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Roberto O. J. Venero Onďrejov, March 2024 2 / 45



Introduction
Solution Domains

Comparison with observations
Discussion and Conclusions

Models of Peculiar Stars Group

Stellar winds

Flows of gas ejected from the surface of the star
It is a prominent phenomenon in OBA-type stars

Rigel (B8 Ia) and the Witch Head nebulae (Star Shadows Remote Observatory)
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Stellar Winds: Why are they important?

Relevance of stellar winds

• Mass loss modifies the stellar evolution.

• Loss of angular momentum of stars.

• Estimation of distances and other
relevant parameters.

• Interaction with the interstellar medium.

• Chemical evolution of galaxies.

• First generations of stars.

• Much more...

• However, the stellar wind is intriguing
in its own right.
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B-type supergiant stars

Main properties

• Heterogeneous group of stars.

• Diversity of evolutionary phases
(blue region⇔red region of HR
diagram).

• Photometric and spectroscopic
variability.

Fundamental parameters

• 8 M� . Mass . 50 M�

• 104,7 L� . Luminosity . 105,6 L�

• 12 000 K . Teff . 25 000 K

• 1.7 . log g . 3

• 20 R� . Radius . 70 R�

• v sin i . 100 km s−1

Region of the HR diagram
occupied by B-type supergiant

stars

The advanced stages of stellar evolution 5

(Smartt et al. 2009), stating that no progenitor of type IIP supernova above about
17 M� have been found while observations (and modelling) shows that there are
RSGs (the direct progenitor of the type IIP supernovae) up to about 25 M� (see
also Walmswell & Eldridge 2012).

• In case the mass-loss rate during the RSG phase is not strong enough to com-
pletely remove the hydrogen-rich envelope, it becomes possible for single star
to end its evolution at locations in the HRD intermediate between the cool RSGs
and the very hot Wolf-Rayet stars, allowing for unexpected supernova progenitors
(Georgy 2012; Georgy et al. 2012; Groh et al. 2013a,b,c; Meynet et al. 2015a).
For example, it is possible to have stellar evolution tracks ending in the Yellow
Supergiants area of the HRD, or in the Luminous Blue Variables one.

• The blue-red-blue evolution of some of the massive star models makes that the
BSG region of the HRD is populated by two different populations of stars: the
one that are on their first crossing of the HRD, immediately after the MS, and the
one that are evolving back to the blue from the RSG branch (see Fig. 3).

Figure 3. HRD for massive star models (Ekström et al. 2012). The colours on
the track indicate the stellar type. The blue square indicate the region where BSGs
are located, and where pre- and post-RSG phase BSGs are found according to our
models. Figure adapted from Georgy et al. (2012).

5. Distinguishing between both BSG populations

In the framework of sgB[e] stars, which are also located in the BSG region of the HRD,
it is interesting to know whether it is observationally possible to distinguish between a
BSG star that is on its first crossing, and another one at the same location of the HRD,

(Georgy+,2017)
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B-type supergiant stars

Wind Parameters
• Mass-loss rates:

Ṁ ∼ 10−7 a 5×10−6 M� yr−1

• Terminal velocities:
v∞ ∼ 200 km s−1(late) to 1 500 km s−1

(early)

Qres =
Ṁ

R∗v2
∞

Resonance
lines

Q =
Ṁ

(R∗v∞)1,5

Recombination
lines
(Hα)

Optical depth invariant

Spectral variability
A&A 581, A75 (2015)

Fig. 2. Night-to-night variation in the Hα line in the observing period
2013 July 19 to August 12. This period shows all of the typical profile
shapes: P Cygni, pure emission, almost complete absence, and double
and multiple peaked.

the temperature structure (see details in Kubát et al. 1999). The
wind velocity distribution is computed using the so-called β-law.

For the fundamental stellar parameters (Teff, log g) we
mainly used the Arizona spectra. They cover the Hγ and Hδ lines
(known as excellent surface gravity sensors) and the He i λ 4471
triplet line (considered a good gravity indicator, with some sen-
sitivity to Teff as well, Lefever et al. 2007). In addition, we mod-
eled the singlet transitions of He i λ 6678 Å and He i λ 4713 Å,
and the lines of Si ii λλ 4128, 4130 Å, and Si iii λ 4552 Å. These
Si lines are also excellent temperature indicators (Markova &
Puls 2008). Unfortunately, the Ondřejov spectra cover a more
restricted wavelength interval, providing only the He i λ 6678 Å
line. Although the Ondřejov spectra have a lower resolution, they
have significantly higher S/N than the Arizona spectra.

Another input model parameter is the stellar radius. This
value should be derived in an independent way, such as the
de-reddened absolute magnitude or the spectral energy distribu-
tion. Different authors used these methods to derive the radius
of 55 Cyg and obtained values ranging from 38 R� (Markova &
Puls 2008) to 83 R� (Gies & Lambert 1992). Because of the large
discrepancy in the literature values, we employed other methods.
Using the BCD parameters, based on a reddening-independent
method (Zorec et al. 2009), we obtain a bolometric magnitude
of −8.5 ± 0.3 mag, which leads to log L/L� = 5.3 ± 0.1
and R = 61 ± 8 R�. This bolometric magnitude agrees with
the determination reported by Barlow & Cohen (1977), who
estimated MV = −6.8 mag from the 10 μm excess emission.
With the bolometric correction of 1.7 (Flower 1996), we derive
Mbol = −8.6 mag, in agreement with the BCD method. The ra-
dius obtained from these two methods also agrees with the value
of 61 R�, derived by Pasinetti Fracassini et al. (2001) based on
measurements of the stellar angular diameter from infrared pho-
tometry by Blackwell & Shallis (1977).

The wind parameters were derived by modeling the Hα line.
To compute the synthetic line profiles for 55 Cyg, we started
from a set of initial values for both photospheric and wind pa-
rameters, taken from the literature (see Sect. 2). However, these
values did not deliver good fits, so that we extended the range
of parameters, looking for the best fit in a “by-eye” procedure.
For this, we treated all model parameters (Teff, log g, β, Ṁ, v∞,
vmacro, and vrot) as free values and computed a large grid of syn-
thetic line profiles. The parameters vmicro and R∗ were initially
fixed at 10 km s−1 and 61 R�, respectively, and then were slightly

varied to obtain improved fits. We selected the best fit to the ob-
servations and verified the consistency of some of the individ-
ual parameters, which are not independent variables. For exam-
ple, the stellar radius and the surface gravity should obey the
relation gR2∗ ≈ const. To fit the terminal velocity, we preferen-
tially considered the values that reproduce the blueshifted ab-
sorption component of the Hα P Cygni profile. Otherwise, for
profiles with pure emission, we derived the terminal velocity
based mainly on the Hα line width.

Using the FASTWIND code, we explored the sensitivity of
the model parameters that characterize both the photosphere and
the wind. However, we should keep in mind that there are two
sources of errors. One results from the modeling, in which the
involved uncertainties result from the statisitcal standard de-
viation and are obtained using the best-fit model. The second
refers to the inaccuracy of the input parameters, that is, the ra-
dius, resulting from the uncertainties in the stellar distance and
hence luminosity. But when the distance is fixed, any deviation
in the parameters larger than the statistical error indicates possi-
ble variability in the physical parameters.

To determine the statistical uncertainty of the parameters, we
used the best-fit model and tested different values of each param-
eter, one at a time, keeping all other parameters fixed. We have
the advantage of the many high-resolution and high ratio S/N
spectra obtained in Arizona, taken over a sequence of consecu-
tive days. This enabled us to distinguish errors on the mean val-
ues of the studied parameters from real changes of the physical
conditions.

From fits to the Si ii and Si iii lines we observe uncertainties
of 300−500 K in Teff. We also find that the Hα emission is sensi-
tive to changes in Teff of ∼300 K. From the Hγ and Hδwings, the
statistical error in log g is 0.05 dex, but due to large uncertainties
in other parameters (e.g., the radius), the error could be slightly
larger, but still below 0.1 dex. This latter is what we use in the
tables as upper limit. The uncertainties in the rotational, micro-
and macroturbulent velocities depend on the modeled line tran-
sition. Error bars in vmicro are 2 km s−1 for the He and Si lines,
and 5 km s−1 for the H lines, except for Hα, for which the error
is about 10 km s−1. We find errors of 5 km s−1 in vrot and vmacro for
Hγ, Hδ, He, and Si lines, and of 5 km s−1 and 10 km s−1 for Hα.
For Hβ, our error estimates for vrot and vmacro are ∼20 km s−1. To
derive the wind parameters, we considered the shape and inten-
sity of the absorption and emission components of the Hα line.
We find noticeable line variations with changes in Ṁ of about
0.1 × 10−7 M� yr−1 and 10% in v∞ (although the error in v∞ can
reach up to 30% if Hα displays a pure absorption line). These
adopted uncertainties are overestimations because they are larger
than or equal to the standard statistical deviation computed with
the model parameters of the Arizona data, which correspond to
a term of 21 days showing small or moderate spectral variations.
Unfortunately, even if we can check the sensitivity of Ṁ by vary-
ing the parameters of the model, we cannot provide an accurate
value of this quantity because this depends on the uncertainty
of the stellar distance. To evaluate the error in relation to the
accurate value, we performed an error propagation using the op-
tical depth parameter Q = Ṁ/(v∞R∗)1.5, which results from the
model calculations. To compute Q, we selected the observations
of Arizona (listed in Table 1, log Q = −12.975± 0.066) because
they were taken during many consecutive days and the line pro-
files did not show huge variations. Assuming the scatter in the
bolometric magnitude ΔMbol � ±0.3, that is, Δlog L/L� � 0.12,
and the error in Teff � 500 K, we obtain Δlog R∗/R� � 0.04.
With our uncertainty of 10% in v∞ and the statistical error
Δlog Q � ±0.07, the uncertainty in ΔṀ/Ṁ � 0.3.

A75, page 4 of 22

Hα line profiles of 55 Cygni (B3 Ia) from July to August
2013 (Haucke+,2016).
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Radiation-driven wind theory

Brief historical overview
Milne (1924): Radiation force drives the ions,
favored by the Doppler effect.

Lucy & Solomon (1970): Momentum transfer of the
radiation field in resonance lines.

Castor, Abbott, & Klein (1975): CAK theory - The
first analytical solution of radiation-driven winds
(including weak line acceleration).

Abbott (1982): Line-force parameterization.

Basic hypotheses

• Stationary state.

• Homogeneous wind.

• Spherical symmetry.

• Point source (photons with radial
direction).

• No rotation, magnetic fields, etc.

Hydrodynamic equations for the
wind

Continuity equation

Ṁ = −
dM∗

dt
= 4πr2

ρv = constant

Momentum equation

v
∂v

∂r
= −

1

ρ

∂P

∂r
+ gr

gr = −
GM∗

r2
+ gCrad + gLrad

Energy equation→Isothermal wind.

Roberto O. J. Venero Onďrejov, March 2024 7 / 45
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Radiative acceleration

Continuum acceleration

gCrad (r) = 1
c

∮ ∫ ∞
ν=0

κC Iν (r, n̆) n̆ dω dν

can be expressed as: gCrad = σe L∗
4πr2c

g + gCrad = − GM∗(1−Γ)

r2 con Γ = σe L∗
4πcGM∗

Acceleration due to momentum transfer in spectral lines

gLrad (r) =
∑
lineas

κL∆νD

c

∮ ∫ ∞

x=−∞

φ

(
x −

n̆ · v(r)

vth

)
Iν (r, n̆) n̆ dω dx

Sobolev approximation

For a small resonance region

gLrad =
∑
lineas

κLν0vth

c2

∮
I c (ω) n̆ dω

[
1− e−τ0

τ0

]
Sobolev optical depth

τsob = τ0 Φ = κL ρ

(
vth

µ2 ∂v
∂r

+(1−µ2) v
r

)
Φ

Roberto O. J. Venero Onďrejov, March 2024 8 / 45
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Parameterization of the radiation force due to the spectral
lines

Castor, Abbott, & Klein (1975)

gL
rad =

σeF

c
M (t)

Force multiplier

M(t) =
∑
lines

∆νDFν

F

1

t
(1− e−ηt )

η = πe2

mec
gu ful

nl/gl−nu/gu
ρ σe ∆νD

Force multiplier (Abbott,1982)

M (t) = k t−α
(

ne
W (r)

)δ
with parameters k , α y δ

Interpretation of parameters

• k →Effective number of contributing lines for
momentum

• α →Slope of line intensity distribution

dN(ν, κL) = −N0 fν (ν)κα−2
L

dν dκL

that allows us to write:∑
lineas g

L
rad →

∫
gLraddN/dκLdκL

• δ →ionization structure of the wind

Line-force parameters

Teff log g k α δ Fuente
[K ]

10 000 1.5 0.36 0.54 0.05 A82
15 000 2.0 0.26 0.51 0.12 A82
20 000 2.5 0.32 0.56 0.02 P86
30 000 3.5 0.17 0.59 0.09 P86

A82: Abbott(1982) - P86: Pauldrach+(1986)
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β Velocity Law

Solution of the hydrodynamic equations (CAK)

Velocity law with β = 0.5

v(r) = v∞
(

1− b R∗
r

)β
with b = 1−

(
v(R∗)
v∞

) 1
β

 0

 50

 100

 150

 200

 250

 300

 350

 400

 450

 500

 0  2  4  6  8  10  12  14  16  18  20  22

v
(r

)

r/R*

β
0.5
1.0
1.5
2.0
2.5
3.0

This law is commonly used with β values of 2, 3 or higher,
particularly in B supergiants.

Improvements to CAK theory
[modified CAK theory or m-CAK]

• Correction for finite star size.

• Inclusion of rotation.

(Pauldrach, Puls & Kudritzki, 1986;
Friend & Abbott, 1986)

Roberto O. J. Venero Onďrejov, March 2024 10 / 45
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WLR from m-CAK theory

Wind-momentum luminosity
relation (WLR)

Modified momentum rate vs
luminosity

Dmom = Ṁ v∞
(

R∗
R�

)1/2

log Dmom = x log (L∗/L�) + log D0

Puls+(1996) - Kudritzki+(1997)

It would enable the measurement of
extragalactic distances using the stellar wind

properties (Dmom).

WLR for OBA supergiants

P1: FUI

September 4, 2000 16:6 Annual Reviews AR108-15

HOT STAR WINDS 643

Figure 9 Wind momenta of galactic O-, early B-, mid B-, and A-supergiants as a function of
luminosity together with the corresponding wind momentum–luminosity relationship obtained by
linear regression. Data from Puls et al (1996), Herrero et al (1999b), and Kudritzki et al (1999).

Wind momenta of O-stars show a definite trend with metallicity. This is demon-
strated by Figure 11. Although the number of objects studied in the clouds is still
small, it is clear that average momenta in the LMC are smaller than in the Galaxy
and average momenta in the SMC are smaller than in the LMC. Puls et al (1996)
quote a difference of 0.20 and 0.65 dex between the Galaxy and the LMC or SMC,
respectively.

In their study of very massive stars in the compact cluster R136a in the LMC,
de Koter et al (1998) find very high wind momenta for their most luminous ob-
jects, indicating a much steeper WLR than that found by Puls et al (1996). This
discrepancy is to a large extent the result of the different effective temperature
determinations used. de Koter et al use the OV λ 1371 line as a temperature indi-
cator based on their model atmosphere calculations, whereas Puls et al used the
optical HeI λ 4471 line. It is not clear which of the two methods is closer to the
truth. Careful future spectroscopic work based on fully consistent hydrodynamic
line-blanketed non-LTE models is needed to clarify the situation.

Large observing programs of A- and B-supergiants in the Magellanic clouds
are currently under way to investigate the influence of metallicity at later spectral
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Rotating radiation-driven winds

Equations for a rotating wind
1D symmetry in the equatorial plane.

Mass conservation: Fm = 4πr2ρv = constant

Momentum equation: v
dv

dr
= −

1

ρ

dp

dr
−

G M∗(1− Γ)

r2
+

v2
φ(r)

r
+ gL

(
ρ,

dv

dr
, ne

)
Energy equation → Isothermal wind

Centrifugal force

v2
φ/r = v2

rot R
2
∗/r

3

vrot is the equatorial rotation speed

Rotational rate Ω

Ω = vrot/vcrit 0 6 Ω < 1

vcrit =

√
2GM∗

3R∗

Maeder & Meynet (2000).
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Hydrodynamic solutions

Fast Solution

• Classical (∼m-CAK) solution

• High values of the terminal
velocity

• Ω < 0.75 (slow rotators)

Ωslow solution

• Found by Curé (2004)

• Ω > 0.75 (high rotators)

• Low terminal velocities and
dense flows

Figures from Curé & Araya (2023)
O5V star with Teff= 45 000 K,

log g= 4.0, R/R� = 12

δslow solution

• Found by Curé et al. (2011)

• For high values of parameter
δ (changes in ionization)

• Low terminal velocities and
dense flows

Roberto O. J. Venero Onďrejov, March 2024 13 / 45



Introduction
Solution Domains

Comparison with observations
Discussion and Conclusions

Models of Peculiar Stars Group

Questions to answer

Most of B-type supergiants are not fast rotators (Ω ≤ 0.6)
i.e.: Howarth(2004),Hunter+(2008),Vink+(2010),de Burgos+(2023)

⇓
We can rule out the Ωslow solution

We can choose between fast and δslow solutions

Questions

• In what cases does each solution appear? Can the domains of each solution be
delimited in the space of the radiation force parameters?

• Can the wind of B-type supergiants be effectively modeled using δslow

solutions?

• How do δslow solutions modify key relations of radiation-driven wind theory
such as the WLR?

• Could the transition between one solution and another explain the variability
observed in the spectrum?

Roberto O. J. Venero Onďrejov, March 2024 14 / 45
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Calculation of wind models

Option 1

Self-consistent models

Input values

Teff , log g, R∗, abundances, Ω.

Method

1) Solving hydrodynamic equations
and radiation transport in moving
media, including radiative acceleration
calculated consistently with NLTE
rates.

2) Generating the synthetic spectrum.

3) Comparison with observations.

4) Iterative refinement process.

Mostly for O-type and WR stars.

Pauldrach+(1994), Krtička & Kubát(2001, 2017),

Sander+(2017), Sundqvist+(2019), Björklund+(2021),

Poniatowski+(2021,2022).

Option 2

Partially consistent models

Input values

Teff , log g, R∗, Ω, abundances, α ,
δ , k .

Method

1) Solving the hydrodynamic
equations adopting a parameterization
for the radiative acceleration.

2) Solving the radiation transport
equation for moving media, using the
hydrodynamic solution.

3) Generating the synthetic spectrum.

4) Comparison with observations.

5) Iterative refinement process.

Taresch+(1997), Pauldrach+(2001), Noebauer &

Sim(2015), Lattimer & Cranmer(2021)

Option 3

Non-consistent models

Input values

Teff , log g, R∗, Ω, abundances, β,
Ṁ, v∞.

Method

1) Employing a β velocity law instead
of solving the hydrodynamic
equations.

2) Solving the radiation transport
equation for moving media, using the
β law.

3) Obtaining the synthetic spectrum.

4) Comparison with observations.

5) Process iteration.

Crowther+(2006), Markova & Puls(2008),

Searle+(2008), Haucke+(2018)

Roberto O. J. Venero Onďrejov, March 2024 15 / 45
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Calculation codes

We choose option 2 because, currently, there are no self-consistent codes that produce the δslow solution.

Hydrodinamic equations

HYDWIND
Curé and collaborators (Univ. Valparáıso, Chile)

Basic features

• Input: Fundamentales parameters, Ω, k , α y δ .

• Spherical Symmetry - Equatorial plane

• Inner boundary condition adopted:

∞∫
R∗

σeρ(r)dr = 2/3 or ρ(R∗) = ρ∗

• Execution time: few minutes.

• It gives fast, Ωslow , or δslow solutions.

• Output: radial grid, velocities and densities for
the wind.

Radiative transfer

FASTWIND
Puls and collaborators (LMU Munich)

Basic features

• Input: Fundamental parameters, hydro solution
(or β, v∞, Ṁ).

• Spherical Symmetry.

• NLTE code considering line blanketing.

• Radiative transfer in Sobolev approximation and
CMF.

• Unified model (photosphere + wind).

• Diagnostic range: optical.

• Execution time: 15 - 30 min.

• Output: continuum radiation distribution + line
profiles (H, He, Si, C, N, O).

Roberto O. J. Venero Onďrejov, March 2024 16 / 45
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Most suitable δ values for B-type supergiants

δ
values

for
BSGs

Do values of δ higher than ∼0.25 exist in a stellar wind to achieve a δslow solution?

Early calculations indicate δ . 0.12 (Abbott, 1982; Pauldrach+. 1986).

Most recent non-LTE calculations for line-force parameters assume the material to be ’frozen in

ionization’ (δ = 0), e.g. Noebauer & Sim(2015), Lattimer & Cranmer (2021), or are limited to O-type

supergiants (Gormaz-Matamala+2019,2022).

Puls, Springmann & Lennon (2000) analytically derived δ & 1/3 for a medium composed of neutral

hydrogen as a trace element.

Kudritzki (2002) demonstrated that δ ∼ 1 for winds of low optical depth and very low metalicity.

We postulate that BSGs have a different ionization structure compared
with O-type stars.

First, we examine the distribution of solution domains based on the values of the line-force parameters
(k , α , δ ).

Roberto O. J. Venero Onďrejov, March 2024 17 / 45
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Solution domains in δ and Ω space

Model T19

Teff= 19 kK

log g = 2.50

R∗= 40 R�

S. Type: ∼ B2 I

α= 0.5

k = 0.32

[ Ṁ ] ≡
10−6 M� yr−1

[ v∞ ] ≡ km s−1

Distribution of solutions

 200

 400

 600

 0  0.1  0.2  0.3  0.4

δ

V∞

δslow

fast

gap

 0

 2

 4

 6

 8

 0  0.1  0.2  0.3  0.4

δ

M
.

Ω

δslow

fast

gap

0.0
0.1
0.2
0.3
0.4
0.5
0.6

There exists a distinct gap between fast and δslow solutions.

The HYDWIND code does not identify any stationary solution within the gap.

The gap is consistently present in all models, regardless of the values of Teff , log g, or Ω .
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Interaction between k and δ , and the wind parameters

Model T19

α = 0.5
Ω = 0

The value of v∞
remains

unchanged when
different values

of k are
considered.

There is no
change in the

position or width
of the gap (in
δ space).

Dependence of solutions on the parameter k

 200

 400

 600

 0  0.1  0.2  0.3  0.4

δ

V∞

T19
Ω = 0

 0

 2

 4

 6

 8

 0  0.1  0.2  0.3  0.4

δ

M
.

k
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0.24
0.26
0.28
0.30
0.32
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Interaction between k and δ , and the mass-loss rates

Model T19

The mass loss
can either
increase or

decrease with δ,
depending on the

value of k , in
both the fast

and the
δslow regimes.

There is no
change in the

position or width
of the gap (in
δ space).

Dependence of solutions on the parameter k
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Interaction between k and δ , and the wind parameters

Model T19

The change in
the slope of Ṁ as

a function of
δslow for k = 0.1,
0.2, and 0.32. In

contrast, the
slope in v∞ does

not change.

Dependence of solutions on the parameter k
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Interaction between α and δ , and the wind parameters

Model T19

In contrast to
the parameter k ,
α completely
modifies the

terminal
velocities.

Ṁ is also highly
sensitive to this

parameter.

Changing the
value of α also

alters the gap in
δ .
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Gap Properties

Gap location
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• δm represents the average value of δ
across the edges of the gap.

• The location of the gap is almost
independent of Teff .

• For B supergiants exhibiting higher
rotation rates, the gap is located at
small values of δ .

Gap width
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• ∆δ is the width of the gap in δ
values.

• The width decreases as Ω increases.

• Gaps are narrower in models with
lower Teff .
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Gap Properties

Jump in v∞
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• There is little to no change in v∞ for low Teff .

• The jump increases in magnitude for faster
rotators.

Jump in Ṁ
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• The jump in Ṁ is smaller for larger rotators.

• Ṁ can double its value if changes in δ result in
crossing the gap.
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Line profiles from different wind regimes

Hα line profiles

Comparison of line
profiles from fast and
δslow models with

those from the β
velocity law.

The models have
nearly identical values

of Q.

The Hα profiles
generated by the fast
and δslow regimes

are quite similar.
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Hα line profiles

Dependence of
Hα on Ω and δ

Sample of Hα line
profiles for model T19.

Terminal velocities and
mass-loss rates [in

units of
10−6M� yr−1]. The
values of log Q are at

bottom right.

Hα line profiles for different wind regimes (model T19)
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Roberto O. J. Venero Onďrejov, March 2024 26 / 45



Introduction
Solution Domains

Comparison with observations
Discussion and Conclusions

Models of Peculiar Stars Group

Hα line profiles

Hα line dependence on the parameter k
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Hα line profiles

Hα line dependence on the parameter α
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Comparison with observations
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Comparison with observations

Stellar parameters (Haucke+2018)
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Comparison with observations

Hα line profiles

Observations were
performed at CASLEO

using the REOSC
spectrograph
(2005-2015).

A subsample of stars
was selected based on

the presence of
emission in the Hα

line profile.
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Comparison with observations

Hα line profiles

Fast regime fittings

When fitting the line
profiles, we primarily

focus on adjusting the
emission component of

the P Cygni profile.
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Comparison with observations

Hα line profiles

δslow regime fittings

The wings appear
slightly improved

compared to the fast
case.

However, many
absorption components

are still too deep.
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Comparison with observations

Hα line profiles

There are no
significant differences

between the Hα
fittings for both the
fast and δslow

regimes.

Hα
dichotomy
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Wind parameters from fittings

Fast regime

δslow regime

Different terminal velocities and mass-loss rates produce comparable line profiles.
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Comparison with values from previous works

Comparison of terminal velocities and mass loss rates as a function of effective temperature.
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Models & UV points were taken from literature.

• Generally, the δslow solution yields the lowest values for the wind parameters.

• The fast solution provides values greater than those predicted by the β law.

• The measured values of v∞ (UV) exceed those obtained by all models.
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Solution domains in δ and Ω space

Model T19

Teff= 19 kK

log g = 2.50

R∗= 40 R�

S. Type: ∼ B2 I

α= 0.5

k = 0.32

[ Ṁ ] ≡
10−6 M� yr−1

[ v∞ ] ≡ km s−1

Distribution of solutions
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There exists a distinct gap between fast and δslow solutions.

The HYDWIND code does not identify any stationary solution within the gap.

The gap is consistently present in all models, regardless of the values of Teff , log g, or Ω .
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Discussion

Wind momentum - Luminosity relation
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• The WLR based on the δslow solution models is close to
the empirical behaviour of the mid-B supergiants
(Kudritzki+,1999).

• The WLR based on the fast solution is in better agreement
with the results from Haucke+(2018) using a β-law.

• Both relations show a considerable dispersion.

Linear regressions

δslow regime

log Dmom = 1,48 log L/L�+ 19,30

fast regime

log Dmom = 1,43 log L/L�+ 20,11
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Discussion

The gap and the
variability

• A change in
wind regime
can occur as a
result of
variations in δ.

• A higher
rotational rate
Ω reduces the
required
change in δ to
transition
between
regimes.

• Could these
changes in
regime be due
to binaries or
stellar
pulsations?

Jumping the gap
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Conclusions

Hydrodynamic solutions

• We determined the domains of hydrodynamic solutions. The
fast and δslow regimes are separated by a gap where no
stationary solutions were found using the available codes.

• This distribution of domains is consistent across spectral
subtypes.

• Rotation affects the distribution of domains.

Line profiles

• For the first time, we have fitted synthetic line
profiles computed with the hydrodynamic solution δslow to
observed ones for B supergiant stars.

• Hα line profiles can be fitted with both fast and δslow
models.

• The δslow solution could be suitable for modeling the winds
of certain B supergiants.

• Our fits predict a WLR close to that found for intermediate
B supergiants.

• However, this solution is constrained by the maximum
terminal velocity the wind can achieve. Consequently, it
cannot account for the measured (or estimated) v∞ values
in the UV for B supergiants.

Future work

• Given that Hα may not be the most
suitable line for determining the most
appropriate wind regime, this analysis
should be expanded to include other
spectral ranges, particularly IR and
UV.

• This study analyzed only 12 stars. To
reach a definitive conclusion, a larger
sample is needed.

• Since the only hypergiant B in the
sample was fitted exclusively with the
δslow solution, further testing on a
larger sample of hypergiants B would
be intriguing. Moreover, some
published works suggest employing a
double-β velocity law, which closely
resembles the δslow solution.

• The variability observed in the
spectra of these stars could be
explained by certain scenarios
involving alternations in
hydrodynamic solutions.
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The End
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Discussion

Escenario

• Una mancha
caliente en la
superficie de
una SG con
viento
dominado por
la solución
rápida.

• Su alta
ionización
origina una
región con
viento
dominado por
la solución
δslow (lento
y denso).

• Cambios de
régimen
secuenciales
en el peŕıodo
rotacional.

• Posible origen
de (DACs).

Modelo CIR
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Una curiosidad

Zeta Puppis (O4) y otras supergigantes tienen bright spot
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BRITE-Constellation high-precision time-dependent
photometry of the early-O-type supergiant ζ Puppis
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ABSTRACT
From 5.5 months of dual-band optical photometric monitoring at the 1 mmag
level, BRITE-Constellation has revealed two simultaneous types of variability in the
O4I(n)fp star ζ Puppis: one single periodic non-sinusoidal component superimposed
on a stochastic component. The monoperiodic component is the 1.78 d signal previ-
ously detected by Coriolis/SMEI, but this time along with a prominent first harmonic.
The shape of this signal changes over time, a behaviour that is incompatible with stel-
lar oscillations but consistent with rotational modulation arising from evolving bright
surface inhomogeneities. By means of a constrained non-linear light curve inversion
algorithm we mapped the locations of the bright surface spots and traced their evolu-
tion. Our simultaneous ground-based multi-site spectroscopic monitoring of the star
unveiled cyclical modulation of its He ii λ4686 wind emission line with the 1.78-day ro-
tation period, showing signatures of Corotating Interaction Regions (CIRs) that turn
out to be driven by the bright photospheric spots observed by BRITE. Traces of wind
clumps are also observed in the He ii λ4686 line and are correlated with the ampli-
tudes of the stochastic component of the light variations probed by BRITE at the
photosphere, suggesting that the BRITE observations additionally unveiled the pho-
tospheric drivers of wind clumps in ζ Pup and that the clumping phenomenon starts
at the very base of the wind. The origins of both the bright surface inhomogeneities
and the stochastic light variations remain unknown, but a subsurface convective zone
might play an important role in the generation of these two types of photospheric
variability.

Key words: stars: massive — stars: rotation: starspots — stars: winds, outflows —
technique: photometry — technique: spectroscopy
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