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Previously 
on GW-progenitors...



  

massive star  compact object→
(we need two… later)



  



  



  

Reason:   stars evolve
 stellar evolution→

massive: > 8 M☉

low-mass: < 8 M☉



  

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



  



  

How to measure
composition?

Spectroscopy :)



  

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

with sub-Solar Z?
 Globular clusters 

 Dwarf galaxies 

 Early Universe 



  

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!



  

The Initial Mass Function (IMF)

● #stars: Φ(m) ~ m–2.35

● math:

Φ(m)dm = C*m–2.35dm
C: determined from the size of the 

population (e.g. 107 M☉)



  

Homework

definite integral: 
how many stars are between e.g. 10-20 M☉

Φ(m) ~ m–2.35

math:
Φ(m)dm = C*m–2.35dm

C: determined from the size of the population 
(e.g. 107 M☉)

Compute the number (and mass) 
of stars between 10-20 M☉ 

in a stellar population of 
107 M☉ total mass!

Suppose that in this star-cluster
the lower mass limit is 1 M  ☉ and 

the upper mass limit is 120 M☉.
Bonus: compute the mass in these stars 

supposing that all stars 
in the mass range 10-20 M☉ have 15 M☉.

N = 580 000

M% = 14%



  



  

a star-cluster or galaxy: one star-formation event of size (e.g.) 107 M☉

aLIGO/Virgo detectors observe GWs from the whole Universe… 

How many 
GW events 

happen 
IN THE UNIVERSE

(per year)?



  

Population synthesis

● Synthetic 
population:
– time-dependence
– IMF
– star-formation 

history…
stars /

stellar models
stellar population

 IMF 



  

Must-know exam question:

● What is the difference between 
stellar evolution and population synthesis?



  

Today...

Massive Star Evolution
and the

Kippenhahn diagram



  



  



  



  

Visualization
& understanding what you see



  

Visualization

Interpretation

“understanding what you see”



  

Star-formation (of massive stars)

● under active research



  

Star-formation (of massive stars)

● under active research
● low-mass

stars:

Credit: S. K. Sahoo (2016)
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● massive stars?
– strong radiation may blow away the material
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Star-formation (of massive stars)

● under active research
● low-mass stars:

● massive stars?
– strong radiation may blow away the material
– hierarchical star formation? Credit: 

A. L. Rosen 
et al. (2020)

StructureStructure
of aof a

molecular cloud molecular cloud 
(where stars are(where stars are

born)born)



  

Star-formation (of massive stars)

● under active research
● low-mass stars:

● massive stars?
– strong radiation may blow away the material
– hierarchical star formation?



  

Star-formation (of massive stars)

● under active research
● low-mass stars:

● massive stars?
– strong radiation may blow away the material
– hierarchical star formation?

Stellar evolution technically

starts 
where sta

r-fo
rmation ends

(IR
L: ?? 

...under active research)



  

Onset of stellar evolution: ZAMS

● Zero-Age Main Sequence
– (core) composition: 

same as the molecular cloud

● hydrogen burning starts (in the core)
● hydrostatic & thermodynamic equilibrium

– no bipolar outflows etc.
– stellar structure equations hold*

Z☉ ~ 0.014 (<2%)

ZLMC ~ 0.004
ZSMC ~ 0.002
ZGCs ~ <0.005
ZPopIII = 0

*”pre-MS”: last phases of 
star-formation modelled 
using the structure equations



  

Longest phase of stellar evolution: MS

● Main Sequence

– core-hydrogen-burning phase 
● lasts for ~90% of the lifetime (longest of them all)

● core temperatures: ~40M K
● in massive stars: CNO cycle

– low-mass stars like the Sun: pp-chain
● 4 1H  → 4He + γ
● end of MS: Terminal-Age Main Sequence (TAMS)
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Post-MS

● Includes:
– core-He-burning (& shell-H-burning)
– core-C-burning (& shell-He & shell-H-burning)
– core-O-burning (& shell-C, shell-He, shell-H…
– core-Ne-burning (& shell…
– core-Si-burning (& shell...

● onion-structure of massive stars
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Post-MS

● Includes:
– core-He-burning (& shell-H-burning)
– core-C-burning (& shell-He & shell-H-burning)
– core-O-burning (& shell-C, shell-He, shell-H…
– core-Ne-burning (& shell…
– core-Si-burning (& shell...

● onion-structure of massive stars

T
e
m
p
.

Note: the onion layers become
more and more complex

nearing the end of the lifetime



  

How much do we see from this 
in the HRD?



  

How much do we see from this 
in the HRD?

HRD: su
rface propertie

s…



  

How much do we see from this 
in the HRD?

HRD: su
rface propertie

s…

Sidenote:
low-mass stars’ HRD is more informative 

for their post-MS evolutionary features



  

Kippenhahn diagram



  

Kippenhahn diagram



  
Credit: Leung, Nomoto & Blinnikov (2019)

Note: 
– the log X scale (can be linear too)
– “mass coordinate” (can be radius too)
– burning regions are shaded
– mass loss!



  

Credit: Braithwaite & Spruit (2015)

Note: 
– burning is BLUE not green/purple

– green dashes = strong mixing
– burning shells!



  Credit: Maeder & Meynet (1987)



  

HRD vs. Kippenhahn

● surface T, L
– helps observational 

comparison

● interior structure
– e.g. pre-supernova 

structure, mixing… 



  



  

Bonus topic...

Stellar classification

So much history...!



  



  



  



  



  

Make sure to read more!
Suggested article: 

“Women Astronomers 
at Harvard at the Turn of the Century”

https://www.carleton.edu/goodsell/research/student-research/women/harvard/

...also: come to Torun Observatory ;) :D

https://www.carleton.edu/goodsell/research/student-research/women/harvard/
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