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Theory

Only known Theory in the ’60:   

Parker’s Model  for the Solar Wind  

(Parker, E.N.: 1960, ApJ 132, 821) 

For O stars => Teff = 107 K 

But at this Temperature  C IV - N V - Si IV  Don’t Exist 

Destroyed by collisional ionisation

Driven Mechanism
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Lucy & Solomon (1970, ApJ, 159, 870):  
Wind driven by resonance lines 
Obtained only mass loss rates of about 1/100th of the observed values

Driven Mechanism
Massive Stars Winds
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Castor, Abbott & Klein (1975, ApJ, 195, 157) 
Wind driven by an ensemble of lines (scattering) 
They obtained a qualitative agreement with observational values

Driven Mechanism
Massive Stars Winds
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Castor, Abbott & Klein (1975, ApJ, 195, 157) 
Wind driven by an ensemble of lines (scattering) 
They obtained a qualitative agreement with observational values

The Standard Model 
(m-CAK)

Driven Mechanism
Massive Stars Winds
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Contribution from an ensemble of lines 
Currently: ~Mega lines, ~150 ionisation stages (H –Zn),

Line Force
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Radiation Driven Wind Hydrodynamics

Mass Conservation

·M = 4 π r2 ρ v

Inertia GravityGas Pressure Line Force

v
dv
dr

= − 1
ρ

dP
dr

− G M (1 − Γ)
r2 + gline (ρ, dv

dr
, ne)

Momentum Conservation
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Assumptions 

Stationary - �Low viscosity - Spherical symmetry - No Mag. Fields.
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Radiation Driven Winds
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gline = C(k, ·M)
r2 CF (r, v, dv

dr ) (r2 v
dv
dr )

α

( ne

W(r) )
δ
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Radiation Driven Winds
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Eigenvalue
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Eigenvalue
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Eigenvalue
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Change of variables

Equation of Motion
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Radiation Driven Winds
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Non-Rotating Solution Schema

First Topological Analysis
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Non-Rotating Solution Schema

First Topological Analysis

Singularity Condition
∂ F(u, w, w′ )

∂ w′ 
= 0
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Non-Rotating Solution Schema

First Topological Analysis

Singularity Condition
∂ F(u, w, w′ )

∂ w′ 
= 0

Regularity Condition
d F(u, w, w′ )

d u
= ∂ F

∂ u
+ ∂ F

∂ w
w′ = 0

11



Michel Curé 
Universidad de Valparaíso

 

Rio de Janeiro, Jun. 2024

modified-CAK Theory: 
Finite Disk Correction Factor

Pauldrach, Puls & Kudritzki 
A&A, 164,86, 1986

Friend & Abbott 
ApJ, 311,701,1986

m-CAK Model 
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m-CAK:  better agreement with observations

m-CAK Model 

v(r) = v∞ (1 − R*/r)β
The  Lawβ
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Wind Solutions

Slow solutions
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-Slow SolutionΩ
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δ-Slow Solution
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δ-Slow Solution
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Detailed CAK topological analysis
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Detailed m-CAK topological analysis
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Detailed m-CAK topological analysis

20



Michel Curé 
Universidad de Valparaíso

 

Rio de Janeiro, Jun. 2024

Radiation Driven Wind Hydrodynamics
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Wind Solutions

Spherical solutions  

Fast and -Slow Wind Solutions δ
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Quantitative Spectroscopy

From Pauldrach et al. (1994) 
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Atmospherical Models

From J. Puls Lectures 
https://www.usm.uni-muenchen.de/people/puls/stellar_at/teneriffa_lectures.pdf 
Pages 124-125
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Spectral Analysis
Quantitative Spectroscopy

Observed Spectrum

Proposal 

Detector 

Spectrograph 

Telescope

Synthetic Spectrum

Theory of atmospheres 
Physical Concepts: 
• Atomic Physics 
• Hydro/Thermodynamics 
• Radiative Transport 

Approximations: 
• 1-Dimension 
• Steady State 
• Spherical Symmetry 
• etc…

Simulation 
Radiative Transport Codes 
• NLTE 
• CMF calculations 

• FASTWIND 
• CMFGEN 
• POWR 

Input: 
• Stellar Parameters 
• Wind Parameters 
• Abundances
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Spectral Analysis
Quantitative Spectroscopy

Observed Spectrum

Proposal 

Detector 

Spectrograph 

Telescope

Synthetic Spectrum

Theory of atmospheres 
Physical Concepts: 
• Atomic Physics 
• Hydro/Thermodynamics 
• Radiative Transport 

Approximations: 
• 1-Dimension 
• Steady State 
• Spherical Symmetry 
• etc…

Simulation 
Radiative Transport Codes 
• NLTE 
• CMF calculations 

• FASTWIND 
• CMFGEN 
• POWR 

Input: 
• Stellar Parameters 
• Wind Parameters 
• Abundances

Comparison by  
“eye inspection”
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B Supergiant winds
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“Eye inspection”
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ISOSCELES: B Supergiant winds
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Araya et al. 2023 Winds of Stars and Exoplanets.  
Proceedings of the International Astronomical Union, Volume 370, pp. 180-184

GrId of Stellar 
atmOSphere and  
hydrodynamiC 

modELs of 
massivE Stars 

Synthetic spectral database
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( Hydwind: hydrodynamic code)

4 056 755 converged models

ISOSCELES: HYDWIND

101520253035404550

1.

1.5

2.

2.5

3.

3.5

4.

4.5

Teff [kK]

lo
g
g

ZAMS

TAMS

Evolutionary Tracks

Models
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Total = 573 423 converged models

Fastwind grid (without rotation)

101520253035404550

0.5
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2.
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Teff [kK]

lo
g
g

ISOSCELES: FASTWIND
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Line force parameters

Temperature 
9 kK - 30 kK (steps of 500 k)     
31 kK - 45 kK (steps of 1000 k)

log g 
4.2 - 0.75 (steps of 0.15)

Si abundance log  
7.21, 7.36, 7.51 (solar), 7.66, and 7.81 dex.

ϵSi

Micro-turbulent velocity 
1, 5 , 10, 15, 20, 25 km/s 

ISOSCELES: Grid parameters

32



Michel Curé 
Universidad de Valparaíso

 

Rio de Janeiro, Jun. 2024

Spectral Analysis via Machine Learning
“New” Quantitative Spectroscopy

Observed Spectrum

Proposal 

Detector 

Spectrograph 

Telescope

Best Synthetic Spectrum 
Stellar and wind parameters

Synthetic Spectra Database 
e.g., ISOSCELES

Machine Learning  
• Genetic Algorithm 

• Grid Search (Brute Force) 
• Classification via Gaussian 

Mixture Models 
• Neural Networks 
• Chi-Square 

• Bayesian Neural Networks

33
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ISOSCELES: Grid Search

34

Natalia Machuca PhD thesis UV
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HD 146333 (O8.5 V). Fast solution

Observations from Haucke et al. 2018

ISOSCELES: First Results
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HD 99953

Haucke 
et al. 
2018

This 
work

Teff [K] 19000 18500

log g 2.30 2.40

𝛼 — 0.53

k — 0.15

𝛿 — 0.34

𝛽 2.0 —

Ṁ  
[10-6 M☉ /

yr]
0.13 0.24

v∞ [km/s] 500 254
Observations from Haucke et al. 2018

ISOSCELES: First Results
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Since the stellar winds of massive stars are driven by radiation, it is 
reasonable to expect that the mechanical momentum of the flowing material 
is related to the momentum of the radiation field. 

Wind Momentum Definition

Dmom = ·M v∞ R*/R⊙

Wind momentum Luminosity Relationship 

Dmom ∝ ( L
L⊙ )

x

37

WML relationship
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NGC3621

·M v∞ ∝ 1
R*

Lx

38

WML relationship

Kudritzki et al. 1999
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Kudritzki et al. 1999
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WML relationship
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ISOSCELES:WML relationship
Natalia Machuca PhD tesis UV: work in progress, 100 OB stars analised
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ISOSCELES:WML relationship
Natalia Machuca PhD tesis UV: work in progress, 100 OB stars analised
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ISOSCELES Grid  
&  

Machine Learning
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ISOSCELES: Machine Learning
Gaussian Mixture Model Classification, 

Neural Networks  and “Brut” force: 
ISOSCELES’ -Slow Wind Solutions (~330000 models) 

H  spectral line
δ

α

43

Felipe Ortiz  Master’s thesis UV
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ISOSCELES: Machine Learning
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ISOSCELES: B Supergiant winds

45

Ortiz et al. 2024, 
Astronomy and  
Computing 
  
Submmitted
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ISOSCELES: B Supergiant winds
Improvements in 9 of the 12 B-supergiants

45

Ortiz et al. 2024, 
Astronomy and  
Computing 
  
Submmitted
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Bayesian Neural Networks

46

Felipe Ortiz  PhD thesis UV

Monte Carlo Dropout
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• ISOSCELES is the first grid of synthetic data for massive stars that involves both, 
the m-CAK hydrodynamics and the NLTE radiative transport. 

• Calculate new grids including UV range for different metallicities 

• The results obtained from ISOSCELES should have a better justification than the 
currently and widely calculated models with a 𝛽-law in quantitative spectroscopic 
analyses, specially  for high values of 𝛽 

• We are analysing the 𝑥2 distributions and then use them to compute the 
uncertainties for each derived parameter  

• More fast and efficient “searching” algorithms (Machine Learning) 

• Bayesian Neural Networks, etc. 
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ISOSCELES
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Radiation Driven Stellar Winds 
The Lambert-W procedure
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Radiation Driven Wind Hydrodynamics

Mass Conservation

·M = 4 π r2 ρ v

v
dv
dr

= − 1
ρ

dP
dr

− G M (1 − Γ)
r2 + gline (ρ, dv

dr
, ne)

Momentum Conservation
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gline(r)
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The Lambert-W procedure



Michel Curé 
Universidad de Valparaíso

 

Rio de Janeiro, Jun. 2024
51

The Lambert-W procedure
ζ Puppis parameters
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The Lambert-W procedure
ζ Puppis visual wavelength range
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The Lambert-W procedure
ζ Puppis UV wavelength range
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Self-consistent winds
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LOCUS: Line fOrCe mUltiplier parameterS
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New Mass-loss rates
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New Mass-loss rates
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Quantitative Spectroscopy

60

requires 
Plasma Physics,plasma is "normal" state of atmospheres and interstellar matter 
(plasma diagnostics, line broadening, influence of magnetic fields,...) 
Atomic physics/Quantum mechanics,interaction light/matter (micro quantities) 
Radiative transfer, interaction light/matter (macroscopic description) 
Thermodynamics,thermodynamic equilibria: TE, LTE (local), NLTE (non-local) 
Hydrodynamics,atmospheric structure, velocity fields, shockwaves,… 
Machine Learning and Big Data 

provides 
Stellar properties, mass, radius, luminosity, energy production, chemical 
composition, properties of outflows 
Properties of (inter) stellar plasmas, temperature, density, excitation, chemical 
comp., magnetic fields 

Input for stellar, galactic and cosmological evolution and for stellar and galactic 
structure. 

Massive stars binaries                     Gravitational Waves
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Slow wind solutions may solve some of the 
problems from massive stars: 

• Winds from B[e] Supergiants (outflowing disk) 
• Winds from BA Supergiants (WML relationship) 
• Time-dependent Calculations (bifurcation, oscillation, 

clumping, instabilities,…) 
• 2D-calculations 
• Observations (constraints to theory) 
• Grids for different Metallicities 
• Different Machine Learning Algorithms

Conclusions
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F  I  N 
por ahora (for now)….
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Gracias


