Gravitational-wave progenitors




Previously
on GW-progenitors...
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Some other scenarios...
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There are more...
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This one makes it clear
that there are various
outcomes based on

the SN kick.

Credit: Alice Froll

PRIMARY SECONDARY

And even more... .10

ot

l

BINARY SURVIVES

:

SECONDARY EVOLVES

(Roche Lobe overflow)

BINARY SURVIVES

DOUBLE NEUTRON STAR BINARY

RUNAWAY STAR /

BINARY DISRUPTS
—

4

YOUNG PULSAR

MILDLY RECYCLED PULSAR

BINARY DISRUPTS P

. [ )

"

SECONDARY
1S LOW-MASS YOUNG PULSAR
RECYCLED PULSAR
A o W
wp ——— A



Degeneracy

remember: Y is a boson

* Imagine: plasma (of fermions, i.e.: e",p*,n°...)

- at normal densities: thermal pressure (ideal gas)
— let’s cool it and compress it repeatedly!

— at some point, Pauli exclusion principle turns on

* forbids the fermions to occupy identical quantum states

* thus, if they are forced closer, they must be be placed at
different energy levels = extra pressure (a very strong one)

* can happen to: only e” (=WD) or p*&n°&e~ (=NS)

Funfact: degeneracy pressure depends only weakly on the temperature.
Increasing the temperature of degenerate stars has a minor effect on the structure.
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Degeneracy i

remember: Y is a boson

Funfact: degeneracy pressure depends only weakly on the temperature.
Increasing the temperature of degenerate stars has a minor effect on the structure.
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“~ H M X B i Observed: I
= High-mass X-ray binary ~ 200 LMXB in the MW

some more in other gals.
> 100 HMXB in MW
e.g. Cygnus X-1

e sister ObjeCt: LMXDB - row-mass X-ray binary

periodic

- if the companion is a low-masgétar (or a WD): LMXB x4y pulses

— if it’s a massive star: HMXB

* Massive stars have strong winds! It contributes.

LMXB’s

-

Credit: Palit 2026*



Microquasars

* basically HMXBs which also emit in radio

- the source of the radio emission is two jets™ (ssee next slide)

- Cygnus-X1 is also a microquasar

also known as ‘quasi-stellar object” (QSO)

( )
* name comes from quasars — discovered in the 50s as radio sources of

unknown origin

* galaxies where the central BH eats up the stars...
* — active galactic nucleus (AGN)

* powered by a supermassive BH (=10°-10° Mo)

(as opposed to a stellar mass BH as in a HMXB/microquasar)

Capturing our MW's central BH by the c Sgr A*

o \ L 4x10° Mo
Event Horizon TGIGSCOPG (not a real telescope;
but a collaboration of radio observatories & clevera data reduction techniques :D )




Jets (in astronomy)

Actual observation (2021, LOFAR):

27

short-livin
AGNs = GRBs
Artistic image of the same stuff: \Artistic image:
o | e . long-living

(timescales
are proportional
to the mass
of the central BH)

Credit: Timmerman/LOFAR



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

What about a metal-poor,
fast rotating binary system?

structure
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What do chem.hom. evolving stars look like?
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e.g. Szécsi'l/a
Szécsi'l/b
Bagoly,Szécsi+16
Marchant+16,17



Gravitational waves..
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'Second

e.g. Szécsi'l/a
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To “cartoonize”
the scenario: P (0) 5
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l : +(potential) L-GRB
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Credit: Marchant+16



Possible exam question ;)
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Population synthesis on binaries



Population synthesis on binaries

* NOT the same thing as binary
evolutionary simulations

/

meaning: ‘detailed’ evolutionary
computations e.g. with MESA
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Population synthesis on binaries

* NOT the same thing as binary
evolutionary simulations

/

meaning: ‘detailed’ evolutionary
computations e.g. with MESA

(ves, MESA can run binaries too)

Remember the Initial Mass Function (IMF)?

Pop.synth. starts with that.

But binaries make life complicated.
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Md(M)

o #stars: G(m) ~ m>%
* math:
N
®(m)dm = C*m>**dm

: C: determined from the size of the

w ST population (e.g. 3*10°> Mo)
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logLg

| et’s think!

M31 HRD

7.0

-—12

-—11

- —10

* How would you
“convert”
between the lines
and the dots?

* Meaning:

— how would you
compare
theoretical
predictions with
observations?
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# MIST version number = 10.1

# MESA revision number = 11701
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HR-diagram
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Age, Mass, Radius, Teg [K], log(L/L@), Massloss rate...
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logLg

] number ratio of
Let's think!

M31 HRD

MS vs. RSG stars

— pick lines according to IMF

(cf. initial mass column)

— compute how much time
they all spend as blue stars

— and how much as red stars

* Meaning:

— how would you
compare
theoretical
predictions with
observations?
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M31 HRD

number ratio of
Let/S th | N kl MS vs. RSG stars

— pick lines according to IMF

3.5

(cf. initial mass column)

— compute how much time
they all spend as blue stars

— and how much as red stars

— instead of lines, plot the evolutionary tracks as dots!

say, a dot at every 10 thousand year

— weight with the IMF

log Tes

an actual (simulated)

: simulated =
stellar population! “synthetic”
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IMPORTANT

 Stellar evolution * Synthetic population

modelling modelling

— based on first — relies on stellar
principles evolution modelling
(5 stellar equations) — does not simulate the

— follows one star’s life individual star’s life
at the time (typically)

- IMF is not yet — IMF is taken into

considered account

- result is a statistically
meaningful prediction
about a population

— result is a line (‘track’)
in the HR-diagram
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 Stellar evolution * Synthetic population

modelling modelling

— based on first — relies on stellar
principles evolution modelling
(5 stellar equations) — does not simulate the

— follows one star’s life individual star’s life
at the time (typically)

e IMF iS not yet r IMF 1S taken 11’1’[0

considered account

- result is a statistically
meaningful prediction
about a population

— result is a line (‘track’)
in the HR-diagram
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What about binaries??



Population synthesis on binaries

e 2 stars instead of 1
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Population synthesis on binaries

(related?)
PR

e 2 stars instead of 1
— both have their individual IMFs

* orbital separation!

— Initial Orbital Period Distribution

same kind of thing as the IMF but for the period,
i.e. an observation-based statistical distribution
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* plus a lot of assumptions about the evolution

— mass transfer (stable/unstable? conservative/non-conservative? ...)

- Common Envelope phase (outcome: merger or survival?
separation afterwards?)

— supernova physics... and the kick.




Population synthesis on binaries

(reljakted?)

e 2 stars instead of 1
— both have their individual IMFs

* orbital separation!

— Initial Orbital Period Distribution

same kind of thing as the IMF but for the period,
i.e. an observation-based statistical distribution

* plus a lot of assumptions about the evolution

— mass transfer (stable/unstable? ative/non-conservative? ...)

— Common Envelope phase (outcome:
separation afterwards?)

on top of what we
already don’t know
about single stars’
evolution

— supernova physics... and the kick.



Population synthesis on binaries

(related?)

e 2 stars instead of 1
— both he sadividual IMFs
| un
SENE)i bltal SCR de I,
— Initial Orbital Pt t :
same kind of thing as the I lVe l, "i‘m
e /10PD ' §§

i.e. an observation-based statistical® 8 e
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ative/non-ca@

* plus a lot of assumptions abo

— mass transfer (stable/unstable? ative? ...)

— Common Envelope phase (outcome:
separation afterwards?)

on top of what we
already don’t know
about single stars’
evolution

— supernova physics... and the kick.



Kicks

= natal kicks

which happen when the NS is born
also see: pulsar kick, NS kick, SN kick



~ Velocity, /.~
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Kicks

70538+2817

{Nature Aslronomy})
https://dx doi .oré/ 10.1038/541550-021-01360-w
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* happens for single-star
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= natal kick e YT

which happen when the NS is born
also see: pulsar kick, NS kick, SN kick

— needs: assymetric explosion
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Kicks

* happens for single-star

supernovae too o “«
= natal kick e T

which happen when the NS is born
also see: pulsar kick, NS kick, SN kick

— needs: assymetric explosion

: : . @ -
* in binaries, one SN may

kick out the companion

e survival rate is uncertain

- but in pop.synth., drawn
from a — you guessed it —
statistical distribution :D

cf. Mandel & Miiller (2020)
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