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Previously 
on GW-progenitors...



  

Credit: Miller & Yunes (2019, Nature 568, 469–476)
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Massive stars vs. low-mass stars

The Sun
(in Hungarian)

11 M☉

12 M☉

1.7 M☉

18 M☉

1.1 M☉

2 M☉

1 M  ☉ :)



  

Reason:   stars evolve
 stellar evolution→

massive: > 8 M☉

low-mass: < 8 M☉



  

Advantages of the HRD

● radius can be easily 
read out 
– equiradial lines due to 

Stephan-Bolzmann law
● color of the star can be 

easily read out 
(~surface temp.)

● brightness: ~luminosity



  

Further advantages of the HRD

● allows comparison 
of an observed star 
and its 
corresponding 
stellar 
evolutionary 
model

● allows comparison 
of low-mass stars 
vs. massive stars



  

The real (boring) scientific version:

● X: lgTeff [K] 
– logarithmic & upside 

down (historical 
reasons)

● Y: lg(L/L☉)
– lines: theoretical 

models (not always, 
but usually)

– dots: observed stars 
(not always, but 
usually)

– ZAMS: Zero-Age 
Main Sequence

Credit: Roberta Humphreys & al. (2017, ApJ. 844.)



  



  

MESA Summer School 
2022: August 8th-12th 
(University of California, 
Santa Barbara)

https://mesahub.github.io/summ
er-school-2022/application/

Where to start:

https://docs.mesastar.org/
en/latest/index.html

https://cococubed.com/me
sa_market/education.html

https://mesahub.github.io/summer-school-2022/application/
https://mesahub.github.io/summer-school-2022/application/
https://docs.mesastar.org/en/latest/index.html
https://docs.mesastar.org/en/latest/index.html
https://cococubed.com/mesa_market/education.html
https://cococubed.com/mesa_market/education.html


  



  



  

One Black Hole*
*Neutron Star

doesn’t make a 
GW emission though…

We need at least two…
 → binary stars



  

Metallicity



  



  



  



  



  

How to measure
composition?

Spectroscopy :)



  

How to measure
composition?

Spectroscopy :)



  

● Stellar spectra
– absorption lines 

(mostly)

● Nebular spectra
– emission lines (a light source 

needed for the excitation)



  

Where can we find stars*
*gas/galaxies/anything: “environments”

with sub-Solar Z?
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Where can we find stars*
*gas/galaxies/anything: “environments”

with sub-Solar Z?

 Globular clusters 

 Dwarf galaxies 

 Early Universe 



  

Early Universe...

Looking into the past…

BB-
nucleo-

synthesis

H & He



  

Dwarf galaxies...



  



  



  



  

How does Z come to GWs though?

● Well… 



  

How does Z come to GWs though?

● Well… 

AFTER THE COFFEE BREAK :D



  

Suggested literature

Gravitational Waves 
Vol. 1 (2007) & Vol. 2 (2018)

– by Michele Maggiore

Stellar Structure and Evolution
2nd Edition (2012)

– by Kippenhahn, Weigert & Weiss



  

Suggested literature (free)

Lecture Notes on Gravitational 
Waves (2019)

– by Alex Nielsen
(J. Phys.: Conf. Ser. 1263 012008)

Merging stellar-mass 
binary black holes (2022)

– by I. Mandel & A. Farmer
(arXiv:1806.05820, 

Physics Reports, in press)



  

Exam & grading

Oral examination. 
Assessment criteria:

● fail: below 50 pts (below 50%)

● satisfactory: 50 pts (50%)

● satisfactory plus: 60 pts (60%)

● good: 70 pts (70%)

● good plus: 75 pts (75%)

● very good: 80 pts (80%)

Extra options... 

● active participation*: +20%

● paper presentation**: +40%

*asking questions during class, 
thinking out loud, showing interest

**chosing a GW-related paper from 
arXiv/ADS (accepted for publication 
after 24.01.2022) and giving a “journal 
club” style presentation (with slides) 
of ~30 min
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Where to find the relevant papers?

● NASA ADS:      https://ui.adsabs.harvard.edu/

● arXiv: https://arxiv.org/ (preprints…)

https://ui.adsabs.harvard.edu/
https://arxiv.org/


  

Where can we find stars*
*gas/galaxies/anything: “environments”

with sub-Solar Z?
 Globular clusters 

 Dwarf galaxies 

 Early Universe 



  

How does Z come to GWs though?

● … 
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● Stellar evolution! (what else… :P)

Credit:  MSFC / NASA
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How does Z come to GWs though?

● Stellar evolution! (what else… :P)
– more precizely: stellar winds

Credit:  MSFC / NASA

The solar wind is a stream of 
charged particles released 
from the upper atmosphere 
of the Sun. #northernlights

massive: > 8 M☉

low-mass: < 8 M☉



  

The winds of massive stars are… 
strong.

10–7 – 10–3 M☉/yr
→

loss of 10-70% of 
material over 

lifetime...

(Sun: ~10–14 M☉/yr)

Wolf-Rayet star WR 124 with its surrounding nebula known as M1-67.
The nebula came from the star!



  



  

To form a 60 M☉ black hole… 

● start with a very-very 
massive star*

or

● decrease the strength 
of the wind somehow?

*later
(IMF, mass limits…)



  

What drives the wind?
Massive stars:

line-driven 
(i.e. radiation-driven)

winds

Cause they are bright, cf.:

Credit: Kudritzki & Puls (2000)



  

What drives the wind?

Credit: Kudritzki & Puls (2000)

Question:
how many electrons 
does a H-atom have?



  

What drives the wind?

Credit: Kudritzki & Puls (2000)

Question:
how many electrons 
does a H-atom have?

Question #2:
how many electrons 

does an Fe-atom have?



  

What drives the wind?

Credit: Kudritzki & Puls (2000)

Question:
how many electrons 
does a H-atom have?

Question #2:
how many electrons 

does an Fe-atom have?

Question #3:
which star’s wind will 
be stronger: a low-Z or 

a high-Z star’s?



  

 Globular clusters 

 Dwarf galaxies 

 Early Universe 

To explain the mass distribution of 
GW-emitting compact object mergers,

we need to understand low-Z environments!
(And low-Z stellar evolution, of course.)
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