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Previously
on GW-progenitors...



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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The Initial Mass Function
(IMF)
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Let’s think!

M31 HRD

7.0

. How would you
“convert”
between the
lines and the

"~ dots?

. Meaning:

-—12

-—11

-—10

Mg

- how would you
compare
theoretical

4 predictions with
observations?
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number ratio of
MS vs. RSG
stars

Let’s think! &

— pick lines according to
IMF

M31 HRD (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

an actual (simulated) g -
stellar population! “synthetic”



Population synthesis on binaries

. 2 stars instead of 1
- both have their individual IMFs

. orbital separation!

- |nitial Orbital Period Distribution

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

. plus a /ot 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

(related?

. 2 stars instead of 1
- both hsa wdividual IMFs

. orbital seg 7,
- Initial Orbital Pefw "de,-

same kind of thing as the |I'-v-

Acs: yr
l.e. an observation-based staue l - c’l V @ ‘

. plus a /ot of assumptions alkco

- mass transfer (stable/unstable? zative/non-co

- Common Envelope phase (outcome:

already don’t
separation afterwards?) /

know
about single
stars’

- supernova physics... and the Kkick.




Kicks

happens for single-star

supernovae too
= natal kick Each color corresponds to

which happen when the NS is born different emission process.

-
-




Kicks

. happens for single-star

supernovae too A
= natal kick CO AN

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

. survival rate Is uncertain

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

cf. Mandel & Miiller (2020)



Exam

IMPORTANT - » o @t

P

. Stellar evolution . Synthetic population

modelling modelling

- based on first - relies on stellar
principles evolution modelling
(6 stellar equations) ~ does not simulate the

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

_ IME 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



Today...

...the last steps!



Star-formation history




. We need to know the

Star-formation history

mm

%,

history of how the stars
are being born...




Star-formation history

. We need to know the
history of how the stars

are being born...

SFR

e

star-formation rate

™ one short starburst episode

: $ 6w

or anything else

continous starfqrmatlon

2 4 6wy




. We need to know the
history of how the stars

Star-formation history

are being born...

SF

R

star-formation rate

™ one short starburst episode

: $ 6w

or anything else

continous starformation

2 4 6wy

We need all these to do
(binary) population synthesis.
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From star-formation history to
cosmic star-formation history

. This is what we need to predict GW-event rates
from synthetic populations

The Big Bang

Credit: ICRAR/UWA



From star-formation history to
cosmic star-formation history

edict GW-event rates

lockback time (Gyr)
024 6 8 10 12

-0.4 T1 fT T T T 1 T I | z

-0.8 —:

-1.2 -

~-1.8 -

-2

!

_2.4 1 l 1 l 1 l 1 l 1 [ 1 1111

0 1 2 3 4 5678
redshift

Credit: Madau & Dickinson (2014)



From star-formation history to
cosmic star-formation history

Peaking: somewhere
around z = 2, when
the Universe was ~3.5

Gyr old

loockback time (Gyr)

024 6 8 10 12
-0.4 IIT]III]I I T

'.-IAlllllllllllll

1 l 2 l 2 l 2 l
| 2 3 4
redshift

llllll
5878

1

Credit: Madau & Dickinson (2014)



From star-formation history to
cosmic star-formation history

Peaking: somewhere
around z = 2, when
the Universe was ~3.5
Gyr old

loockback time (Gyr)

024 6 8 10 12
-0.4 III]IIIII ] I

Note:
massive stars live

short lives!
2-20 Myr £ 13 Gyr

redshift

Credit: Madau & Dickinson (2014)



Now we can answer the original
question of this whole lecture series
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Now we can answer the original
question of this whole lecture series,

initial distributions

# MIST version number = 10.1
# MESA revision number 11701
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+ a lot of assumptions about binary physics
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Now we can answer the original
question of this whole lecture series,

initial distributions

=10.1
11701

# MIST version number
# MESA revision number

1 202 353 as4 605 631 707 808

# ] e e e e e e
# Zinit [Fe/H]  [a/Fe]l v/verit

# m.2511 1.42857E-03  -1.00  0.00  0.00

Pl s

#  initial mass N pts NEEP Ncol phase type

# 1.9999727046E+01 808 8 73 YES  high-mass

#

#

#

#

1 4 5
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+ a lot of assumptions about binary physics
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Important piece of
math:
Convolution

of two functions

log ¥(My yr-' Mpc-3)




Some more terms

Lookback time:

- difference between the age of the Universe now (at
observation) and the age te of the Universe when
the photons * were emitted (from the given object).

*grav.waves

P | » Light takes billions of years to reac

reach us from a galaxy 6

te(2) = 371 (1 (L + 2)3/2)



Some more terms
Delay time:

- the time it takes for a binary system to (7) evolve
both stars, then (2) spiral in due to the emission of
(undetectably weak) gravitational waves, and then

(3) merge (emitting ((potentially)) detectable
grav.waves). Typically: ~10 Myr — 13.77 Gyr

ZAMS

>» o © >»




Even some more terms

this is what can be directly

3/5
Chirp mass M, = (mima)®/ : derived from a measured GW-signal
(m1 + mo)l/5 :
to derive m, and m,, a strong
signal
Mia; + Mrap ~ : e
Effective spin Yeff = 1¥1 22y with good resolution is needed
M] + M2
1 ,
Orbital frequency f_, = \/ G(m1 +mz)
' 21 a3

1181

_ 126 [ |1+ (121/304)¢?] >**

Merger time e o =
s 196 Jo  e=29/19(1 — 62)3/2

Delay time. ..



The Gravitational-Wave Transient

Catalogue 3 (GWTC-3)

2015 - 2016
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DATE(_TIME)

GWI90620_030421

GW190805_21137

82

GWI191230_1€

32
GW190425

il

GWI90630.185205

GWIST105.143521

GW170814

175

GW190426_190642 GW190514_065416
e’

GW190513_205428 M
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SINCE 2015
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03a+b

2019 - 2020
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GWI91204_1715:
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5

UNITS ARE SOLAR MASSES
1 SOLAR MASS = 1.989 x 10°°kg

ol 'JwOZQrM/



The Gravitational-Wave Transient
ue 3 (GWTC-3)

03a+b -

2019 - 2020
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Detector

Interferometer:

Stationary mirror

Moveable mirror @ Mirror moves

&
Light source e &
\ \
T
S

) @Phase shifts
® Waves in phase

Waves out of phase

#~T" No light + ) @ Bright light
) =

Screen




Interference
(of the light from the laser, not the GW signal!!)

be directly
measured GW-signal

d m,, a strong

Amplitude (a.u.)

ution is needed

Amplitude (a.u.)

@ Mirror moves

Amplitude (a.u.)

) @ Phase shifts

3 Waves in phase

Waves out of phase

@ Bright light

y

, No light
- —

Screen

Credit: S. Kellev/NIST



And some names you MUST know

. LIGO:

- Laser Interferometer
Gravitational-wave
Observatory (USA

)
. aLIGO

- advanced LIGO
- the current version

. Virgo

- LIGQO’s important little
sister in Europe




Gravitational wave spectrum

Quantum fluctuations in early universe

Binary Supermassive Black
Holes in galactic nuclei

(7s) < —+
8 Frequency Band Frequency (Hz) Compact Binaries in our
S |Extemely Low Frequency (ELF) | 10 —10" Galaxy & beyond
o Very Low Frequency (VLF) 107 -10° s »
n Low Frequency (LF) 10°-1 Compact objects
High Frequency (HF) 1-10* captured by Rotating NS,
Supermassive Black Supernovae
~ Holes & -
wave period age of - ;
universe years hours sec ms

Credit: C. Berry

log(frequency) -16 -14 -12 -10 -8 6 -4 2 0  +2

<3 <at— — < ;‘ﬁ >
Cosmic microwave Pulsar Timing Space Terrestrial
background Interferometers interferometers

polarization

Detectors
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»

radio continuum (2.5 6Hz)
»

molecular hydrogen.
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molecular hydrogen.
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infrared

mid-infrared
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a measure of the grav.wave's effect:

Characteristic Strain the ratio by which lengths are

—
o
D
e
~N

.
S

stretched or compressed

(d@mensionl&ss)

10

10 %

10 -22

10 -24

102

Detector sensibility

~10° M_ BH mergers

Antenna (~203

Type IA
supernov

first direct observay

GW150914 ET

Einstein
Telescope
(>2030)

Compact binary

inspirals
the stuff we
talked about
the most,
l.e:
BHs & NSs

Stochastic | = 10° M, but Credit: C. Berry
background| unresolvable

san GO AND CHECK OUT

et 2000 OTHER SOURCES

not actual stars but AND DETECTORS!

~10°M,, i B http.//gwplotter.com/
Supermassive
binaries
Virgo

aLIGO

10" 10°® 10°® 10+ 10% 10° 10? 104
Frequency / Hz “gravitational wave spectrum”

10°



Cosmic grav.wave background

. Heard about the cosmic microwave background?




Cosmic grav.wave background

. Heard about the cosmic microwave background?

Galactic Binaries ~ Compact Objects Orbiting
including future Massive Black Holes

. GW‘ ba Ckg roun d : . ,#‘. " B oot
- undetected (yet

Merging Massive  Fluctuations from
Black Holes Early Universe

in merged galaxies stochastic backgrounds
and bursts




Cosmic grav.wave background

. Heard about the cosmic microwave background?

. GW-background:
- undetected (yet)

Galactic Binaries ~ Compact Objects Orbiting
ncluding future Massive Black Holes

- cosmological sources

. processes during e.g. the
cosmic inflation
(107°°~107°3 sec after the Big Bang)

- astrophysical sources

. large number of unresolvable BH-BH (or BH-NS, or NS-NS)
mergers; additional WD-WD mergers, supernova
explosions...



Galactic Binaries =~ Compact Objects Orbiting
including future Massive Black Holes

type lasupernovae  hjigh-precision probes
of strong-field gravity

Merging Massive  Fluctuations from
Black Holes Early Universe
in merged galaxies stochastic backgrounds

and bursts Credit: NASA/ESA




The whispering of the Universe

https://www.youtube.com/watch?v=2PzbYK1x3Vo

‘GW150914’

N

==

> LIGO Hanford 35 M@ & 30 M@
c

(]

z (BH+BH)

Ll

LIGO Livingston WWANM A\
= . . . 64 M

Time (sec)

3 M o converted
into GWSs!


https://www.youtube.com/watch?v=2PzbYK1x3Vo

