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Note: These lectures will be recordedand posted onto the IMPRS website

Dear participants,

²Ŝ ǿƛƭƭ ǊŜŎƻǊŘ ŀƭƭ ƭŜŎǘǳǊŜǎ ƻƴ ά¢ƘŜ !ǎǘǊƻǇƘȅǎƛŎǎ ƻŦ /ƻƳǇŀŎǘ hōƧŜŎǘǎέΣ ƛƴŎƭǳŘƛƴƎ 
possible Q&A after the presentation, and we will make the recordings publicly 
available on the IMPRS lecture website at:

https://imprs-gw-lectures.aei.mpg.de

By participating in this Zoom meeting, you are giving your explicit consent to the 
recording of the lecture and the publication of the recording on the course website.

https://imprs-gw-lectures.aei.mpg.de/


Albert-Einstein Institute Lectures 2021
Thomas Tauris @ Aarhus University

Lectures 1+2: Wednesday May 12, 10:00 ς12:00 
X-ray Binaries and Recycling Millisecond Pulsars

Lectures 3+4: Friday May 14, 10:00 ς12:00 
Spin and B-field Evolution of Neutron Stars  (+ Black Hole Spins)

Lectures 5+6: Wednesday May 19, 10:00 ς12:00 
Formation of Binary Neutron Stars/Black Holes

Lectures 7+8: Friday May 21, 10:00 ς12:00 
Binary Neutron Stars and Gravitational Waves at Low and High Frequencies

You are most welcome to ask questions any time J



A brief chirp from a galaxy 1.4 billion light years awayΧ       5ŜǘŜŎǘƛƻƴ ƻŦ ƎǊŀǾƛǘŀǘƛƻƴŀƭ ǿŀǾŜǎΗ

INTRODUCTION: TheDiscovery! 2

GW150914, GW151012, GW151226, 
GW170104, GW170608, GW170729,
GW170809, GW170814, GW170817,
GW170818, GW170823,(O3.......)



(1) Quasi-stationary 
weak-field regime

(2) Quasi-stationary 
strong-field regime

(3) Radiative regime

(4) Highly relativistic 
regime

Solar system 
experiments

Binary pulsar experiments

GW astronomy

AEI 2021

slide by Norbert Wex

http://news.bbcimg.co.uk/media/images/59999000/jpg/_59999254_59995501.jpg


GW SPECTRUM AND INSTRUMENTS 4

Follow-up:
EM transient counterparts
Χ.. and neutrinos

© NASA

PTA LISA
LIGO/Virgo/KAGRA
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GW SOURCES AND FREQUENCIES 5

×Collidingneutron star + blackhole binaries

(           maydetect thesemergerstoo)

×Supernova corecollapse(Galactic!)

×Supermassive blackhole mergers

LISA

LIGO

LISA

LIGO

I. Transient(one-time) burst events:   extragalactic

II. Persistentsources(continuousemission):   Galactic

high freq. GWs LIGO: 10 Hz -1 kHz

low freq. GWs LISA:  0.1 mHz -10 mHz

×Pulsars or accretingNS

×Galacticresolvedcompactbinaries (WD, NS, BH)

AEI 2021 Thomas Tauris

ЎὉ ρπ ὓἄὧ*

*
LISA

LIGO



INTRODUCTION: My Central Research Questions 6
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Tauris & van den Heuvel (2006)

MERGING NEUTRON STARS ựpredictions based on 2006 data 7
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MERGING NEUTRON STARS ự2021 data for Galactic sources 8
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Note:
ecc@0.7
ÝtGW  ®x 10

Tauris & van den Heuvel (2022)



Double neutron star mergers:  GW170817 

­ gravitational wave burst

Ÿ   short  g-ray burst

­ ejection of a few

heavy r-process elements

­ macro/kilonovae (EM follow-up)

MERGING NEUTRON STARS ựGW170817

Just et al.  (2015)

NS+BH

9

Abbott et al.  (2017),  Coulteret al. (2017),
Soares-Santos et al. (2017), 
Smarttet al. (2017),  Droutet al. (2017) 

πȢπρὓᵘ

Review: Giacomazzoet al. (2019)
Shibata& Hotokezaka(2019)

AEI 2021 Thomas Tauris 13



New eraof multi-
messengerastrophysics

Detectionof a kilonova
(radioactivedecayof 
heavy r-processelements)

DETECTION OF GRAVITATIONAL WAVES:  GW170817 + EM FOLLOW-UP 10
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Å mass
Å spin
Å eccentricity
Å luminositydistance
Å system orientation
Å BH/NS merger-rate density
Å evolution over cosmictime

(primordialBHs, SMBH seeds)

Å sky location
Å host galaxy
Å redshift
Å localenvironment
Å heavy r-processnucleosynthesis
Å emission processes (kilonova)
Å sGRB(central engine, beaming, jets, afterglow)

Å Testingtheoriesof gravity
Å NS equation-of-state
Å Cosmology

GW EM NEUTRINOS
Å neutrino physics
Å central engine
Å SN explosions

© Patricelli

80 MoUsinvolving170 instruments!!! 

© Branchesi

GRAVITATIONAL WAVES AND ELECTROMAGNETIC FOLLOW-UP 11
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CONSTRAINING THE NS EOS 12

GW phasedependson tidal deformabilityparameter: 
5( / )k R ML´

S. Roswogg

Å Tidal deformation and NS EoS

Flanagan & Hinderer(2008)



NGC 4993
d = 40 Mpc (z=0.009, 130 mill. ly)

DETECTION OF GRAVITATIONAL WAVES:  GW170817 + EM FOLLOW-UP 13
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FURTHER LESSONS FROM GW170817 EM FOLLOW-UP 14

AEI 2021

Slide provided by Duncan Brown



FURTHER LESSONS FROM GW170817 EM FOLLOW-UP 15

AEI 2021

Slide provided by Duncan Brown



FURTHER LESSONS FROM GW170817 EM FOLLOW-UP 16

AEI 2021

Slide provided by Duncan Brown



Heavy r-process
elements synthesis

AEI 2021

Sun



Mass ejecta and electron fraction

1) Dynamical ejecta (tidal disruption)

2) Disk ejecta (viscous heating and MHD)

Total amount of ejecta (few 0.001 Msun to 0.1 Msun) depends on:

ÅNS+NS Ÿ prompt BH formation or MNS (meta stable, ῳt = 10 ms ï10 s)

Å Mass ratio  (q < 0.8 leads to larger yield)

ÅNS radius and BH spin

Important output parameters are: mass, velocity and electron fraction (Ye).

Ye is of key importance for determing the abundance of r-process elements, 

which again determine the opacity of the EM emission.

AEI 2021 Thomas Tauris 18



PROPERTIES OF DOUBLE NS MERGERS 19

ÅMasses

ÅSpins

ÅB-fields

ÅOrbital period

ÅEccentricity

ÅAge at merger time

ÅKicks

ÅLocation relative to host galaxy

ÅMerger rates

AEI 2021 Thomas Tauris



ÅBinary stellar evolution

ÅPopulation synthesis
(input distributions and stellar grids)

ÅGalactic star formation rate
(formation history of massive binaries)

ÅGalactic potentials
(to probe location of mergers in host galaxies)

ÅExtrapolation to local Universe
(scaling-law of galactic number density)

SIMULATIONS OF LIGO/VIRGO MERGER RATES 20

RECIPE
1 billion



POP. SYNTHESIS
1. Reproduction of LIGO rates is no success criterion on its own
2. Can Galactic sources be reproduced?  (properties of HMXBs, DNSs, etc.)

3. Is the input physics reasonable? Is the evolution self consistent?
4. Watch out for papers that claim they can explain everything!

COMMENTS ON POPULATION SYNTHESIS 21

AEI 2021

E.g. Stellar evolution (Z)
Klenckiet al. (2020)

*

*



COSMIC JOURNEY 22
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Population synthesis using Monte Carlo techniques:
Typically one billion binaries are evolved

He-star (WR-star) tracks

Dense stellar grid* calculated with BEC
Å age
Å mass
Å core mass
Å radius 
Å luminosity
Å effective temperature
Å envelope structure parameter

Å semi-major axis (orbital period)
Å eccentricity
Å galactic position
Å velocity

Initial distribution functions
(M1, M2, a ,e, Z* , vrot* )

23MNRAS (2018)



RATE OF MERGING NEUTRON STARS

Merger rate of double neutron star binaries in a Milky Way-ƭƛƪŜ ƎŀƭŀȄȅΥ оҍмп Myr -1

24

AEI 2021 Thomas Tauris 30



advanced LIGO

Range: 

NSNS merger 200 Mpc

NSBH merger 600 Mpc

BHBH merger 3 Gpc

(Z=0.5)

DNS detection rate:

1-5 per year

(Milky Way: 3-14 Myr -1)

You are here!

LIGO/VIRGO GW DECTECTION RATES 25

Main uncertainties: 

CE evolution, kicks



GW170817: NS MASSES

GW170817

@design sensitivity: 1-5 detections per yr

26

Kruckow, Tauris, et al. (2018), MNRAS 

D
e
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y 
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Our NS mass solutions for GW170817
are typical for Galactic DNS systems

We find age solutions from 
<100 Myr to  >10 Gyr

AEI 2021



GW170817:  AGE AND DISTANCE FROM HOST GALAXY 27

For NGC 4993, the escape velocity at the location 
of GW170817 is about 350 km s-1(Pan et al. 2017), 
much larger than the typical systemic velocities  
we obtain in our simulations. 

NGC 4993

Kruckowet al. (2018), MNRAS 

AEI 2021 Thomas Tauris



BH-BH

BH/NS
NS-NS

BH-BH

BH/NS

NS-NS

Kruckowet al. (2018), MNRAS

GW170729
GW170809
GW170818
GW170823

COMMENTS ON GW190425 28

GW190425 R = 1540 +/- Gpc-3 yr-1
GW170817:

GW190425:

3200
1220GW190425

Mchirp= 1.44 Msun

Mtotal = 3.3 Msun

(Ⱶ< 0.05)

R = 1090 +/- Gpc-3 yr-11720
800

New combined rate (GWTC-2):

R = 320 +/- Gpc-3 yr-1490
240



Kruckow(2020), A&A

COMMENTS ON GW190425 29



PROGENITORSOF LIGO-VIRGO EVENTS: METALLICITY 30

Kruckowet al. (2018), MNRAS



MERGER-RATE DENSITY

local Universe

GW170817

@design sensitivity: 1-5 detections per yr

31

Detection
rates

Kruckowet al. (2018), MNRAS 



EXAMPLE OF RESULTS

~ 3 DNS mergersMyr-1 MWEG-1

32

Kruckowet al. (2018), MNRAS

Other investigationsaremuchmore (too?) optimistic
(i.e. predictingmuchhigherrates J).  Wewill seeΧΦΦ

AEI 2021 Thomas Tauris



COMPARISON TO EMPIRICAL LIGO/VIRGO RATES

local Universe

BH-BH:
LIGO/Virgo:   23.9+/- Gpc-3 yr-1 (Abbott et al. 2021)

We find:         0.6-35 Gpc-3 yr-1 (Kruckowet al. 2018)

(depending on metallicity and galaxy-density scaling)

Our rate is sensitive to CE physics (factor 10¬ if using aCE=0.8  vs  aCE=0.5).

We expect detections in O3 or O4.

33

NS-NS: 
LIGO/Virgo:   320 (+490 -240) Gpc-3 yr-1   (Abbott et al. 2021)

We find:         10-35 (10-400)   Gpc-3 yr-1 (optimizing all input physics incl. smaller kicks)

BH-NS: should be detected more often than NS-NS by a factor 10!

* *

14.9
8.6



34

11* eventsin O1 and O2

10  BH+BH mergers
1  NS+NS merger

~ 50 eventsin O3a + 03b
x   BH+BH mergers 23
y   NS+NS mergers 1(3)
z BH+NS mergers 2(4)

massgap 2(3)

03a

?

COMMENTS ON O3 RATES

Observationalselectionbias against?

Å We predict ~10 times more detections 
of mixed BH/NS mergers compared to 
double NS mergers

+ additionalcandidatesfrom Princeton group

AEI 2021



COMPARISON TO CC-SNE, SGRBSAND HEAVY r-PROCESS ELEMENTS

Heavy r-process elements: Beniaminiet al. (2016):  5.0-20.0×10ҍпper CC SN.

hǳǊ ŘŜŦŀǳƭǘ ŀƴŘ άƻǇǘƛƳƛǎǘƛŎέ ŜǎǘƛƳŀǘŜǎ ƻŦ ŀ 5b{ ƳŜǊƎŜǊ ǊŀǘŜ Ґ оΦл-14.0 Myr-1 MWEG.
Combined with a Galactic CC SN rate of about 0.01 yr-1  

­ translates into a relative merger rate of about 3.0-14.0×10ҍпper CC SN.

sGRBs: Wanderman & Piran(2015):  2.2-6.4 f -1 yr-1 Gpc-3

where fҍмis a beaming factor in the range 1 < fҍм< 100. 

sGRBare expected from both DNS and mixed NS/BH mergers,
adding our simulated merger-rate densities we get нрҍус ȅǊҍмGpcҍо.
These numbers agree for fҍм = 4-40 (Metzger & Berger 2012; Fong et al. 2015).

35



DEPENDENCE ON INPUT PHYSICS PARAMETERS 36

AEI 2021 Thomas Tauris



HISTORICAL RECORDΧ 37



Voss & Tauris (2003):

300 Mpc (NSNS sensitivity)

LIGO O3a: ~ 1 BHBH per week
(~ 52 per year)
@ 120 Mpc

52×(300/120)3 = 812 yr-1

For the historical record
- Realistic CE binding energies
- Case BB RLO (evolved He-stars)
- Multi-component NS kick dist.

38HISTORICAL RECORDΧ

AEI 2021 Thomas Tauris

Equal to prediction in 2003 within 3% 



39PROPERTIES OF DOUBLE NS MERGERS:  MASSES

Tauris & van den Heuvel (2022)

MNS= 1.174(4) Msun is the lowest
NS massdeterminedaccurately

AEI 2021



Do ECSNeproduce NSs which are more massive by ~ 0.06 Msun?
(after correction for accretion)

Kruckowet al. (2018)

Binary effects!
1st SN: wide binary
to survive later CE
(small kick is often
from ECNSe)

2nd SN: tight binary
to produce merger
(larger kicks are ok)

SIM.

OBS.

40PROPERTIES OF DOUBLE NS MERGERS:  EVIDENCE FOR ECSNe?

AEI 2021 Thomas Tauris



41PROPERTIES OF KNOWN GALACTIC DOUBLE NS SYSTEMS

Globular cluster sources! These NSs were most likely recycled in LMXBs (WD progenitors as donor stars) 
which were afterwards disrupted and the recycled NSs were paired with other NSs.

Tauris & van den Heuvel (2022)

9/10 Galactic DNS mergers are from isolated binaries
(1/10 are in globular clusters)

LIGO DNS merger rate density: 320 Gpc-3 yr-1 ᵼ ~30 Myr-1 MWEG-1 (GWTC-2)
i.e. at least ~1400 DNSs in the MW in the pipeline with †GW< 46 Myr SCIENCE FICTION!!



42RECENT POPULATION SYNTHESIS OF NS+NS and BH+BH SYETEMS

AEI 2021 Thomas Tauris

Codes on the market:
binary_c
BPASS
Brussels
ComBinE
COMPAS
MOBSE
POSYDON
Scenario Machine
SeBa
SEVN
StarTrack

Sample papers:
Stevenson et al. (2017)
Giacobbo & Mapelli (2018)
Chruslinska et al. (2018)
Vigna-Gomez et al. (2018)
Kruckow et al. (2018)
Neijssel et al. (2019)
Belczynski et al. (2018, 2020)
Breivik et al. (2020)
Wu et al. (2020)
Tang et al. (2020)
Bavera et al. (2020, 2021)
Shao & Li (2021)
Santoliquido et al. (2021)



Semi-major axis,  a (Rsun)

E
cc

e
n
tr
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e

NS mass ratios

43POPULATION SYNTHESIS:  CALIBRATION

Kruckow, Tauris, et al. (2018), MNRAS 

Do not trust population synthesis 
if it cannot reproduce observed 
Galactic DNS systems

AEI 2021 Thomas Tauris



WHAT TO EXPECT IN THE COMING YEARS 44

Å Spin distributions of BHs and NSs

Å Tests of GR and other gravity theories

Å Multi -messenger astrophysics
V GWs
V Optical
V X-rays
V Radio
V ΧƳƻǊŜ

| ɉeff | < 0.35 at the 90% crediblelevelfor all events!
(degeneracybetweenprojectedspins and
orbital inclination, masses)

( )1 1 2 2

1
eff m m

M
c c c¹ +

Provides a clueto their astrophysicalorigin
e.g. Baibhavet al. (2020)

3G ?

AEI 2021 Thomas Tauris



NS+WD LISA SOURCES

AEI 2021 Thomas Tauris



WHAT TO EXPECT IN THE COMING DECADES 45

LISA
~2034

3G
~ ?

EINSTEIN TELESCOPE COSMIC EXPLORER

Å Detect all BH-BH mergers out to z~20
Å Detect the BH seeds evolving into SMBHs
Å Possibly detect primordial BHs
Å Determine the NS EoSto extreme precision
Å etc.

Ask for 3 detectors
(~м ōƛƭƭƛƻƴ ϵ  ŜŀŎƘύ

AEI 2021


