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WR stars: a recap.
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WR stars: a recap
Spectroscopy

Rectified flux + Constant

e Typically: massive, evolved stars
Exceptions:

o [WR]stars (CSPN)
o  WNh stars: O-stars on steroids

Crowther et al. 2007

e Discovered and defined by
their spectra

e Loads of strong and broad
emission lines (WN, WC, WO, ...)
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e Cause: powerful stellar winds
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WR stars: a recap

Winds

t/Tayn =
Q Q
XK

6 WY
e Powerful winds lead to significant mass 5 o _
losses: 10 -10° M yr! o | 5
‘:‘ 3 f \ | §
e Very high terminal velocitiesv_: 2 é ‘ f 2
100s to 1000s km s : - _
5 3
e Strong source of feedback: local » 3
enrichment, mechanical luminosity L _ e =
e Mainly caused by iron opacity . "
o Radiation momentum
o Multiple Scattering, NLTE, ... Moens et al. 2023
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WR stars: a recap

Winds

e Powerful winds lead to significant mass
losses: 10 -10° M yr!

e Very high terminal velocities v_:
100s to 1000s km s

Short et al., 2008

e Strong source of feedback: local
enrichment, mechanical luminosity L _
e Mainly caused by iron opacity
o Radiation momentum

o Multiple Scattering, NLTE, ...
See also Cassandra’s talk (coming very soon)!
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WR stars: a recap

Winds

e Powerful winds lead to significant mass
losses: 10 -10° M yr!

e Very high terminal velocities v_:
100s to 1000s km s

Owocki, 2017

Velocity

e Strong source of feedback: local
enrichment, mechanical luminosity L _
e Mainly caused by iron opacity
o Radiation momentum

o Multiple Scattering, NLTE, ...
See also Cassandra’s talk (coming very soon)!

Wavelength vin/ (dv/dr)
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Hydro Modelling -
Traditional Approach PWW

Stellar Parameters
Chem. abundances

Emergent Spectrum

. . converged
—t | - Temperature stratification —F

- Statistical equilibrium
- Radiative Transfer

Wind Parameters:
W, v(r) -
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Hydro Modelling .
Principle

Powih

Hydrodynamically consistent (Hydro) modelling:
instead of analytic description, .
solve hydrodynamics, calculate M and v(r)

Stellar Parameters
Chem. abundances

Emergent Spectrum

- Temperature stratification |converged
- Statistical equilibrium
Input #2 - Radiative Transfer

- Hydrodynamic equation .
-
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Hydro Modelling
Principle

e Hydro modelling: instead of analytic
description, solve hydrodynamics,
calculate M and v(r)

0.1 0.01 0.001

cool bump

e Balance out deceleration and acceleration:
g + amech = arad i apress
e Advantages:
o Consistent wind description
o Individual ion contributions to driving
o Uncover more physical behaviours

Sander et al. 2020

0
log r/R. - 1)
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50 100 400

Hydro Modelling
Principle

e Hydro modelling: instead of analytic
description, solve hydrodynamics,
calculate M and v(r)

4.5
log (L/M. [Lo/Mol)

M. [Mo]

12 15 20 2 50 100 400

e Balance out deceleration and acceleration:
g + amech = arad +a

Sander et al. 2020

press

e Advantages:
o Consistent wind description
o Individual ion contributions to driving
o Uncover more physical behaviours
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Bi-stable behaviour
Z ., Model sequence
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ZAH/ARI, Universitat Heidelberg

WNh-star model based on
Peony star (a.k.a. WR 102ka)

Range of (core) temperatures
24 kK < T, <44kK; AT, = 1kK

Constant parameters:

O

O
O
O

M. =69M,

loglL. =6.3[L_]

e.g. X, =0.2(all X _constant)
Same clumping law

A bi-stability jump for WR stars? 7/14



\ Bi-stable behaviour
\ M behaviour

e GoingupinT.,suddenly M drops
by 0.5 DEX (~factor 3 difference)

e Seemingchangein M regime as well;
o zconstantwhen < T,229 kK

o decreasing when > T,=230 kK

e Secondary behaviour at e.g. ~40 kK

log (M) [Mo yr]

e Directly coupledtov_increase for
increasing temperatures

e Bi-stable behaviour similar to what
happens with B-supergiants?
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log (M) [Mo yr~1]
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Bi-stable behaviour
M behaviour

Going upin T, , suddenly M drops
by 0.5 DEX (~factor 3 difference)

Seeming change in M regime as well;
o zconstantwhen < T,229 kK
o decreasing when > T,=230 kK
Secondary behaviour at e.g. ~40 kK

Directly coupled tov_ increase for
increasing temperatures

Bi-stable behaviour similar to what
happens with B-supergiants?
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Bi-stable behaviour
/-dependence

e Additional series with0.8-0.6-0.4-0.2 and
0.1 times Z@

e Similar “jump” behaviour as with the
Z case

— two regimes persist over lower Z

e Seeming shift of Tjump to higher values for
lower Z
Opposite to ‘classical’ jump in B supergiants!

30 35 30 35
Terr [kK] Terr [KK]
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Bi-stable behaviour
/-dependence

e How does the effective surface react?

e RatT1=2%:rising trend turns over for
increasing T,
— connected to seeming jump temperature
fromv_?

e TatT1=2%:steadyincrease forincreasingT,
only mild (expected) dependence on Z

250 275 300 325 350 375 400 425 450
Terr [kK]
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- Causes .



Causes
Population Numbers

e Mainwinddriving around R _ . done by iron
e Strongly depends on dominating iron ion
e Noticeable ‘gap’ around 29 - 30 kK for Z
— Strong switch further onin the wind
e FelVandFeV overhaul
— in contrast with
B-supergiant case
e Presence of asecondary -

gap at ~ 40 kK

25.0 275 30.0 325 35.0 375 40.0 425 45.0
Terr [kK]
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e Detailed look at ion-specific line driving in the wind 20000
— FeIlVand Fe V

Causes
Radiation Acceleration

PRSI

...........

log (aren//9)

44000.0

e lonswitcharoundR_ . induces differencein line
driving:
o belowT, =29 kK; Fe IV main driver
o aboveT, =30 kK; Fe V contributes strongly
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regime differences

25.0 275 30.0 325 35.0 ars 40.0 425 45.0
Terr [kK]
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Causes
Radiation

Acceleration

e Detailed look at ion-specific line
driving in the wind — Fe IV and Fe V
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drelv = drev

| aren=are, L ———

e lonswitcharoundR_ . induces
difference in line driving:
o belowT, =29 kK; Fe IV main driver
o aboveT, =30 kK; Fe V contributes strongly

® 2Ja

log (M) [Mo yr-1]

- |v/ a., ratio shows clear

regime differences
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Summary
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Backup
Clumping law

[o)]

=
£
s
S
=
£
=
W

N

200 400 600 800 1000 1200
Vwind [km s71]

")> (Martins et al. 2009)

‘cl

Fi=fos 1= Fa) exp(—
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Backup
Velocity differences
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Backup
Used ions and elements

Table A.1. Elements, ions and abundances in this study

Element X, Ions
0.2) II
(0.63) AL T
(0.015) L L IV, V
(1074 AL IIL IV, V, VI

(1.3-10-3)
2.7-10-5)
(7.0-10-4)
(7.0-10-5) LILILIV,V

(6.7-10-4) LILILIV,V, VI
(5.8-10-6) ILIILIV,V, VI
(3.1-10-4) LILILIV,V, VI VII
(8.2-10-6) IILIV,V, VL VI
(7.3-10-5) LILIILIV,V, VI, VII, VIII
(3.1-10-6) LILILIV,V, VI VII
(6.1-10-5) ILIIL IV, V, VI, VII, VIII
(1.4-10-3) ILILIV,V, VI, VII

AL L IV, V, VI,
AL IL IV, V
L L IV

IE
I
I
I
(0.15) LIL 1L IV, V, VI
I
I
I
I
I
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Spectral iImprint
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