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What are we going to talk about?

● the PROGENITORS of gravitational-waves:
– compact object progenitors: black holes, neutron stars…
– stellar progenitors: massive stars, binaries…

● birth environments of GW progenitors:
– stellar populations in clusters and galaxies
– ‘sister’ phenomena: supernovae, gamma-ray bursts
– cosmology, star-formation in the early Universe

● General Relativity, Einstein equations
● GW-detectors in past, present, future (LIGO/Virgo etc.)



  

Credit: Miller & Yunes (2019, Nature 568, 469–476)
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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 (accepted for publication after 
24.01.2022) and giving a “journal 
club” style presentation (with slides) 
of ~30 min



  

Massive stars



  

Massive stars vs. low-mass stars

The Sun
(in Hungarian)

massive: > 8 M☉ low-mass: < 8 M☉



  

Question:

S I Z E vs. M A S S              

Are these the same?
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Are these the same?

 No. 



  

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☉



  

How to do it more scientifically?

 The HRD 
 Hertzsprung–Russell diagram 



  
 The HRD 
 Hertzsprung–Russell diagram 

Credit: https://jila.colorado.edu/~ajsh/courses/astr1200_18/starevol.html



  

Advantages of the HRD

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

law (stars are practically 
Black Bodies...)

● color of the star can be 
easily read out (~surface 
temp.)

● brightness: ~luminosity
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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.)



  

COFFEE BREAK :)



What is a star?
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Theoretical modelling of the stellar structure

Guilera+ 11

mass conservation

momentum conservation

energy conservation

transport of energy

composition change due to nuclear burning:

∂Xi
∂t

=
Aimu
ρ

(−Σj ,k ri ,j ,k +Σk ,l rk ,l ,i ) ( 5 )
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How to solve a set of 
joint partial differential equations?

Numerical integration. 

Henyey, Forbes & Gould (1964) 
Astrophysical Journal, vol. 139, p.306



  

Henyey, Forbes & Gould (1964):

A New Method of Automatic Computation of Stellar Evolution



  

Henyey, Forbes & Gould (1964):

A New Method of Automatic Computation of Stellar Evolution

Discretization:

Discretized version 
(‘difference equations’)
is solved by standard
numerical solvers on
modern computers



  

UNIVAC = UNIVersal
Automatic Computer
(Livermore Radiation

Laboratory)

36 Williams tubes
with a capacity of

1024 bits each 1 Williams tube 
was five inches in

diameter



  

These days…



  

Explosions!



  



  



  



  



  

One Black Hole 
doesn’t make a 

GW emission though...



  

We need at least two...



  

Binary stars…

                                …next time.
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