Gravitational-wave progenitors




Previously
on GW-progenitors...



Ciatong g

To form very heavy BHs
(which go on to merge & emit GWs),
low-metallicity is needed.

massive stars have strong, Z-dependent winds

Where can we find stars®*

*ogas/galaxies/anything: “environments”

with sub-Solar Z?

Dwarf galaxies

LOCAL GALACTIC GROUP




What is a star?

e[ J4 10 HINN pressure gradient [



Theoretical modelling of the stellar structure
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stars evolve
— stellar evolution

Life Cycle of a Star

il W
. —_ o
A average T T low-mass: < 8 Mo

Star Dwarf
Red Giant Planetary Nebula

=

2 Th \ &
Neutron Star . ;
Stellar Nebula . - — N _ massive: > 8 Mg
Massive Star @‘

Red Supernova
Supergiant pe Black Hole

(simplistic...)



Our strategy is/has been:

start with
Massive Stars at Solar Z

— sub-Solar metallicities?
— fast-rotating stars?
— stars in a binary system?



Longest phase of stellar evolution: MS

* Main Sequence

- core-hydrogen-burning phase
e 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 j";
d =g
° 4 1I—I — 4He + Y /{

* end of MS: Terminal-Age Main Sequence (TAMS)



Post-MS

e 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 BEEA nonburning hydrogen

hydrogen fusion

helium fusion

_~ carbon fusion

* onion-structure of massive stars

g [
‘ m ‘ oxygen fusion
= _II | 5

=~ neon fusion

~\

Note: the onion layers become
more and more complex
nearing the end of the lifetime

. '
— _
magnesium fusion

silicon fusion
inert iron core

Copyright & 2004 Pearson Education, publishing as Addison Weslay



A Credit: Cowan & Thielemann (2004)

10° pSe
massive star
10*
5 H
:
e He
% 10° 1§
10—
10" - \\ ‘ .\\ S 1 collapse
.-.-"-.:'..--.°-I:‘. . 1°® ] . .: o. Of the
iron core
I’rnto-nvut;l‘(lil 11°1y\ r,n,Be, ll ' in %2 sec
s ENCLOSED MASS (M) a \ \ ! v
forms in the center (“proto-neutrc N ) shock
. . . l\proto."
* a neutron star is: one giant nucle E eLtro
: star
 bounce-back, shock waves, emis: » /
light = SUPERNOVA EXPLOSI( Fe 7 |
———

— technically: a core-collapse sup . |
Credit: Foglizzo et al. (2015)




So far: core-collapse

Progenitor:
a massive star with
a H-rich envelope

* Classified by observers (simple pictu

* There are so many other types...

SUPEFHDVE‘] spectrum

N

Py print H present
No Si That’s what
/ \ we’ve actually
No He covered here
Type_la Typ Ib Typ Ic
Exploding Core-collapse supernova

white dwarf



M31 HRD
7.0

e =17
6.5 1

— 120M ¢

=—=11

-—10

logLg

3.4
log Ter

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

*stripping = loss of H-rich top layers
In the context of single stars:
‘stripping’ is due to losing

mass in the strong wind

In the context of binary stars:

mass transfer

‘stripped’ progenitor*
> (e.g. a Wolf-Rayet star)
— type Ib or Ic

> red-supergiant progenitor
- type 11




Sub-Solar metallicities

(and still no rotation and no binary companion)

e Main effect: mass loss becomes WEAKER
— stars live their lives with more mass retained

— also end their lives with more mass retained

Consequence #1: Consequence #2:

direct fall-in into

a black hole pair-instabiliy developing, leading to
(of mass ~20-40 Mo) a PISN (or maybe a pPISN)
key question: is there something to STOP or again to direct fall-in to a BH
the collapse?  if yes: CCSN (type Il 1b/c) (but this will be a very heavy BH with >150 Mo)

if no: direct fall-in into a BH (no explosion)



The BHs of GW190521 shouldn’t exist...

300+

GW events
2001

8[}: } ; ] BH no g0 zone

mco (M)
+ ——
—a——a—
———

A
101 l 1 GW190521:
8 1' ’ m1 = 85 (+21/-14)
51— Msun

m2 =66 (+17/-18)
Msun



Massive stars rotate... sometimes quite fast

How do we know that? = line profile

Not rotating Rotating

HIN

inclination?

to Earth

A
o
Spectrum Spectrum A

v¥sin(i)
(“projected rotational
velocity”)

Luminosity —»
Luminosity —»

Wavelength —» Wavelength —»




Massive stars rotate... sometimes quite fast

especially at low Z!

[}25 I I I | 1 I I I | I I I |
— Below res. limit - Group A (20 stars)
Below res. limit - Group B (7 stars)
020l 0 Group A (129 stars)
| 1 Group B (GOF) (60 stars)
Credit: Ramirez-Agudelo et al. (2013)
. 0.15}
] I Data:
o .
10l single O-stars
— in the LMC
0.05f I
0.00 == . [

40 80 120 160 200 240 280 320 360 400 440 480 520 560 600 640
Projected rotational velocity (km s ')



Theoretically considered:

Rotation can effect the structure

Credit: Jermyn+18

* centrifugal force > :

— oblate shape (

— extra mixing inside! s

* extreme case:

- “break-up” rotation

“critical rotation”

pt ‘Keplerian break-u
Fcen 2 Fgrav P frequencyp Temperature

- leads to extra mass los

— mass dependent
e.g. “Ble] star” phenomenon

* non-extreme case: mixing & mass loss




Normal Evolution

Rotational mixing

..but depends on Z too:
metallicity =~ mass loss;
mass loss = angular
momentum loss

Chemically Homogeneous Evolution

Credit: Yoon’15

Stellar envelope

Hydrogen burning core

log{radius [[1:])

_
y}

L.y (.2 (.1 (1.5 L1 1.5 2.0 2.

Credit: Oksala+16 log(t — t; Myr])



Chemically homogeneous evolution

= Quasi-chemically homogeneous evolution

Normal Evolution

R~1000 Rsun

a hot, He-rich star

m—— Fast rotator

25M,

| e Slow rotator

depending on wind properties, et i

. 2.0 4.5 4.0 DD
mlght be a WR star (emission lines) 10g Ty Credit: M. Cantiello
or something else? (absorbtion lines)

1 " " " " 1

Type of final explosion?
type Ib/Ic (core collapse)
but ROTATING!! - a ‘collapsar’



Collapsar i

(o« )) « )
core collapse” # “collapsar o

core collapse + fast rotation = collapsar

\
collapsar = accretion disc & jets ﬁ
if the jet aligns with the line of sight: _
long-duration gamma-ray burst
may be observed (L-GRB)

— accompanied by a SN Ib/Ic
if not aligned: SN Ib/Ic
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What are GRBs?

Trigl_“lr 145

—

Sl

Trigger 1606

Gaconcn

[Lih

Sl

Trigger 2812

|

.J u ‘U

-z

Secorade

10" Ceunls Secand

Tr ol 1406

. 5 !
30 | f».-l.ll
|
| i :
20 L -:
I 1
| iy 1
1 et
a ]
-3 n
Saconde
Tr'qgg' 2514
150
100 ”
59 | |
, 1
2 5
Saconds
Tregger alnd
]
53
hlg
rﬂ |
. |
ag ek}
ol ]

Observationally...

— during the cold war...

— today: satellite missions

e.g.:
Fermi Gamma-ray Space Telescope
Neil Gehrels Swift Observatory etc.

— daily observations

— majority of the energy is
measured in Y-rays

— there is a so-called
“afterglow” observed at
softer wavelength

(X-ray, optical, IR, radio...)
after the prompt y-emission



What are GRBs?

At least two, physically distinct types of objects

Spectral hardness (channel 3 / channel 2)

o
-

-l
o

—

Long/soft:

0.01 0.1 1 10 100 1,000
Duration (s)

Credit: Hjorth+2005

Short/hard: two Compact Objects at merger



— sub-Solar metallicities? J

— fast-rotating stars? J

— stars in a binary system? |[Coming today! :



Binaries

...and other multiple systems



Stars sometimes form in multiples

binaries, triples, quadruples...

(a) Filament Fragmentation (b) Core Fragmentation (c) Disk Fragmentation (d) Capture

s ® ©
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At ~ 0.5 Myr 0.2 Myr 0.1 Myr
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Credit:
10,000 au 1,000 au 100au  Offner+2022




Reminder:

Sﬁ UL©£ ure
molecular cloud
(where stars are
born)

Stellar envelope

Hydrogen burning core

‘envelope’ here # stellar envelope
‘core’ here # stellar core

Cloud (210 pc)

Clump (~1 pc)

Filament
(~0.1 pc wide)

Core (~0.05 - 0.1 pc)

Envelope
(~300 - 3000 AU)

Disk and star
(~10 - 200 AU)

Credit:
A. L. Rosen
et al. (2020)



The most important concept:
Roche-lobe

O S

Credit: Bonneau+15



The most important concept:

in 3D:
Hoche
k=10 I'f_:ﬂCE!

Inner
Lagrangian
point

L
By 1

- ® .

redit: Bonneau+15



Gravitational equipotential surfaces




ravitational equipotential surfaces

g Nm? —GMm
G =6.7x1071 — Ug=——

r

M = mass of object 1
m = mass of object 2
1 = center to center distance between M and m

o o A A
ErEE Y
Wi . .:II: A Ix i l'-. L}

Legend:
—= revolotion
— relative motion
=== Capture



Gravitational equipotential surfaces

_ Nm?2 —GMm
= 6.7x1071 —— Ug=

r

mass of object 1
mass of object 2

U(x,y)=(-G*m1l/sqrt(x**2+y**2)-
G*m2/sqrt((x-orbsep) **2+y**2))/Rsun

m1=20; m2=15; orbsep=>5 #[Msun],[Rsun]
G=6.6743%10**(-8); Rsun=6.957*10**(10) #|cgs]
set isosamples 60,60

set pm3d

\ splot U(x,y)

Legend:
—= revolotion
— relative motion
=== Capture




Roche-lobe facts

* we can plot is but we cannot explicitely derive it



Roche-lobe facts

* we can plot is but we cannot explicitely derive it

approximation of Roche lobe
(Eggleton 1983) q = m1/my:

from numerical fit

0.494%3
0.69%/3 +In(1 + q1/3)

RL; = A

orbital separation: A



Roche-lobe facts

* we can plot is but we cannot explicitely derive it

— approximation of Roche lobe
(Eggleton 1983) g = my/mpy:

from numerical fit

0.499%/3
o RL1 =A
Rl Roche surtace 0.6q2/ 34 In(1+ ql/ 3)
auiiy mqu?:\ orbital separation: A

Credit: Leahy+15



Roche-lobe facts

* we can plot is but we cannot explicitely derive it

— approximation of Roche lobe
(Eggleton 1983) g = my/mpy:

from numerical fit

0.494%3
0.69%/3 +In(1 + q1/3)

RL;{ = A

orbital separation: A

Credit: Leahy+15



Why does the Roche-lobe matter?

e Mass transfer.



Why does the Roche-lobe matter?

Detached binary

PR
L
.,

mass transfer
stream

e Mass transfer.

Semidetached binary

Contact binary

common envelope

core 2




Why does the Roche-lobe matter?

Detached binary

e Mass transfer.

* Some important terms:

— primary/secondary (companions)
— donor/accretor

- M;/M;

— detached system

— Roche-lobe overflow

- semi-detached, contact syste

- ‘common envelope’ (...)

» stellar envelope




Some more terms

* orbital separation = orbital distance

* period = orbital period

* # rotational period!! (though cf. synchronization)
e.g. due to tidal forces

* initial orbital separation vs. actual

* initial period vs. actual

* Connection between distance & period?

Kepler’s 3" law: P2 — 472 3

T G(Ml—l—Mz)!r




Some more terms part #2

* Lagrangian points: where the gravitational
forces of the two bodies and the centrifugal




Imagine two (massive) stars!



with Solar Z, no rotation

Imagine two (massive) stars!



with Solar Z, no rotation

Imagine two (massive) stars!

One (massive) star alone:
Life Cycle of a Star

a7 W
.—F -_— s =

¥
e White
} Average
: -r' | Star Dwart

\..

llII'
Meutron Star
Stellar Nebjiia \
Htassh.-e Star _

Red
Siperglant Supemeia Black Hole

Planetary Nebula

Supergiant

Main-Sequence (MS)

log(L/L,)

45 4.4 43 42 41 4 3.9 3.8 3.7 3.6 35
log(T ./K)

Two of them next to each other:



with Solar Z, no rotation

Imagine two (massive) stars!

One (massive) star alone:

T——— Two of them next to each other:

® - — sl > e — MS + MS

i White — —
} Average -
o A Star Dwarf

3% Planetary Nebula
"t; ' (Super-)

’ Meutron Star . — He-core GIANT
Stellar Nebjla
N & I + MS
Htassh.-e Star 5 -

Red Supernova Black Hole

Supergiant
(Super-)
Supergiant PR He-core GIANT
- / R+, e TN + MS
ain—Seuence (MS) 4 ® \;{, \  In ROCHE
3 /" °~_ ,/ LOBE
A g ~- OVERFLOW

~—"" Credit: Mapelli’21

I'Og( L/L:'Ef:w )

e T(m) ~ m™=2?
- Sun’s lifetime: ~10*10° yrs
- an 8 Mo star’s lifetime: ~ 5107 yrs
— a 100 Mo star’s lifetime: ~ 2*10° yrs

45 4.4 43 42 41 4 3.9 3.8 3.7 3.6 35
log(T ./K)




What happens when the Roche-lobe
is overflown?

e Mass transfer

Youtube video to watch:
* = mass exchange

* = (binary) interaction


https://www.youtube.com/watch?v=xAjq7VGnf4s

What happens when the Roche-lobe
is overflown?

e Mass transfer

Youtube video to watch:
* = mass exchange

= (binary) interaction

Next time.


https://www.youtube.com/watch?v=xAjq7VGnf4s
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