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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



Å Resumé of the formation of double NS binaries
Å Case BB RLO
Å Ultra-strippedSNe
Å Impactof SN kicks
Å NS masses, spins and B-fields

Å Formation of double BH binaries
Å BH masses and spins
Å BHNS binaries
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Tauris et al. (2017), ApJ846, 170

For a review:   
Tauris& van den Heuvel(2022) 

New textbook from Princeton Uni. Press  



INTRODUCTION: Compact Objects 4

Neutron Stars and Black Holes
Unique physicslabs.

Å Densestmatter in obs. Uni.
(testingsupranuclearmatter)

Å StrongestE/B-fields
(testingplasma physics)

Å Atomicclockprecision

Å Testingtheoriesof gravity
(unite quantum theoryand gravity)

Å Probesof stellarevolution
and supernovae

Manyastrophysicalphenomenaarerelatedto NSsandBHsin binaries:
X-raysources, radio pulsars, jets, Type Ib/c SNe, GRBsand GWsand mergers
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mass, spin,
electric charge

INTRODUCTION: Compact Objects 

.ƭŀŎƪ ƘƻƭŜǎ ƘŀǾŜ ƴƻ ƘŀƛǊΧ
Χ bŜǳǘǊƻƴ ǎǘŀǊǎ ƘŀǾŜ ƭƻǘǎ ƻŦ ƘŀƛǊΗ



Pulsar

LIGO

HMXB

COSMIC JOURNEY 6

Tauris et al. (2017), ApJ



COSMIC JOURNEY 7

Tauris & van den Heuvel (2022)
Physics of Binary Star Evolution
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Tauris et al. (2017), ApJ

(Mᵔ, M2)

(4.0, 22.0)

(2.0, 15.0)

(4.0, 12.0)

(MNS= 1.40)

PROBABILITY OF SURVIVING 1st SUPERNOVA 8

For details, see e.g:
Hills (1983)
Tauris & Takens(1998)

mass of exploding star
mass of companion star



SUPERNOVA EXPLOSION KINEMATIC EFFECTS

Tauris & Takens(1998), A&A

9



Liu, Tauris, Röpkeet al. (2015), A&A      3D hydrodynamical sim.

SUPERNOVA SHELL IMPACT 10

See also
Gvaramadzeet al. (2017), Nature Astronomy

RCW 86

evaporation / ablation and pollution

AEI 2021



HIGH-MASS X-RAY BINARY 11

AEI 2021 Thomas Tauris



Lombardi& Scruggs, in Ivanova et al. (2013)
MacLeod& Ramirez-Ruiz(2015)
Kruckow, Tauriset al. (2016)
Fragoset al. (2019)
Marchantet al. (2021)

Run-awaymasstransfer ­ commonenvelope

stellarmerger
(cannibalism)

accretor

donor

COMMON ENVELOPE 12

http://inspirehep.net/record/1186539/files/fig_composite6b.png


DNS systems:  connections to their HMXB progenitor systems? 13

coalescein CE potential DNS

Only 1-2 of all known
GalacticHMXBswill
survivethe CE phase. 
But no problem given 
that† ḻ†

Tauris et al. (2017)

HMXB ­CE

DNS systems



Post-common envelope binary

­ new episode of mass transfer   

Case BB RLO

i) accretion onto neutron star

(recycling to high spin freq.)

ii) stripping of donor star

PULSAR RECYCLING 14



Massneededto spinup pulsar:
P (ms) M (M )u

0.7 0.40

2 0.10

5 0.03

10 0.01

50 0.001

Tauris, Langer & Kramer (2012)

LMXB

IMXB

HMXB

companionprogenitor

XtD

Spin-up lineRecycledPulsars in DNS systems  - amountof accretedmass

ɝὓὩή πȢςςὓίόὲ
ὓὔὛȾὓίόὲ

Ⱦ

ὖ
ȾɝὓὩή πȢςςὓᵘ

ὓὔὛȾὓᵘ
Ⱦ

ὖ
Ⱦ

DNS

DNS: 17-185 ms

AEI 2021
Accretedjust a few 0.001-0.01 M

ṩ



GALACTIC DNS SYSTEMS 16
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Tauris & van den Heuvel (2022)



Ultra-stripped supernova explosion

Post-common envelope binary

­ new episode of mass transfer   

Case BB RLO

i) accretion onto neutron star

(recycling to high spin freq.)

ii) stripping of donor star

O,
CNe,

O,

Mg
Si,

S
Fe

He

stripping

PULSAR RECYCLING 17



CASE BB RLO 18

Tauris, Langer & Podsiadlowski(2015)

AEI 2021



H
e

 ­
C

,O

C ­ Ne,Mg

O ­ Si

Models calculated for the first time.

We predict a new subclass of SNe

ultra-stripped SNe

with ejecta masses of  ~ 0.1 Msun

Droutet al. (2013), ApJ
De et al. (2018), Science

SN 2005ek

Observational evidence

for ultra-stripped SNeé

Tauris et al. (2013), ApJL
Tauris, Langer & Podsiadlowski(2015), MNRAS

Suwaet al. (2015), MNRAS
Moriyaet al. (2017), MNRAS
Newton, Steiner & Yagi(2018), ApJ
Müller et al. (2018, 2019), MNRAS

ULTRA-STRIPPED SUPERNOVAE 19

LCs + spectra

RLO

3D explosion modelling

Tauriset al. (2013) 



Fe CCSN versus EC SN
Takahashiet al. (2013)
Umedaet al. (2012)
Jones et al. (2013)

Tauris, Langer & Podsiadlowski (2015), MNRAS

ULTRA-STRIPPED SUPERNOVAE 20



ULTRA-STRIPPED SUPERNOVAE 21

Tauris, Langer & Podsiadlowski(2015), MNRAS

Tiny envelopes (loosely bound, little mass)

often yield small SN kicks! 

Müller et al. (2018)

3-D simulations

Müller et al. (2019)



ULTRA-STRIPPED SUPERNOVAE 22

Müller et al. (2019), MNRAS

Exampleof Ultra-strippedSN
2.80 MsunHe-star strippeddown to 1.49 Msun

prior to explosion(DNS progenitor) 

small kick



Burgay et al. (2003),  Lyne et al. (2004),  Kramer et al. (2006)

DOUBLE PULSAR

Pulsar J0737-3039A:  P=22.7 ms
Pulsar J0737-3039B:  P=2.77 sec

23
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Summer 1974é

59 ms

Pulse period: 59.0 ms

Orbital period: 7.75 h 

Eccentricity: 0.617

Companion: neutron star
58,97 ms

59,06 ms

HULSE-TAYLOR PULSAR 24
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Weisberg et al. 2010 

Peters (1964)

PSR B1913+16  (Hulse-Taylor pulsar,  Porb=7.75 hr, ecc=0.61)

HULSE-TAYLOR PULSAR 25



26PROPERTIES OF DOUBLE NS MERGERS:  MASSES

van den Heuvel & Tauris (2022)

?

AEI 2021

Tauris & Janka(2019)



Demorest et al. (2010)

Pulsar mass: 1.97Ñ0.04 Msun

White dwarf mass:      0.500Ñ0.006 Msun

Orbital period:      8.69 days

Pulsar spin period:      3.15 ms

Earth

Shapiro delay in time-of-arrival of radio pulses

white dwarf

pulsar

MEASURING THE MASS OF A NEUTRON STAR 27

Moving atomic clocks in space!



Nice (2013)

Any PK measurement yields a line in the (m1,m2)-plane.

Hence, two PK parametres determines m1 and m2 uniquely. 
28



ÅThe double pulsar PSR J0737-3039

Kramer et al.  (2006)

AEI 2021 29Thomas Tauris



30PROPERTIES OF DOUBLE NS MERGERS:  MASSES

In DNS systems, the first-born NS 
accretes max. 0.02 Msun

Measured masses of recycled NSs 
are close to their birth masses!

There is a difference in birth 
masses of 1st and 2nd born NSs.

Tauris et al. (2017)
Tauris & van den Heuvel (2022)

In NS+WD sytemsproduced via 
LMXBs, the accretion phase is 
much longer (up to several Gyr)

However, some fully recycled NSs 
only have masses of ~1.3 Msun. 

Accretion is very inefficient even 
at sub-Eddington accretion levels.

Observed mass distribution 
reflects spread in NS birth masses.



Accretion of first-born NS 31

Accretion I

Accretion II

Accretion III

Accretion IV

Accretion V

MacLeod& Ramirez-Ruiz(2015a,b)

Tauris, Langer & Podsiadlowski(2015)

Fryeret al. (2014)

+

+

+

+

Tauriset al. (2017)

DMacc Ḻ0.1 Mἄ (~ 0.01 Mu )

DMacc 4 10-4 M
ἄ

DMacc 5 10-5 σ 10-3  M
ἄ

DMacc Ḻ10-3 M
ἄ

DMacc 0.02 M
ἄ

In total

Tauriset al. (2017)

Case BB

Ultra-stripped

DMacc 3 10-3 M
ἄ

AEI 2021 Thomas Tauris



ÅBondi-Hoyle accretion:
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Gianluca Israel, PhD (1996)

Example  (BECstellar evolution code):

AEI 2021 Thomas Tauris 32



Comparison to theoretical work

?

Pejcha& Thompson (2015)

33THEORETICALLY PREDICTED NS MASSES

AEI 2021 Thomas Tauris 45
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Tauriset al. (2017), ApJ+ updateddata

PROPERTIES OF DOUBLE NS MERGERS:  SPINS and ORBITAL PERIODS

Cannot 

AEI 2021



Theoretical DNS correlations:  Porb and Pspin 35

Tauriset al. (2017), ApJ wide orbits start RLO verylate­ little recycling

Porb = 50 d
Pspin@200 ms

AEI 2021



Theoretical DNS correlations:  Porb and Pspin 36

Assuming symmetricSNeand sameinitial helium star donor

Models of Tauris, Langer & Podsiadlowski(2015)

Tauriset al. (2017), ApJ

Old NS in DNS cannot spin faster than ~ 11 ms
because of short timescale for recycling

AEI 2021
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AEI 2021

Tauris & van den Heuvel (2022)

PROPERTIES OF KNOWN GALACTIC DOUBLE NS SYSTEMS

Globular cluster source! This NS was most likely recycled in a LMXB (WD progenitor as donor star) 
which was afterwards disrupted and the recycled NS was paired with another NS



38Theoretical DNS correlations:  Eccentricity
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Semi-major axis,  a (Rsun)
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NS mass ratios

39PROPERTIES OF DOUBLE NS MERGERS:  ECCENTRICITIES + MASS RATIOS

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

Important calibration data
for population synthesis!!!

AEI 2021 Thomas Tauris



40PROPERTIES OF DOUBLE NS MERGERS:  B-FIELDS

AEI 2021 57



FORMATION OF
BHBH / BHNS BINARIES

AEI 2021 Thomas Tauris 41
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42FORMATION OF BHBH BINARIES

The final outcome of stellar core collape is not monotonic 
(non-trivial to determine beforehand if the outcome will be a NS or a BH)

Sukhboldet al. (2016) 
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43FORMATION OF BHBH BINARIES

Metallicity and {b άŎŀƭƛōǊŀǘƛƻƴǎέplays a role as well for the NS vs BH outcome:

Ebingeret al. (2019) 

The differences in stellar evolution between single and binary stars have been 

highlighted in a number of papers, e.g. Podsiadlowski et al. (1992); Brown et al. 

(2001); Podsiadlowski et al. (2004) and more recently by Woosley (2019).

calibration II

calibration II

calibration I

calibration I
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iύ   ¢ƘŜ /9 ŎƘŀƴƴŜƭ όƛΦŜΦ ǘƘŜ ǘǊŀŘƛǘƛƻƴŀƭ ƻǊ άǎǘŀƴŘŀǊŘέ ŎƘŀƴƴŜƭύΦ
(This is the high-mass analogue of the formation channel of DNSs.)

ii)   The stable RLO channel (i.e. the SS433-like channel).

iii)   The chemically homogeneous evolution (CHE) channel 
with or without a massive overcontact binary.

iv)   The dynamical channel (applicable only in dense stellar environments).

v)   The hierarchical triple system channel.

44FORMATION OF BHBH BINARIES

Five formation channels for BHBH mergers(see e.g. Tauris & van den Heuvel 2022) 
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NSNS / BHNS / BHBH systems form very similarly in isolation via the CE channel.

45FORMATION OF BHBH BINARIES

Tauris& van den Heuvel(2022)
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46FORMATION OF BHBH BINARIES

Kruckow et al. (2018) 



47CLASSIFICATION OF LIGO BHBH BINARIES

Different origins?



48FORMATION OF BHBH BINARIES



ChemicallyHomogeneousEvolution (CHE)

Requires:
Åmassive stars  (highradiation pressurehelpsmixing)

Ålow-metallicity (weakstellarwinds): removelittle spin.ang.mom.

preventingorbital widening

A&A 588, 50 (2016)

tight binary

rapid rotation

effectivemixing

star remainscompact

tidal forces

meridional
currents

no composition
gradients

no commonenvelope!

CHE: 
Maeder(1987), Langer (1992)
Heger & Langer (2000)
de Mink+ (2009)
Mandel & de Mink (2016)
de Mink & Mandel (2016)

New stellarphysics

Aarhus, Autumn 2019 Thomas Tauris 66

49FORMATION OF BHBH BINARIES CHE


