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Abstract. Spectral lines formed in stellar winds from OB stars are observed to exhibit profile variations. Discrete
Absorption Components (DACs) show a remarkably slow wavelength drift with time. In a straightforward interpretation, this is in sharp contradiction to the steep velocity law predicted by the radiation-driven wind theory,
and by semi-empirical profile fitting. In the present paper we re-discuss the interpretation of the drift rate. We
show that the Co-rotating Interaction Region (CIR) model for the formation of DACs does not explain their slow
drift rate as a consequence of rotation. On the contrary, the apparent acceleration of a spectral CIR feature is
even higher than for the corresponding kinematical model without rotation. However, the observations can be
understood by distinguishing between the velocity field of the matter flow, and the velocity law for the motion of
the patterns in which the DAC features are formed. If the latter propagate upstream against the matter flow, the
resulting wavelength drift mimics a much slower acceleration although the matter is moving fast. Additional to
the DACs, a second type of recurrent structures is present in observed OB star spectra, the so-called modulations.
In contrast to the DACs, these structures show a steep acceleration compatible with the theoretically predicted
velocity law. We see only two possible consistent scenarios. Either, the wind is accelerated fast, and the modulations are formed in advected structures, while the DACs come from structures which are propagating upstream.
Or, alternatively, steep and shallow velocity laws may co-exist at the same time in different spatial regions or
directions of the wind.
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1. Introduction
When the UV spectral range became accessible in the
1970s, hot stars were found to have winds generally. Many
studies of OB star since that time aimed at the determination of the basic properties of these winds, namely the
mass-loss rate and the velocity law. Semi-empirical models were compared to the observed P Cygni profiles of the
observed UV resonance lines and the Hα profile. Almost
all studies employed the analytical β law (see Eq. (2)) for
a parametrized description of the velocity field. Generally
it was found that with β ≈ 1 velocity laws the observed
spectra can be reproduced best (e.g. Puls et al. 1996), although the sensitivity of these methods to the form of the
velocity law is limited.
The theory of radiation-driven winds in its original
form (Castor et al. 1975) predicts as steady solution a
β velocity law with β = 1/2. With the necessary correction for the “finite-disk effect”, the numerical integration
still gives a velocity field very close to a β law with slightly
Send offprint requests to: W.-R. Hamann,
e-mail: wrh@astro.physik.uni-potsdam.de

higher exponent, β = 0.8 (Pauldrach et al. 1986; Friend
& Abbott 1986). Ionization structure effects can in principle modify this result, but detailed numerical models for
O star winds always arrived at velocity fields of similar
form with β being close to 0.8 (e.g. Puls et al. 1996).
With increasing observational material it was discovered that spectral lines formed in stellar winds exhibit profile variations. Thus it became clear that stellar winds are
not smooth and stationary, but structured to some extent.
Time series of spectra revealed that these short-time variations are not random, but show characteristic patterns
which were termed “Discrete Absorption Components”.
These are superimposed on the unsaturated absorption
part of P Cygni profiles and drift to higher blue-shift with
time (e.g. Prinja & Howarth 1988; Massa et al. 1995;
Prinja et al. 1998; de Jong et al. 2001).
These drifting features open a diagnostic access to the
wind kinematics. Already the first empirical studies of
DACs concluded that their wavelength drift is remarkably slow. In a straightforward interpretation (which will
be under debate in the rest of this paper), this is in sharp
contradiction to a β velocity law with β ≈ 1. This poses
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the severe question of whether the radiation-driven wind
theory as well as the semi-empirical spectroscopic studies
are basically wrong. We mention in passing that emission
lines in Wolf-Rayet spectra show also profile variations,
which are found to contradict a steep β = 1 velocity law
(e.g. Lépine & Moffat 1999).
After DACs turned out to repeat more or less periodically in many cases, this phenomenon was seen in relation
to stellar rotation. Mullan (1984) proposed, in analogy to
the solar wind, so-called Co-rotating Interaction Regions
(CIRs) as the origin of the profile variability. This model
has been worked out in some detail in kinematic studies (Owocki et al. 1995; Fullerton et al. 1997), and a first
hydrodynamical simulation of CIRs in 2D was presented
by Cranmer & Owocki (1996). However, the CIR model
alone does not help to resolve the contradiction between
a fast velocity law and the apparently slow drift rate of
DACs. Section 2 of the present paper is devoted to these
questions.
Time-series observations of unprecedented quality,
with respect to long duration and uninterrupted time coverage, have been obtained by the mega campaign cooperation (Massa et al. 1995) with the IUE satellite in 1995
for three hot stars, the prototype O supergiant ζ Puppis,
one B0.5 star, and one Wolf-Rayet star. The OB stars
actually show two different types of periodic line profile
variations, the DACs already known before, and the socalled modulations. In Sect. 3 of this paper we will employ
the mega observations of ζ Puppis in order to illustrate
our kinematical considerations. A second, related paper
(Brown et al., in prep.) will be focussed on the question,
which information can be retrieved from observed DACs
by the application of inverse methods.

2. Simple kinematic modeling
2.1. Definitions
In a spherically-symmetric stellar wind, the radial coordinate r is expressed in units of the stellar radius R∗ . Thus,
r > 1 in the wind. The velocity field of the wind, v(r), is
directed radially outward and written as the product of
the terminal velocity v∞ and the dimensionless, normalized function w(r) ≤ 1,
v(r) = v∞ w(r).

(1)

For our specific examples we will employ the well-known
analytical velocity law which is commonly termed as the
“β law”,
w(r) =


β
1
1−
·
r

(2)

Time will be expressed by the dimensionless variable t,
which is in units of flight time,
tflight = R∗ /v∞ .

(3)
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Note that with these dimensionless quantities, the velocity
w is just
dr
,
(4)
dt
and hence the time t (in units of flight times) is the integral
Z
dr
t=
,
(5)
w
w(r) =

without any further factors. As we will show various plots
of the function t(w) in the following, we note here that
the slope of such curves is the inverse of the acceleration,
dt
1
= ·
dw
r̈

(6)

2.2. Advected patterns
Let us assume there is some local structure, e.g. a density enhancement or rarefaction, or a small disturbance in
the gradient of the velocity field, causing some excess or
lack of line optical depth. Let us furthermore consider a
UV resonance line, for which the absorption part of the
emerging P Cygni profile is formed by line scattering between the stellar disk and the observer. For simplicity we
consider only the central ray, i.e. we neglect the finite size
of the stellar disk.
The postulated local narrow disturbance in optical
depth can obviously produce a drifting narrow spectral
feature superimposed on the stationary line profile. Its observed Doppler blue-shift reflects, of course, the velocity
of the matter at the location of the pattern,
∆λ = −wmat (t) ∆λD

with ∆λD = λ0 v∞ /c.

(7)

Let us now assume, as a first step, that the local structure (pattern) is fully advected with the flow of matter.
Consequently, the Doppler blue-shift of the corresponding
spectral feature simply develops with time as described by
Eq. (5) with w = wmat = wpat . Figure 1 displays, for later
comparison, t(w) for β laws with β = 0.5, 1, 2 and 4. The
analytic integrals are compiled in the Appendix.

2.3. Propagating patterns
However, it is by no means sure that any pattern superimposed on the mean velocity or density field is fully advected with the flow of matter. Abbott (1980) discovered a
new type of hydrodynamic waves in line-radiation driven
winds, later often termed Abbott waves. By means of these
waves, a structure may propagate upstream against the
flow of matter with supersonic speed, while the matter is
passing through that pattern. The same holds for reverse
shocks which form in a radiation driven wind due to an
instability mechanism (Owocki et al. 1988). As noticed
e.g. by Lamers (1994), the observed wavelength drift of
features arising from such propagating patterns is not a
direct measure of the acceleration of the wind matter.
Hence, in the reference frame of the star, the radial velocity wpat of a pattern might be considerably slower than
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at the same radius by a constant offset ∆w = 0.4 (see
Appendix A.3 for the analytical formulae).
Figure 1 demonstrates that upstream propagating patterns can easily produce a very slow drift of the spectral feature, although the flow of matter itself follows the
“fast” standard β = 1 velocity law. Compared to the simple “advected patterns” model, the spectral drift rather
resembles the β = 2 or β = 4 case.

20
β pat =4
∆w=0.4

t

10

2.4. Co-rotating patterns

β =0.5

0

β =1

2.4.1. Definitions
β =2

β =4
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-20
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0.5
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Fig. 1. Time t until the matter producing a narrow spectral
feature has reached the velocity wmat . All curves are normalized at t = 0 for wmat = 0.5. The thin curves are for the case
that the pattern which gives rise to the spectral feature is fully
advected with the flow of matter (i.e. wmat = wpat ), and both
are moving according to a β velocity law (labels: β). The two
thick curves take into account that the pattern where the narrow feature is formed may propagate upstream with respect to
the matter flow. For the matter velocity the standard β = 1 law
is assumed in both examples, while the pattern moves with a
different, slower velocity: either a β = 4 law (label: βpat = 4),
or a constant velocity difference relative to the matter flow
(label: ∆w = 0.4).

Observed “discrete absorption components” (DACs) are
often found to repeat periodically. It is plausible to identify the repetition time with the star’s rotation period (or
an integer fraction of the latter). It has been suggested
that there are structures at the stellar surface (magnetic
spots, pulsation patterns) which cause an azimuthal dependence of wind density and velocity. Clearly, if the star
rotates, any azimuthal variation of the radial wind velocity
leads to interaction between streams of different speed and
thus to the formation of “Co-rotating Interaction Regions”
(CIRs) similar to what is known from the solar wind (cf.
Mullan 1984; Cranmer & Owocki 1996).
While this model obviously explains the periodicity of
DACs, there was some subliminal suggestion that their
slow wavelength drift is also a consequence of the stellar
rotation. In the following we will make clear that this idea
is wrong.
We denote the equatorial velocity of a rotating star by
vrot . Only the equatorial plane is considered for simplicity.
Furthermore we define the velocity ratio
Ω0 = vrot /v∞ .

the matter velocity wmat at the same location. Cranmer
& Owocki (1996) in their two-dimensional hydrodynamic
model obtained a structure (kink plus velocity plateau) in
the radial velocity field which propagates outward roughly
according to a β law with exponent β between 2 and 4.
Alternatively, one might suggest that the travel speed
of the pattern relative to the matter is constant, i.e.
wpat = wmat −∆w (in order to obtain only outward traveling patterns, we restrict this definition to sufficiently large
radii).
The effect of distinguishing between matter and pattern velocity is illustrated in Fig. 1 by two examples. In
both cases, we adopt a βmat = 1 velocity law for wmat . One
of the thick lines gives t(wmat ) assuming that wpat is following also a β law, but with a different exponent βpat = 4.
Thus the matter speed wmat and the pattern speed wpat
1/β
1/β
at the same radius r are related by wpat pat = wmatmat ,
which leads to the simple substitution
β

pat
wpat = wmat

/βmat

(8)

in Eq. (A.24). For the other thick line we assume that
the pattern velocity is lower than the matter velocity

(9)

Plausible values range from Ω0 = 0.05 (if vrot =
100 km s−1 and v∞√
= 2000 km s−1 ) to Ω0 = 0.2 for critical
rotation (vrot = 1/ 2 vesc and assuming that v∞ is three
times the escape velocity vesc – Abbott 1978).

2.4.2. Pattern path
Let us consider a pattern or parcel in the stellar wind at
polar coordinates (r, φobs ) in the observer’s frame. The
radial component of the velocity is specified by some velocity law wpat (r).
In the observer’s frame, the azimuth angle of this parcel changes with the angular velocity Ω(r),
dφobs
= Ω(r).
dt

(10)

Note that the derivative is with respect to the dimensionless time t as defined in units of the flight time (Eq. (3)). In
these dimensionless units, the angular velocity at the stellar radius is just Ω(r = 1) = Ω0 . Assuming that angular
momentum is conserved,
Ω(r) =

Ω0
·
r2

(11)
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Time t can be eliminated by substituting dt = w−1 dr,
Z
dr
φobs (r) = Ω0
·
(13)
w r2
This equation describes the trajectories of a pattern or
parcel in the observer’s frame. Analytical formulae for β
laws with specific exponents are given in the Appendix.
Results for typical parameters are shown in Fig. 2 and
demonstrate that in this frame the motion is nearly radial
even in the case of extremely fast rotation, as soon as the
radial velocity has reached some fraction of the terminal
speed.

8

Thus, integration over time t yields
Z
dt
φobs = Ω0
·
r2
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Fig. 3. Path of a pattern as seen in the co-rotating frame of
the star. Otherwise, same as Fig. 2.

0
-5

φ cor

-10
10

8

β=4
v rot /v = 0.2

8

β=4
v rot /v = 0.05

5
to

0

ob
ser
ve

-5

r

-10
-10

-5

0

5

10-10

-5

0

5

10

Fig. 2. Path of a parcel or pattern as seen in the observer’s
frame. The radial motion follows a β law with exponents 1 and
4 (upper and lower frames, respectively). Conservation of angular momentum is assumed for the azimuthal motion, studying
cases of slow and rapid rotation (left and right frames, respectively). The azimuth angle is normalized such that φobs = 0
when half the terminal velocity is reached (w = 0.5, small
circles).

Now we transform these trajectories from the observer’s frame of reference into the co-rotating reference
frame of the star. If we follow the motion of some pattern which at time tpat has the coordinates (r, φobs ), the
azimuth angle in the co-rotating frame becomes
φcor (r) = −Ω0 tpat (r) + φobs (r).

(14)

Figure 3 illustrates how the examples from Fig. 2 look after transformation into the co-rotating frame. Note that
if Ω(r) decreases with r, as holds under any reasonable
assumption, the angle φcor is decreasing with r because
the pattern lags back behind the stellar rotation.

Fig. 4. Path of a pattern or parcel leaving the equator of
a counter-clockwise rotating star, sketched in the frame corotating with the star. Due to the assumed conservation of
angular momentum, the streamline lags back behind the rotation. In that frame, the azimuthal angle towards the observer
changes as −Ω0 t. A spectral feature thus may arise from the
intersection point of the spiral structure and the ray towards
the observer, and its Doppler shift reflects the matter velocity
at this location.

2.4.3. Wavelength drift
As seen from the co-rotating frame of the star, the remote
observer is circling around in a clockwise direction with
angular frequency Ω0 (cf. Fig. 4). The line-of-sight (only
considering the central ray) crosses the co-rotating spiral
pattern. Let us denote by tpat, LS (wpat ) the time when the
pattern velocity in this intersection point reaches wpat .
The azimuthal direction to the observer at this time is
φcor = −Ω0 tpat, LS

(15)
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which may be inserted into Eq. (14) to obtain
tpat, LS (wpat ) = tpat (wpat ) −

1
φobs (wpat ).
Ω0

(16)

Note that we now consider all terms in this equation as being functions of wpat . The time tpat until a pattern reaches
velocity wpat is just the same function already discussed
for the non-rotating case (Sects. 2.2 and 2.3) and is shown
in Fig. 1. The term Ω−1
0 φobs (wpat ) appeared already in the
preceding section. The Eq. (13) for φobs contains a factor
Ω0 which thus cancels out in Eq. (16). Hence the wavelength drift of a spectral feature, according to the CIR
kinematics, does not depend on the rotation rate of the
star.
20
15
β =4

10
β =2

t

5

β =1
β =0.5

0
-5
-10

3. Comparison with observations of ζ Pup

-15
-20

tpat, LS < tpat . (For high β the difference is only noticeable at low velocities.) In other words, the kinematics of
the CIR model does not explain the observed slow drift of
DACs on only kinematical grounds.
Although this result is implicitly contained in the literature (e.g. Fullerton et al. 1997), there was some confusion about this when e.g. Cranmer & Owocki (1996)
stated their surprise that in their models they find no correlation between the DAC’s acceleration timescale and the
star’s rotation velocity. Similarly misleading, correlations
between rotational velocity and the timescale of the DACs
drift have been considered as straightforward evidence for
the CIR model (Prinja 1988).
Summarizing, we have discussed two different effects
which influence the wavelength drift of DACs: the propagation of patterns relative to the flow of matter, and the
CIR geometry. The combination of both effects is straightforward (cf. Appendix). However, these two effects oppose
each other. Only patterns which are upstreaming lead to
a slower wavelength drift of the observable discrete features, while the CIR geometry makes them drift faster,
independent of the rotation rate. While the latter effect
is only mild, the former can be arbitrarily strong when
the upstreaming velocity is high. In the hydrodynamical
CIR simulation by Cranmer & Owocki (1996) the “Abbott
kink” propagating upstream causes the slow drift of the
predicted DACs.

0.0

0.5
w pat

1.0

Fig. 5. Time t until a pattern moving radially according to a
β law has reached the velocity wpat . All curves are normalized
at t = 0 for wpat = 0.5. The thin curves are for the sphericallysymmetric model. The corresponding thick curves are for the
CIR model, i.e. give the relation between tpat, LS and wpat at
the intersection point between the co-rotating structure and
the line-of-sight.

Moreover, the second term in Eq. (16) means subtracting a positive number because φobs is positive (Eq. (13))
as long as Ω(r) remains positive. This holds not only for
angular momentum conservation but for any reasonable
assumptions. Figure 5 illustrates these relations for β laws,
the analytical formulae being given in the Appendix. The
thin solid lines represent tpat , i.e. the time until velocity
wpat is reached in the spherically-symmetric model (same
curves as in Fig. 1). The thick lines correspond to the CIR
model and give tpat, LS , i.e. the time until wpat is reached
at the intersection point between the co-rotating pattern
and the line-of-sight. The figure shows that in the CIR
model the velocity is drifting even faster than in the nonrotating case with the same radial velocity law because of

Time-series observations of unprecedented quality, with
respect to long duration and uninterrupted time coverage,
have been obtained by the mega campaign cooperation
(Massa et al. 1995) with the IUE satellite in 1995 for three
hot stars, the prototype O-type supergiant ζ Puppis, the
B0.5 supergiant HD 64760, and the Wolf-Rayet star WR 6.
In the following we use the ζ Puppis data of the Si iv resonance doublet in order to illustrate the kinematical effects
discussed in the preceding section. A thorough analysis
of these observational data was given by Howarth et al.
(1995), and we do not intend to add to their elaborate
work.
In Figs. 6–8 we copy the grey-scale (or color) representation of the dynamical spectrum from Massa et al.
(1995). It shows the difference between the individual observations and a “minimum absorption” template for the
profile of the Si iv doublet at 1393.8, 1407.8 Å. The two
vertical black lines mark the center wavelengths of the unshifted doublet components. We divide the abscissa axis
in Doppler units referring to an adopted terminal wind
velocity v∞ of 2300 km s−1 .
Figure 6 is to clarify our terminology. Two types of dynamical features can be recognized in the data by eye, and
have been quantified by the analyses by Howarth et al.
(1995): the “DACs” repeat with a period of 5.21 days,
which is presumably the rotation period of that star.
These features only arise at high velocities, extending
roughly over blueshift from −0.4 to −1.0 (Doppler units
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Fig. 6. Time variations in the Si iv resonance doublet of
ζ Puppis, observed during the iue mega campaign (Massa et al.
1995). The grey-scale (or color) representation is taken from
that paper and shows the difference between the individual
observations and a “minimum absorption template”. The two
vertical black lines mark the center wavelengths of the unshifted doublet components. The abscissa is divided in Doppler
units referring to v∞ of 2300 km s−1 , and with respect to the
center wavelength of the blue doublet component. The boxes
should clarify which kind of features we term “DACs” and
“modulations”. The boxes are drawn twice, according to the
wavelength separation of the doublet components. The DACs
boxes are repeated with the recurrence time of DACs (5.21 d,
presumably the star’s rotation period), while the modulations
are indicated with their period of 19.2 h.

of v∞ ). They show slow acceleration, which is reflected
by the steep inclination of the corresponding boxes (cf.
Eq. (6)). In the B supergiant HD 64760, another target of
the mega campaign (Massa et al. 1995), the DAC structures are much more pronounced than in ζ Puppis.
The second type of structures is called “modulation”
(Owocki et al. 1995). They repeat with a period of
19.2 hours, which is probably not an integer fraction of the
rotation period (Howarth et al. 1995). One may speculate
that they are triggered by (nonradial) pulsations, perhaps
beats between neighboring mode frequencies. The modulations are most pronounced at intermediate blueshift
(−0.2 to −0.8 Doppler units), and drift fast. The modulations are not “discrete” absorption components, but rather
broad and shallow. Therefore we suggest not to term them
“DACs”.
Now the observed dynamical spectrum from Fig. 6 is
overplotted with curves for the wavelength drift calculated
from the simple kinematical models discussed in Sect. 2.
In Fig. 7 we assume the β = 1 velocity law and a pattern which is fully advected with the flow (Sect. 2.2 and
Eq. (A.10)). The curves are drawn twice for the appropriate center-wavelengths of each doublet component. In time
they are plotted repeatedly with the “modulation” period

-1.0

-0.5

0.0
∆λ / ∆λ D

0.5

1.0

Fig. 7. Same observations as displayed in Fig. 6, now overplotted with the wavelength drift calculated for a β = 1 velocity law
and a pattern which is fully advected with the flow (Sect. 2.2;
Eq. (A.10)). The curves are drawn twice with appropriate shift
between the doublet components, and repeated with the period
of the “modulations” of 19.2 h. The time at the ordinate axis,
spanning the whole observation run of 15.9 days, is expressed
in units of the flight time tflight = R∗ /v∞ = 1.68 h. The slope
of the modulation patterns is not in conflict with this “fast”
velocity law.

of 19.2 h. Note that the time at the ordinate axis, spanning over the whole observation run of 15.9 days, is now expressed in units of the flight time tflight = R∗ /v∞ = 1.68 h,
adopting a stellar radius of R∗ = 20 R and terminal velocity of v∞ = 2300 km s−1 .
The rough by-eye comparison reveals that the slope
of the modulations is not in conflict with the calculated
curves. Hence there is no need to invoke any upstreamtraveling patterns, and the “fast” β ≈ 1 velocity law promoted by the radiation-driven wind theory is fine.
Alternatively, attributing the modulations to CIRs
would make the slope even a bit smaller, which mimics
a slightly faster acceleration (cf. Fig. 5). Hence the β = 1
velocity law and fully advected patterns remain compatible with the slope of the modulations in the CIR case as
well, at least at velocities w > 0.4 where the modulations
are visible, though at smaller w the predicted curves differ. In fact, detailed studies of the “banana shaped” modulations observed in the B type star HD 64760 (Fullerton
et al. 1997) explained even the “phase bowing” within the
framework of the CIR model, as a consequence of the finite
stellar disk.
In contrast to the modulations, the DACs which are
weakly visible in the ζ Puppis data show a much slower
drift rate. In Fig. 8 the ζ Pup observations are overplotted
with the wavelength drift calculated for a narrow feature
arising from a pattern which propagates upstream with a
relative velocity of 0.4 v∞ , while the matter flows with a
β = 1 velocity law (Sect. 2.3 and Eq. (A.16)). The plotted

952

W.-R. Hamann et al.: On the wavelength drift of spectral features arising from structured stellar winds

t [in units of t flight ]

200

150

100

50

0

-1.0

-0.5

0.0
∆λ / ∆λ D

0.5

1.0

Fig. 8. Same as Fig. 7, now overplotted with the wavelength
drift calculated for a narrow feature arising from a pattern
which propagates upstream with a relative velocity of 0.4 v∞ ,
while the matter flows with a β = 1 velocity law (Sect. 2.3;
Eq. (A.16)). The slope is much steeper now (i.e., the acceleration is smaller) than the “modulation” pattern, but comparable with the slow motion of the DACs. The curves are repeated
with the frequency of the “modulations” of 19.2 h, while the
DACs recurrence period is 5.21 days (cf. Fig. 6).

curves again repeat with the frequency of the “modulations” of 19.2 h, while the DACs recurrence period is actually 5.21 days (cf. Fig. 6).
As Fig. 8 reveals, the calculated curves show much
steeper slopes than the observed “modulation” pattern,
but roughly reproduce the steeper slope of the DACs. This
demonstrates the capability of the “upstreaming pattern”
scenario to explain their slow apparent acceleration.

4. Conclusions
In time-resolved spectroscopy of UV resonance lines from
hot star winds, different types of recurrent features (DACs
and modulations) are superimposed on the unsaturated
absorption part of P Cygni profiles. The wavelength drift
rates of the DACs were stated to be in conflict with theoretically predicted wind velocity laws. In the present paper we re-discussed these drift rates on the basis of simple
kinematical models.
In the simple picture that the drifting spectral features
originate from wind structures (patterns) which are fully
advected with the flow of matter, the slow wavelength drift
observed for DACs can only be explained by adopting a
shallow velocity law. In terms of the usual analytical β
velocity law, this implies a large exponent β > 2. However,
high β values are in conflict with the radiation-driven wind
theory which predicts β ≈ 1, and are also not supported
by detailed profile fits from line formation calculations.
The other possibility to explain small drift rates is
by distinguishing between the velocity field of the matter

flow, and the velocity law for the motion of the patterns
in which the narrow spectral features form. If the latter propagate upstream against the matter, the resulting
wavelength drift can mimic a much slower acceleration although the matter is still moving according to a low β.
In a rotating star, wind structures will lead to the formation of Co-rotating Interaction Regions (CIRs). There
was some misunderstanding that absorption features arising from these regions will mimic a slower acceleration,
depending on the rotation rate. Instead, we showed that in
the CIR model the apparent acceleration is always steeper
than derived from the non-rotating wind model with the
same velocity law in the radial direction. This apparent additional acceleration does not depend at all on the
rotation rate.
In addition to the DACs, a second type of periodic
features are found in the dynamical OB star spectra, the
so-called modulations. They show a steep acceleration in
accord with β ≈ 1, no matter whether the CIR model or
a non-rotating model is considered. The presence of these
modulations excludes models in which the whole wind is
accelerated slowly (high β), and supports the theoretical
prediction of β ≈ 1. We see only two possibilities to reconcile DACs and modulations in one consistent picture.
Either the wind is flowing fast, and the modulations are
formed in advected structures, while the DACs come from
structures which are propagating upstream. Or, alternatively, slow and fast velocity laws co-exist at the same time
in different spatial parts of the wind, where fast streams
follow the “critical” solution of the radiation-driven wind
theory with β ≈ 1 and exhibit modulations, while other
parts (very dense clouds?) may adopt “overloaded” solutions and produce DACs.
Acknowledgements. We thank A. Fullerton for his interesting
remarks, and for sending us the mega data. J. C. B. and
L. M. O. acknowledge the support of PPARC research grants.

Appendix A: Analytical integrals for β laws
Here we give analytical solutions for the wavelength drifts
discussed in the main text, if the radial motion follows a
β velocity law. The following integrals are given, always
dropping the integration constants:
– the time tpat a pattern needs to reach wpat , i.e.
Z
dr
tpat =
;
(A.1)
wpat
– the azimuthal angle φobs (wpat ) in the observer’s frame,
for a pattern which started from a footpoint at the
stellar surface and traveled radially with wpat , and azimuthally under conservation of angular momentum,
Z
dr
φobs = Ω0
;
(A.2)
wpat r2
– the time tpat, LS until the radial speed of a pattern,
measured in the place where the co-rotating structure
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cuts with the line-of-sight (LS) to the observer, reaches
the value wpat ,
tpat, LS

1
= tpat −
φobs .
Ω0

(A.3)

Note that the observed Doppler shift of a spectral feature
reflects the matter velocity wmat in the place of the pattern; these might differ, if the pattern represents e.g. a
traveling wave or (reverse) shock. If both wmat and wpat
can be approximated by β laws with different βmat , βpat
respectively, wpat has to substituted in the final formulae by
β

pat
wpat = wmat

/βmat

.

(A.4)

– φobs = Ω0 ln(wpat )
– tpat, LS =
−2



(1 − ∆w)


1
1 2
wpat (r) = 1 −
r
– tpat

wpat
1 1 + wpat
=
+ ln
2
1 − wpat
2 1 − wpat

– φobs = 2 Ω0 wpat
– tpat, LS =

wpat
1 1 + wpat
+ ln
− 2wpat ·
2
1 − wpat
2 1 − wpat

(A.5)

Assuming that the pattern is traveling “upstream” against
the matter flow with relative velocity ∆w, i.e. the matter
follows the normal β = 1 law without offset, implies w̃ =
(wmat − ∆w)/(1 − ∆w).

A.4. Special case β = 2

2
1
w(r) = 1 −
r
1
u
1
with u = r − 1 = 1/(w− 2 − 1)
1
– φobs = −Ω0
u
– tpat, LS = u + 2 ln u.

– tpat =

1
r

– φobs = Ω0 ln(wpat )
– tpat, LS =

1
1
+ ln
·
1 − wpat
1 − wpat

(A.8)

(A.10)
(A.11)
(A.12)

A.3. Special case β = 1, but with velocity offset
wpat (r) = 1 −

1
− ∆w
r

(A.13)

considering only large enough radii where wpat (r) > 0.
– tpat = (1 − ∆w)−2 [u + ln(u)]

(A.14)

where
u=

1 − ∆w
·
1 − wpat − ∆w

(A.20)

(A.21)
(A.22)

A.5. Special case β = 4
(A.7)

(A.9)

1
wpat
+ ln
1 − wpat
1 − wpat

(A.19)

(A.6)

A.2. Special case β = 1
wpat (r) = 1 −

(A.17)


w̃
1
+ ln
− ln(wpat ). (A.18)
1 − w̃
1 − w̃

– tpat = u + 2 ln u −
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(A.15)

One may define w̃ = wpat /(1 − ∆w), which results in
u = 1/(1 − w̃) and then yields an expression for tpat
which has a similar form as for the normal β = 1 law
without offset (Eq. (A.10)):


1
w̃
tpat = (1 − ∆w)−2
+ ln
·
(A.16)
1 − w̃
1 − w̃


4
1
wpat (r) = 1 −
r
1
– tpat = u + 4 ln u − 6u−1 − 2u−2 − u−3
 1
 3
−
where u = r − 1 = 1/ wpat4 − 1 .


1
– φobs = −Ω0 u−1 + u−2 + u−3
3
– tpat, LS = u + 4 ln u − 5u−1 − u−2 .

(A.23)
(A.24)

(A.25)
(A.26)
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