Gravitational-wave progenitors




Previously
on GW-progenitors...
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Massive stars vs. low-mass stars

Antares
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" 18 Mo
The Sun
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Reason: stars evolve
— stellar evolution

Life Cycle of a Star

® -
P e low-mass: < 8 Mg

sl A Star

. F.i Red Giant Planetary Nebula
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Neutron Star . ;
Stellar Nebula . - — N _ massive: > 8 Mg
Massive Star @‘

Red Supernova




Hertzsprung—Russell Diagram
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bf 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
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The real (boring) scientific version:

M31 HRD

7.0

-—12

-—11

- —10

logLg

3.4

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

e X: lgTeff [K]

- logarithmic & upside
down (historical
reasons)

* Y:lg(L/Lo)

— lines: theoretical
models (not always,
but usually)

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

- ZAMS: Zero-Age
Main Sequence



Theoretical modelling of the stellar structure

or
R Om,

dP

y Om,

o O,

| 0T Gm, T
am,  4Anr*P

transport of energy (4) 8 '-

‘ Guilera+ 11
- composition change due to nuclear burning: =

i Aimy

P

(=Zjkrijk +Zkirki) (5) 8



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

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

e S —

Where to start: or

;;;;;;;

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

https://cococubed.com/me
sa_market/education.html
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One Black Hole*

*Neutron Star

doesn’t make a
GW emission though...

4.6 |
4.5 |
4.4 |
4.3
4.2 |

log(L/L.)

We need at least two...
417 12 M - binary stars
4 |
3.9 I I ] ] ]
45 44 43 42 41 4 39 3.8 3.7 3.6 3.5

log (T .¢/K)




Metallicity



Astronomers and metal
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The Sun’s composition

Carbon  nitrogen
0.2% 0.09%

Sulphur

Less than 2% heavy elements,
i.e. high metal content, metal-rich



How to measure
composition?

Spectroscopy :)
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* Stellar spectra * Nebular spectra

— absorption lines — emission lines (a light source
(mostly) needed for the excitation)
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Where can we find stars™

*oas/galaxies/anything: “environments”

with sub-Solar Z?
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LOCAL SUPERCLUSTERS
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Where can we find stars™

*oas/galaxies/anything: “environments”

with sub-Solar Z?

EARTH SOLAR SYSTEM INTERSTELLAR NEIGHBORHOOD MILKY WAY GALAXY

-
'Aldtb:van
=
47U aors
. R
- . 51 Pegasi
ssconci Folun Gise 777
Glese 176
e . e B . .
Gles 36 it
. s vegn
Eoo S kel
o o T —
. 1D 217107
= Ao °
com Dencbon worss @6 gnuce M =2
Neptune Jupiter, . 53 Lconis aGiesRe76
Uranus HO 69830 s @ Bornads Star Rasalhague
so Vs Weray, ° Oy @ApaGaninn e
" Giese 51 i
@3® QSie317 .
&S 61Viginis e 7
i uper B o [
gssionina
o007
. 10687
st
. ‘fvu\un Reticuli.
.
P

o

LOCAL GALACTIC GROUP VIRGO SUPERCLUSTER LOCAL SUPERCLUSTERS OBSERVABLE UNIVERSE

“Sexans
“Sexans

Copricornus

— Supercster Ophiuchus e
Siticer
+ N6C 3109
i vt e
Caprcomusvoid suparcuses
Lot + Ganes vt Coronaoreals
Lot o sostes
: Supercusrs
. ® —
% d s Pavoinaus e :
Ura o A% supercuer ' ; P
po—— Ursamaort Nacrsaz NCe7s4 s Sapley
Sostes vt - s Mor Gt - B Necsum 4 Wbk Siimghser | Supercaper
et a0 e scbrortodSuperdster
aout- P ? 3
= scoptor & Mt 1+ Suer
T— Pescenss | Spedines 7
Noces 3 y Supersers ’ i
SciporOwart “Noc147 ¥ Freon @ b
FomaxOvart o 3 Supsrter
o~ kS peseusices
snmedat "2 Andromeca ooy 31 F, a7 s
w2
R Pt prosnic
e T swader i3
iangulum Galog Andromedat s ejor
Trangulum Galaxy (M33) % Andomeda , oid
S
PhoenixDuart. < pisces v oo Groups .
. Cohmb
O Void
e s Dwart ; "
s ey
- Pegaus Dot s luser —towogum - Supercuer
Supercuster Colamon
Cotus B ke
TacanaOvart k=

wim



Where can we find stars* RTINS

*oas/galaxies/anything: “environments”

with sub-Solar Z?
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Dwarf galaxies...
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Globular Clusters

Globular clusters
Galactic halo

&

Gas and dust
Emission nebula

Open cluster




Globular Clusters
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How does Z come to GWs though?

e Well...




How does Z come to GWs though?

e Well...

AFTER THE COFFEE BREAK :D
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These lectures notes give a overview of gravitational wave astrophysics and the role they play in
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Exam & grading

Oral examination. Extra options...
Assessment criteria:

fail: below 50 pts (below 50%)  active participation*: +20%
satisfactory: 50 pts (50%) * paper presentation*: +40%

satisfactory plus: 60 pts (60%)

good: 70 pts (70%) *asking questions during class,
thinking out loud, showing interest

good plus: 75 pts (75%)

: 0
Very gOOd' 80 pts <80 /0) **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



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

g ethga GW-related paper from
arXiv/ ADS (accepted for '

SARio g SERNPPA) and giving a “journal
club” style presentation (with slides)
of ~30 min



Where to find the relevant papers?

* NASA ADS:

@ Feedback- @ORCID- @ About- SignUp  Logln

° ghpd oS
,f@ astrophysics data system

Classic Form Modern Form Paper Form

Author  First Author  Abstract

gravitational wave|

° arXiv: (preprints...)


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

Where can we find stars®*

*oas/galaxies/anything: “environments”

with sub-Solar Z?

Dwarf galaxies

LOCAL GALACTIC GROUP




How does Z come to GWs though?




How does Z come to GWs though?

* Stellar evolution! (what else... :P)




How does Z come to GWs though?

* Stellar evolution! (what else... :P)

— more precizely: stellar winds




How does Z come to GWs though?

 Stellar evolution! (what else... :P)

— more precizely: stellar winds

Credit: MSFC / NASA

B8YeROERIgeo - c;loricl Aooi ned @

! The solar wind is a stream of

charged particles released
from the upper atmosphere
of the Sun. #northernlights

low-mass: < 8 Mg

massive: > 8 Mo




The winds of massive stars are...
strong.

107 - 10-> Me/yr

—_

loss of 10-70% of
material over
lifetime...

(Sun: ~107"* Mea/yr)

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

in Solar Masses
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5 EM Neutron Stars

1 LIGO-Virgo Neutron Stars ©

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern



To form a 60 Mg black hole...

* start with a very-very
massive star”®

*later
(IMF, mass limits...)

or

* decrease the strength
of the wind somehow?



What drives the wind?

The principle of radiatively driven winds

Photons
WIND

/ totally transferred momentum
P> ¢

OBSERVER

electron Cf

JORCNSON

The photon is absorbed and reemitted again

Credit: Kudritzki & Puls (2000)

Massive stars:

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

Cause they are bright, cf.:

Hertzsprung-Russell Diagram
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What drives the wind?

The principle of radiatively driven winds

Question:

\

how many electrons

Nes a H-atom have?

OBSERVER
electron e,
The photon is absorbed and reemitted again

Credit: Kudritzki & Puls (2000)



What drives the wind?

The principle of radiatively driven winds

Question:

how many electrons

Nes a H-atom have?

\

Question #2:
how many electrons
does an Fe-atom have?

\

_/

OBSERVER

The photon is absorbed and reemitted again

Credit: Kudritzki & Puls (2000)



What drives the wind?

\

The principle of radiatively driven winds

Question:
how many electrons

Nes a H-atom have?

A
STAR —— \
b Question #2:
how many electrons
does an Fe-atom have?
totally transferred momentum /
OBSERVER T \

Question #3:

/@= @_, "o\, @ which star’s wind will

Y . be stronger: a low-Z or
The photon is absorbed and reemitted again a high_z Star)S? /

Credit: Kudritzki & Puls (2000)




o he Stellar Graveyard To explain the mass distribution of
Masses I G55 GW-emitting compact object mergers,
we need to understand low-Z environments!

(And low-Z stellar evolution, of course.)

LOCAL GALACTIC GROUP
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