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INTRODUCTION: Compact Objects 2

Neutron Stars and Black Holes
Unique physics labs.

• Densest matter in obs. Uni.
(testing supranuclear matter)

• Strongest E/B-fields
(testing plasma physics)

• Atomic clock precision

• Testing theories of gravity
(unite quantum theory and gravity)

• Probes of stellar evolution
and supernovae

Many astrophysical phenomena are related to NSs and BHs in binaries:
X-ray sources, radio pulsars, jets, Type Ib/c SNe, GRBs and GWs and mergers

Burrows

Pethick, Andersson

Brown,  Papa Tamborra,  Greiner
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INTRODUCTION: My Central Research Questions 3



• Resume of the formation of double NS mergers

• Case BB X-ray binaries / Ultra-stripped SNe

• NS masses, spins and B-fields expected in GW sources

• GW170817: properties and GW merger rates  

• Kicks: evidence for (mainly) small kicks in 2nd SN

• LISA GW sources: mass transfer from a white dwarf to a NS

AGENDA TODAY

PROPERTIES OF BINARY NEUTRON STARS AS 
GRAVITATIONAL WAVE SOURCES
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Tauris (2018), Phys. Rev. Lett. 121, 131105

Kruckow, Tauris et al. (2018), MNRAS 481, 1908

Tauris et al. (2017), ApJ, 846, 170 

Sengar, Tauris et al. (2017), MNRAS Letters 470, L6
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or



Pulsar

LIGOHMXB

COSMIC JOURNEY 5

Tauris et al. (2017), ApJ



COSMIC JOURNEY 6

van den Heuvel & Tauris (2020)
Physics of Binary Star Evolution
Princeton University Press



Tauris et al. (2017), ApJ
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PROBABILITY OF SURVIVING 1st SUPERNOVA 7



SUPERNOVA EXPLOSION KINEMATIC EFFECTS

Tauris & Takens (1998), A&A
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Liu, Tauris, Röpke et al. (2015), A&A

SUPERNOVA SHELL IMPACT 9

See also
Gvaramadze et al. (2017), Nature Astronomy

RCW 86



HIGH-MASS X-RAY BINARY 10



Lombardi & Scruggs in Ivanova et al. (2013)
MacLeod & Ramirez-Ruiz (2015)
Kruckow, Tauris et al. (2016)
Fragos et al. (2019)

Run-away mass transfer → common envelope

stellar merger
(cannibalism)

accretor

donor

COMMON ENVELOPE 11

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


( )donor

core

M
donor env

env th
M

donor

GM MGM r
E U dm

r R




 
= − +  − 

 


2 3

2
( )

2

orb donor X
acc donor

dE GM M da
R v

dt a dt
   

 
= − = 

 

Dissipation of Eorb by drag force  (Bondi & Hoyle 1944)

Energy budget (, )-formalism:
Webbink (1984), de Kool (1990)

Han et al. (1994), Dewi & Tauris (2000)

gravitational binding energy

internal thermodynamic energy

• thermal energy

• energy of radiation
• recombination energy

env orbE E 

Review by Ivanova et al. (2013)

post-CE

COMMON ENVELOPE 12



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 13
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PULSAR RECYCLING 15

Mass needed to spin up pulsar:

Tauris, Langer & Kramer (2012), MNRAS
Tauris (2012), Science

Δ𝑀𝑒𝑞 ≈ 0.22 𝑀𝑠𝑢𝑛
(𝑀𝑁𝑆/𝑀𝑠𝑢𝑛)1/3

𝑃𝑒𝑞
4/3

P (ms) M (M☉)

0.7 0.40

2 0.10

5 0.03

10 0.01

50 0.001

Δ𝑀𝑒𝑞 ≈ 0.22 𝑀☉

(𝑀𝑁𝑆/𝑀☉)
1/3

𝑃𝑒𝑞
4/3



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 16



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

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

SN 2005ek

Observational evidence

for ultra-stripped SNe…

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

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

ULTRA-STRIPPED SUPERNOVAE 17

LCs + spectra

RLO

3D explosion modelling

Tauris et al. (2013) 



ULTRA-STRIPPED SUPERNOVAE 18

Müller et al. (2019), MNRAS

Example of Ultra-stripped SN
2.80 Msun He-star stripped down to 1.49 Msun

prior to explosion (DNS progenitor) 



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

19
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Peters (1964)

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

MERGING NEUTRON STARS 20



Double neutron star mergers:  GW170817 

→ gravitational wave burst

→   short  -ray burst

→ ejection of a few

heavy r-process elements

→ macro/kilonovae (EM follow-up)

MERGING NEUTRON STARS ⎯ heavy r-process elements nucleosynthesis

Just et al.  (2015)

NS+BH

21

Abbott et al.  (2017), Coulter et al. (2017),
Soares-Santos et al. (2017), 
Smartt et al. (2017), Drout et al. (2017)

0.01 𝑀☉

Giacomazzo et al. (2019)



PROPERTIES OF DOUBLE NS MERGERS 22

• Masses

• Spins

• B-fields

• Orbital period

• Eccentricity

• Age at merger time

• Location relative to host galaxy

• Kicks

• Merger rates



23PROPERTIES OF DOUBLE NS MERGERS:  MASSES

van den Heuvel & Tauris (2020)



Demorest et al. (2010)

Pulsar mass: 1.97±0.04 Msun

White dwarf mass:      0.500±0.006 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 24

Moving atomic clocks in space!





25PROPERTIES 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!

van den Heuvel & Tauris (2020)

In NS+WD sytems produced 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.

Distribution reflects spread in 
NS birth masses.
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Tauris et al. (2017), ApJ + updated data

PROPERTIES OF DOUBLE NS MERGERS:  SPINS and ORBITAL PERIODS

Cannot 



Tauris et al. (2017), ApJ 846, 170



Theoretical DNS correlations:  Porb and Pspin 27

Tauris et al. (2017), ApJ



28PROPERTIES OF DOUBLE NS MERGERS:  SPINS and ORBITAL PERIODS

Tauris et al. (2017), ApJ

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



29PROPERTIES 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
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30PROPERTIES OF DOUBLE NS MERGERS:  ECCENTRICITIES + MASS RATIOS

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

Important calibration data



GW170817: NS MASSES

GW170817

@design sensitivity: 1−5 detections per yr

31

Kruckow, Tauris, et al. (2018), MNRAS 
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Our NS mass solutions for GW170817
are typical for Galactic DNS systems



GW170817:  AGE AND DISTANCE FROM HOST GALAXY 32

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

For NGC 4393, 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

Kruckow et al. (2018), MNRAS 



MERGER-RATE DENSITY

local Universe

GW170817

@design sensitivity: 1−5 detections per yr

33

Detection
rates

Kruckow et al. (2018), MNRAS 



BH-BH

BH/NS
NS-NS

BH-BH

BH/NS

NS-NS

PROGENITORS OF FIRST 11 LIGO-VIRGO EVENTS

Kruckow et al. (2018), MNRAS

GW170729
GW170809
GW170818
GW170823

34



PROGENITORS OF LIGO-VIRGO EVENTS: METALLICITY 35

Kruckow et al. (2018), MNRAS



36

11 events in O1 and O2

10  BH+BH mergers
1  NS+NS merger

~40 events in O3  (if sensitivity  x 1.5 and Tobs remains the same)

x   BH+BH mergers 2
y   NS+NS mergers 1
z BH+NS mergers

?

WHAT TO EXPECT IN THE COMING YEARS

Observational selection bias against?

• We predict 10-15 times more
detections of mixed BH/NS mergers
compared to double NS mergers



KICKS (2nd SN)
or

NS+WD LISA SOURCES

?



DISTANCES TO HOST GALAXIES 37

0.1 MWM M=10 Gyr 



KICKS 38

Radio proper motions show evidence
for average 3D velocities of ~ 400 km s-1

(Hobbs et al. 2005).

Pulsars found in GCs

Hobbs et al. (2005)

Extreme pulsars

Voss & Tauris (2003), MNRAS



post-SN eccentricities 39

GW < 1 Myr!
(short sGRB delay time)

Tauris et al. (2017), ApL



Our simulations take their basis in a five dimensional phase space. 

The input parameters are: 

• the pre-SN orbital period

• the final mass of the (stripped) exploding star 

• the magnitude of the kick velocity imparted onto the newborn NS

• the two angles defining the direction of the kick velocity, θ and φ. 

A sixth input parameter is the mass of the first-born NS, However, the 

SN simulation results are not very dependent on this parameter.

Consider the kinematics from the 2nd SN explosion

SIMULATING DOUBLE NS SYSTEMS:  THE 2ND SN EXPLOSION 40



SIMULATING SNE FOR PSR J0737-3039

solutions (3%)

input

input input

constraint

input

unique solution

Based on proper motion and distance measurements (Deller et al. 2009)
combined with MC simulations of the 3rd velocity component and a Galactic potential.

41

See also Piran & Shaviv (2005)

small kick

Tauris et al. (2017)

unique solution

and further evidence for 

ultra-stripped SNe…



ULTRA-STRIPPED SUPERNOVAE 42

small kicks?

larger kicks?

* Non-radial hydrodynamical instabilities, e.g. Standing Accretion Shock Instabilities (SASI) or
neutrino driven convection bubbles (Janka 2012).

Tauris, Langer & Podsiadlowski (2015), MNRAS



DNS systems:  the 2nd SN explosion 43

Theoretical kick magnitudes   (following Janka 2017)

Many ultra-stripped SNe
have very small kicks 
(although not all!)



A NS mass-kick correlation 44?

Tauris et al.(2017), ApJ



DNS systems:  the 2nd SN explosion 45

Kick − NS mass relation?  Empirical evidence from current data





WHAT TO EXPECT IN THE COMING DECADES 37

LISA
~2034

3G
~ ?

EINSTEIN TELESCOPE COSMIC EXPLORER

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

Ask for 3 detectors
(~ 1 billion €  each)



SYNERGIES BETWEEN LISA AND LIGO 38

The space-born observatory LISA (2034)
will detect thousands of resolvable Galactic GW sources
(besides millions of signals below the confusion limit)

Sessana (2016))

WD, NS, BH



ONGOING THEORETICAL WORK ON GW SOURCES 39

First calculations of stable mass transfer from a WD to a NS  
(Sengar, Tauris, Langer & Istrate 2017), MNRAS Letters

Tauris (2018), PRL)



40

Tauris (2018), PRL
GW spectrum evolution
with finite-temperature effects
(specific entropy) of the WD donor

Determine NS the mass
to a high accuracy via a
new method

ONGOING THEORETICAL WORK ON GW SOURCES
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Tauris (2018), PRL)
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ONGOING THEORETICAL WORK ON GW SOURCES
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Tauris (2018), PRL)Discovery of a dual-line GW binary)
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SYNERGIES OF MULTIDISCIPLINARY RESEARCH

A RICH AVENUE FOR THE NEXT DECADES
… a big grant is needed!

46CONCLUSION:  STRONG SYNERGIES

Gravitational 
waves X-ray binaries

Supernovae

• Formation and evolution of compact binary stars self-consistently           

…. until gravitational collapse and apply these models as realistic SN input

• Computations of accretion to obtain final NS/BH masses and spin rates

• Numerical modelling of LISA sources including finite-temperature effects


