
offered to these models by our optical study are outlined
below.

Some simple streak-lines are drawn in Fig. 17 to (phe-
nomenologically) represent perturbations in the stellar
wind, where the spiral shapes are solely due to conser-
vation of angular momentum and acceleration in the wind
due to “B-type” radial velocity laws. (We adopt the fun-
damental parameters in Table 1 and vyot = Ve sin(é)). For
reasonable radial wind velocity laws (i.e. § ~ 1—2; see
e.g. Sect. 7), the streak-line present in the dominant Ha-
forming inner-wind region sampled in our observations
(<3 R,) is almost radial, with minimal azimuthal ex-
tent. Furthermore, in the 8 = 1 case, the entire streak-
line within 3 R, appears in the line-of-sight and projected
against the stellar disc for the ~10% of the rotation period
(in the equatorial plane). During this period the corre-
sponding absorption feature would not be very localised in
velocity space, but (unlike the observations) would extend
simultaneously over ~600 km s~!. The projected radial ve-
locities in the central line-of-sight are also shown in Fig. 17
(lower-panel) for 8 = 1, 2, and 3. The domain considered
is again restricted to the inner-wind region (<3 R,). The
longest-lived (blue-ward) discrete features evident in the
HeT line profiles of HD 152408 evolve over ~8 days, from
<50 kms~! to ~900 kms~! (see e.g. Fig. 3b). This pro-
gression cannot be reproduced with the “standard” ve-
locity fields considered in these streak-lines, since in the
(3 = 1 case the acceleration is too rapid compared to the
observations, and the slower (3 laws (including the tailored
law used in Sect. 7) do not extend to sufficiently high ve-
locities within 3 R,.

Probably the most severe constraint for a simple co-
rotating stream picture comes from the fact that the accel-
erations of the red-ward migrating features are typically
< 50% of the values measured for blue-ward features (e.g.
Figs. 3a and 5). This is rather difficult to reconcile, since
a given red-ward perturbation is eventually expected to
rotate into the line-of-sight in front of the stellar disc and
yield the same velocity behaviour at blue-ward velocities.
Even in the case of multiple rotating spiral structures, each
with different (non-standard) velocity fields, discrete fea-
tures would be anticipated with a range of accelerations,
but with similar overall patterns in the blue-ward and red-
ward portions of the line profiles. An option that may
deserve attention in future hydrodynamical modelling is
whether a CIR can form with different velocity fields in
its leading (blue-ward; absorption) and trailing (red-ward;
emission) edges. Schematically, we envisage two or more
broad spiral structures in the wind, each with variable ac-
celeration as a function of azimuth. Crudely, the 8 = 1
and 8 = 2 streak-lines in the Fig. 17 (upper-panel) may,
for example, represent the leading and trailing edges of a
single structure. A somewhat ad-hoc possibility here may
be that the leading and trailing edges are optically thick,
so that blue-ward absorption due to the trailing edge is
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not observed, and similarly red-ward emission due to the
leading edge is not seen as the structure continues to ro-
tate past the line-of-sight.

There are two other general empirical constraints pro-
vided by our results that are pertinent to the CIR model.
Firstly, it is clear that the perturbations in the wind of
HD 152408 are already well established and pronounced
from very low velocities above the stellar surface, and
throughout the inner-wind regions. Despite a modest stel-
lar rotation rate, therefore, the “underlying” essentially
radial wind material must meet the perturbation (CIR for
example) almost immediately, in the deepest layers close
to the photosphere. In the models of Cranmer & Owocki
(1996) enhanced absorption arises from an extended re-
gion of near-uniform velocity that marks the initial re-
sponse of the unperturbed wind to the slower CIR ahead.
The distance from the star of this plateau in the velocity
gradient may be controlled by the amplitude of the per-
turbation, its azimuthal location on the surface, and the
stellar rotation velocity.

Another point to note from our results of HD 152408
is that individual large-scale coherent wind structures sur-
vive over at least several days, and possibly much longer.
These perturbations persist against a background of an-
ticipated small-scale, stochastic wind structure that is
predicted to arise from the action of radiative instabili-
ties that are intrinsic to the outflow. The black troughs
of saturated UV resonance line P Cygni profiles, soft
X-ray emission, and exceptionally small ratio of vos /Vedge
(Sect. 1) in HD 152408, are all testiment to turbulent mo-
tions and randomly distributed shocks in the stellar wind.
It is clear, however, that the small-scale structure does not
substantially disrupt the large-scale (CIR-type) features
in HD 152408. The preliminary simulations presented by
Owocki (1999) suggest that in cases where unstable self-
excitation of the wind extends back to the base of the
outflow, the stochastic small-scale structure can dominate
and entirely destroy any large-scale features, including the
extended velocity plateaus.

The origin of the CIRs relates to wind perturbation
mechanisms that are rooted at the stellar surface. Velocity
fields due to non-radial pulsation and a (weak) magnetic
field configuration are clear contenders that have the po-
tential to influence the emergence of a line-driven stellar
outflow and thus trigger wind structure (see e.g. Henrichs
et al. 1994; Cranmer & Owocki 1996). We have demon-
strated that systematic variability is present in absorp-
tion lines formed in the photospheric layers of HD 152408
(e.g. Fig. 10), but more details on the physical form of
this surface structure must await a more intensive (short)
time-series data set. It is also tempting to consider that the
presence of a magnetic field in particular may provide sig-
nificant variation in the mass-flux and thus also account
for the fluctuations noted here in the central (peak) re-
gions of the Ha emission line of HD 152408. If magnetic
pressure plays a significant role in the near-star wind re-
gions where the Ha line is formed, then perhaps as the
star rotates a low-order field will present either regions
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Fig. 17. Upper-panel: streak-lines are shown in the equatorial
plane for vyot = 85 km s_l, Voo = 955 km 5_17 and [-type radial
velocity laws; 8 = 1 (solid line), 8 = 2 (dot-dashed line) and
[ = 3 (dashed line). The dominant Ha-forming inner-wind re-
gion diagnosed by our optical spectroscopy of HD 152408 is ap-
proximately indicated by the dotted circle (i.e. less than 3 R.).
Lower-panel: the corresponding projected radial velocities as a
function of time are shown for the three velocity laws consid-
ered above. In each case the velocities shown are restricted to
a region < 3 R,

where the flow is suppressed in “closed” (horizontal) field
lines, or it is promoted in more “open” (vertical) lines.
(Note, however, that we do not find evidence for periodic
variations in the central Ho emission in our data.)
Following on from our study of time-variable struc-
ture in the active wind of HD 152408, we are now pur-
suing three avenues of research to extend and develop
the results presented here; (i) sensitive searches for sur-
face inhomogeneities and photospheric velocity fields in
HD 152408, (ii) comparisons to large-scale wind structure
evident in the optical wind lines of luminous Of stars, such
as HD 151804, and (iii) exploiting millimetre and radio di-

R. K. Prinja et al.: Stellar wind structure of HD 152408

agnostics to constrain the geometric extent of large-scale
structure in the outer winds, beyond the optical and UV
line-formation regions.
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