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INTRODUCTION: my early experience with Japanese culture 2



INTRODUCTION: Compact Objects 3

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



INTRODUCTION:  My Central Research Questions 4



• 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	merger	rates	in	local	Universe

• Comments	on	population	synthesis

• NS	kicks	(2nd SN)

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

AGENDA TODAY

FORMATION AND PROPERTIES OF NS MERGERS

5

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

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

Tauris	(2018),	Phys.	Rev.	Lett.	121,	131105

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

Tauris &	Janka (2019),	ApJL,	submitted



DON’T FORGET: Check-out Binary Evolution Posters 6

• Chaty:		NS	kicks	in	HMXBs	from	combining	X-ray	obs.	with	GAIA

• Garcia:	Modelling	low-mass	BBHs	GW151226	and	GW170608

• Chruslinska:	Metallicity	distribution	throughout	the	Uni.

• Klencki:	Donor	envelope	structure	and	formation	of	BH	mergers

• Laplace:	Residual	envelopes	after	RLO/CE	evolution

• Tanikawa:	Evolution	of	massive,	extreme	metal	poor	stars

Other	people	working	on	double	NS	formation	since	1970's:
van	den	Heuvel,	Bisnovatyi-Kogan,	Kalogera,	Dewi,	Pols,	Podsiadlowski,	Belczynski,
Ivanova,	Voss,	Piran,	Mapelli,	Mandel,	Vigna-Gomez,	Giacobbo,	Chruslinska,….



Pulsar

LIGOHMXB

COSMIC JOURNEY 7

+ Kilonova

Tauris et al. (2017), ApJ

Ultra-stripped



TEASER 8

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



Tauris et al. (2017), ApJ

(M★ ,	M2)
(4.0,	22.0)
(2.0,	15.0)

(4.0,	12.0)

(MNS =	1.40)

PROBABILITY OF SURVIVING 1st SUPERNOVA 9Hills (1983)



SUPERNOVA EXPLOSIONS DISRUPTING BINARIES:  RUN-AWAY STARS

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

SUPERNOVA SHELL IMPACT 11

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

RCW 86



• 3D smoothed particle hydrodynamics (SPH) simulations using the
Stellar GADGET code.

• To introduce a SN explosion, we adopt a simple analytical explosion
ejecta model which is constructed based on numerical simulations of
SN explosions by Matzner & McKee (1999). We assume that the SN
ejecta is already in homologous expansion.

• The density profile of the expanding SN ejecta, ρej(vej, t), is described
by a broken power law, ρej∝ r−n .

• Various momentum profiles and explosion energies.

• 1.3 × 105 to 1.5 × 107 SPH particles.
The mass of a single particle ≈ 10−6 − 10−7 M⊙.



DSS R-bandRadio

RCW 86 - GALACTIC SUPERNOVA REMNANT

Chandra VLT

Gvaramazde et al. (2017) 
Nature Astronomy 1, 116

ESN = 1051 erg

ESN = 2⇥ 1050 erg

XX



The pyriform appearance of RCW 86 (Fig. 1; see also fig. 6 in ref.17) can be explained as the result of a SN 
explosion near the edge of a bubble blown by the wind of a moving massive star, (Supplementary Information 
section 1). This interpretation implies that the SN exploded near the centre of the hemispherical optical nebula in the 
south-west of RCW 86 (see Fig. 1) and that the stellar remnant should still be there. Motivated by these arguments, 
we looked for a possible compact X-ray source using archival Chandra data and discovered two sources in the 
expected position of the SN progenitor (Fig. 1). One of them, [GV2003] S, has a clear optical counterpart with V 
=14.4 mag and its X-ray spectrum implies that this source is a foreground late-type active star. For the second 
source, [GV2003] N, we did not find any optical counterpart in the Digital Sky Survey II to a limiting red band 
magnitude of ≈21, while its X-ray spectrum suggests that this source could be a young pulsar. Our deep follow-up 
observation with the Parkes radio telescope in 2002, however, failed to detect any radio emission from [GV2003] N, 
giving an upper limit on the flux of 35 μJy at 1420 MHz (Methods). This non-detection may be a consequence of 
beaming or it could indicate that [GV2003] N may not be an active radio pulsar. 

If [GV2003] N was a NS its emission in the visual was expected to be fainter than V ≈28 mag. We therefore obtained 
a V -band image of the field around this source with the FORS2 instrument on the ESO Very Large Telescope (VLT)
in 2010. The FORS2 image, however, revealed a stellar- like object with V =20.69±0.02 mag just at the position of 
[GV2003] N (Fig. 1; Methods). To further constrain the nature of [GV2003]N, we obtained its g′r′i′z′JHKs photometry 
with the 7-channel optical/near-infrared imager GROND in 2013 (Extended Data Table 1). With that, we fitted the 
spectral energy distribution (SED) of [GV2003] N and derived a temperature of ≈5200 K and a colour excess of E (B 
− V )≈0.9 mag (Methods; Extended Data Fig. 1). These results exclude the possibility that [GV2003] N is an AGN 
and strongly suggest the optical emission to originate from a G-type star at a distance comparable to that of RCW 
86 of 2.3±0.2 kpc. Since the X-ray luminosity of [GV2003]N of ∼1032 ergs−1 (ref.18,20) is far too high for a G star, 
we arrived at the possibility that we are dealing with a G star orbiting the NS. 

Consequently, we searched for radial velocity (RV) variability and traces of the SN ejecta 

From the FORS2 spectra we derived the abundances of Si, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, and Ba (Methods). Fig. 3 
shows that many elements are enhanced by a factor of about 3 with respect to the solar abundances, with the 
silicon and iron being less than doubled. Calcium is particularly overabundant, by a factor of ≈6, which, to our 
knowledge, makes [GV2002] N the most Ca-rich star known to date. 



HIGH-MASS X-RAY BINARY 12
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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 Eaº D
Review by	Ivanova et	al.	(2013)

post-CE

COMMON ENVELOPE 13

NSs in	CEs:
MacLeod &	Ramirez-Ruiz (2015)
Kruckow,	Tauris et	al.	(2016)
Fragos et	al.	(2019)



Point	of	no return

Minimum	in-spiral

Core boundary:		XH=0.10
(close to	local max.	sonic velocity) Response of	star	to	mass loss?

• Convective or radiative layer
(Hjelming &	Webbink 1987)

• Remaining amount of	hydrogen?

Bifurcation point?
Tauris	&	Dewi (2001)
Ivanova (2011)

Kruckow,	Tauris et	al.	(2016),	A&A	

NS

BH

Where does the envelope ejection terminate? 

88 M� star @ Z = Z�/50

R = 3530 R�

13bCOMMON ENVELOPE – FORMATION OF DOUBLE BH BINARIES



Difference	in	mass	coordinate	of	about	4	M☉
corresponds	to	a	radius	difference	by	a	factor	500!
Extremely	important	for	the	final	orbital	separation.

Kruckow,	Tauris et	al.	(2016),	A&A

13cCOMMON ENVELOPE – FORMATION OF BHBH BINARIES



Minimum	mass of	in-spiralling star	to	successfully eject the	envelope?

WD-WD NS-NS

COMMON ENVELOPE

Can an in-spiralling BH or NS eject the envelope of a massive star? 

XX

Kruckow,	Tauris,	Langer,	Szecsi,	Marchant &	Podsiadlowski (2016),	A&A
Common-envelope ejection in massive binary stars
- Implications for the progenitors of GW150914 and GW151226

Example:

M = 15 M
⨀

:    R > 500 R
M = 15 M

⨀
:    R < 500 R

succesful CE	ejection
no	CE	ejection →	coalescence

BH-BH



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
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PULSAR RECYCLING 15

Spin-up	line



PULSAR RECYCLING 16

Mass needed to	spin up	pulsar:

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

Δ𝑀𝑒𝑞 ≈ 0.22	𝑀𝑠𝑢𝑛	
(𝑀𝑁𝑆/𝑀𝑠𝑢𝑛)3/4

𝑃67
8/4

P	(ms)
final	spin

M	(M☉)	
accreted

0.7 0.40

2 0.10

5 0.03

10 0.01

50 0.001

Δ𝑀𝑒𝑞 ≈ 0.22	𝑀☉	
(𝑀𝑁𝑆/𝑀☉)3/4

𝑃67
8/4

stellar evolution	code



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,

MgSi,
S

Fe

He

stripping

PULSAR RECYCLING 17



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 18

LCs	+	spectra

RLO

3D	explosion	modelling

Tauris et	al.	(2013)	



ULTRA-STRIPPED SUPERNOVAE 19

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)	



ULTRA-STRIPPED SUPERNOVAE XX

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)



He	limit:	0.06	Msun
(Hachinger et	al.	2012)

Tauris,	Langer	&	Podsiadlowski	(2015),	MNRAS

ULTRA-STRIPPED SUPERNOVAE XX



Tauris,	Langer	&	Podsiadlowski	(2015),	MNRAS

Envelope limit	for	SNe
with MS	companions
(Yoon,	Woosley	&
Langer	2010)

Definition	of	ultra-stripped SNe
Exploding	stars	whose	progenitors	are
stripped	more	than	what	is	possible	
with	a	non-degenerate	companion.
In	other	words,	ultra-stripped	SNe are	
exploding	stars	which	contain	envelope	
masses		<	0.2	Msun and	having	a	
compact	star	companion.

ULTRA-STRIPPED SUPERNOVAE XX

1.37 1.435

Note:	Siess &	Lebreuilly (2018)	!!!



light diffusion time through the SN:

time when the electron scattering
optical depth of SN light curve = 1:

Peak brightness (Arnett’s rule 1979;1982)

MNi /Msun M (abs mag)
0.001         -11.8
0.005         -13.4
0.01           -15.0
0.05           -16.6

DM=0.01-0.2 Msun
weak, fast decaying
SN light curve

ULTRA-STRIPPED SUPERNOVAE XX



POPULATION SYNTHESIS XX

Tauris, Langer & Podsiadlowski (2015)



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

20
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LGW = 7⇥ 1024 W (LGW,� = 5000 W)



Double neutron star mergers:  GW170817 
® gravitational wave burst
→   short  g-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

22

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

0.01	𝑀☉

Review:	Giacomazzo et	al.	(2019)



PROPERTIES OF DOUBLE NS MERGERS 23

• Masses

• Spins

• B-fields

• Orbital	period

• Eccentricity

• Age	at	merger	time

• Kicks

• Location	relative	to	host	galaxy

• Merger	rates



24PROPERTIES OF DOUBLE NS MERGERS:  MASSES

van den Heuvel & Tauris (2020)

?
MNS =	1.174(4)	Msun is	the	lowest
NS	mass determined accurately



Tauris	&	Janka (2019),	submitted

25J0453+1559:  A NS+WD binary formed in a thermonuclear electron capture SN?

PSR	J0453+1559:	discovered by	Martinez	et	al.	(2015).
Evidence for	a	DNS	system:	eccentricity
+	binary properties	(kinematic +	recycling, Tauris et	al.	2017)

Explaining	a	1.17	Msun NS	from	stellar	CC	SNe is	difficult.
1)	Stellar	evolutionmodeling	for	MZAMS <	11	Msun is	challenging.
ONeMg cores	of	super-AGB	stars	have	Mcore ~1.36	Msun and	
collapse	to	NS	gravitational	masses	between	1.22-1.24	Msun
(Woosley &	Heger 2015;	Zha et	al.	2019)

2) State-of-the-art	SN	explosion	simulations	do	not	support
NS	formation	with	masses	below	~1.20	Msun.
(Sukhbold et	al.	2016;	Burrows at	el.	2019;	Ertl et	al.	2019)

Tauris &	Janka (2019),	submitted
arXiv:	1909.12318

Is	this instead a	NS+WD	system?	
i.e.	is	the	companion star	e.g.	an	ONeFe WD	formed in	a
thermonuclear electron-capture SN	(tECSN)	event?		
(Jones	et	al.	2016;	2019;	Kirsebom	et	al.	2019
- see also discussions in	Nomoto &	Kondo 1991)

model	of	Tauris et	al.	(2015)



XXPSR J0453+1559:  A NS+WD binary formed in a tECSN?

Tauris	&	Janka (2019),	submitted



XXPSR J0453+1559:  A NS+WD binary formed in a tECSN?
Tauris	&	Janka (2019),	submitted



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 26

Moving	atomic	clocks	in	space!



TEASER 27



28PROPERTIES 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)
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.

Observed	mass	distribution	
reflects	spread	in	NS	birth	masses.



Accretion of first-born NS XX

Accretion I

Accretion II

Accretion III

Accretion IV

Accretion V

MacLeod &	Ramirez-Ruiz (2015a,b)

Tauris,	Langer	&	Podsiadlowski (2015)

Fryer et	al.	(2014)

+

+

+

+

Tauris et	al.	(2017)

DMacc ≪ 0.1 M⨀

�
�

(~ 0.01 M☉)

DMacc ≈ 4×10-4 M
⨀

DMacc ≈ 5×10-5 −3×10-3  M
⨀

DMacc ≪ 10-3 M
⨀

DMacc ≤ 0.02 M
⨀In	total

Tauris et	al.	(2017)

Case	BB

Ultra-stripped

DMacc ≈ 3×10-3 M
⨀



• Bondi-Hoyle	accretion:

•		In	most	cases:

•		Continuity	equation:

•	Typically:		
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Example		(BEC stellar	evolution	code):



Nice (2013)

Any PK measurement yields a line in the (m1,m2)-plane.
Hence, two PK parametres determines m1 and m2 uniquely. 

44



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

Kruckow et	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.

29PROPERTIES OF DOUBLE NS MERGERS:  EVIDENCE FOR ECSNe?



30

Tauris et	al.	(2017),	ApJ +	updated data

PROPERTIES OF DOUBLE NS MERGERS:  SPINS and ORBITAL PERIODS

Cannot	



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

31



Theoretical DNS correlations:  Porb and Pspin 32

Tauris et	al.	(2017),	ApJ

MHe =	3.0	Msun
Porb =	50	days



33PROPERTIES OF DOUBLE NS MERGERS:  SPINS and ORBITAL PERIODS

Tauris et	al.	(2017),	ApJ

Recycled	NSs	in	DNS	cannot	spin	faster	than	~ 11	ms
because	of	short	timescale	for	mass	transfer
i.e.:	



XX

Assuming symmetric SNe and different initial helium star donors

Theoretical DNS correlations:  Porb and Pspin



Theoretical DNS correlations:  Porb and Ecc XX

Assuming asymmetric SNe with isotropic kicks of 50 km s-1

and same initial helium star donor

1913+16

1811-1736



26Theoretical DNS correlations:  Porb and Pspin



XXObserved DNS systems

van den Heuvel & Tauris (2020)



34PROPERTIES 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.

van den Heuvel & Tauris (2020)

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

LIGO	DNS	merger	rate	density:	1520	Gpc-3 yr-1 ⇒ 150-450	Myr-1 MWEG-1

i.e.	at	least	~7000	DNSs	in	the	MW	in	the	pipeline	with	𝜏GW <	46	Myr SCIENCE	FICTION!!



Semi-major	axis,		a	(Rsun)

Ec
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NS	mass	ratios

35POPULATION SYNTHESIS:  CALIBRATION

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

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



GW170817: NS MASSES

GW170817

@design	sensitivity:	1-5	detections	per	yr

36

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

De
la
y	
tim

e

Our	NS	mass	solutions	for	GW170817
are	typical	for	Galactic	DNS	systems

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



GW170817:  AGE AND DISTANCE FROM HOST GALAXY 37

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

38

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 (O1+O2)

Kruckow et	al.	(2018),	MNRAS

GW170729
GW170809
GW170818
GW170823
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PROGENITORS OF LIGO-VIRGO EVENTS: METALLICITY 40
Kruckow et	al.	(2018),	MNRAS
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11* events in	O1	and	O2

10		BH+BH	mergers
1		NS+NS	merger

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

mass gap 2(3)

?

WHAT TO EXPECT IN THE COMING YEARS

Observational selection bias	against?

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



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?
4. Is	the	evolution	self	consistent?
5. Watch	out	for	papers	that	claim	they	can	explain	everything!

Voss	&	Tauris	(2003):

300	Mpc

O3a:	~1	per	week
@	120	Mpc

52*(300/120)3 =	812	yr-1

For the historical record

COMMENTS ON POPULATION SYNTHESIS 42

Chad	Hanna’s	talk

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



• Binary stellar evolution

• Population synthesis
(input distributions and stellar grids)

• Galactic star formation rate
(formation history of massive binaries)

• Galactic potentials
(to probe location of mergers in host galaxies)

• Extrapolation to local Universe
(scaling-law of galaxy number density)

SIMULATIONS OF LIGO/VIRGO MERGER RATES 26

RECIPE
1	billion



KICKS	(2nd SN)



Conclusions			Kicks	(2nd SN)	
Tauris,	Langer	&	Podsiadlowski (2015);	Tauris	et	al.	(2017)

• Multi	component	kick	distribution	(e.g.	GC	sources,	isolated	pulsars,	+1000	km/s)

• Kick	magnitude	depends	on:	mass	of	iron	core;	and	also	(less)	on	envelope	mass
(early	discussion	in	Tauris	&	Bailes 1996)

• All*	DNS	mergers	undergo	an	ultra-stripped	SN	as	2nd SN

• Correlation	between	kick	magnitude	and	NS	mass

• Kicks	may	produce	DNS	merger	times	of	<	1	Myr
(sGRBs in	star-forming	regions!)

• Spin	tossing	occurs	in	2	out	of	2	known	DNS	systems	where

the	young	NS	is	observed.	Also	applies	to	double	BH	mergers?

(→ misaligned	spins	from	isolated	binaries)

• No	evidence	for	a	preferred	kick	directions

( )1 1 2 2
1

eff m m
M

c c cº +



NS+WD	LISA	SOURCES



Conclusions			NS+WD	LISA	SOURCES

Tauris	(2018),	Phys.Rev.Lett.

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

4/3 2/3 4/3 5/332
80

spin
zz gw chirp

orb

h
I G f M

h
e p - - æ ö
= ç ÷

è ø
LISA

LIGO

Determine the	NS	mass to	a		high accuracy (4%)	
via	a	new	method

Dual-line spectroscopic GW	source:



47SUMMARY

• We	have	a	fairly	good	understanding	of	DNS	formation	in	general.
v Success:	spins,	amount	of	mass	accreted,	orbital	parameters
v Mediocre:	masses,	kicks
v Failure:	common	envelope,	B-fields,	lowest	mass	NSs

• Future	work
Ø Formation	and	evolution	of	compact	binary	stars	self-consistently								

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

Ø Numerical	modelling	of	Galactic	LISA	sources	containing	NSs

• Strong	synergies between
o stellar	evolution
o X-ray	binaries
o SNe
o GWs



Looking forward to my next visit to YITP 48





KICKS	(2nd SN)



KICKS: DISTANCES TO HOST GALAXIES 40

0.1 MWM M=10Gyrt <



KICKS: DISTRIBUTION WITH MULTIPLE COMPONENTS 41

Radio	proper	motions	show	evidence
for	average	3D	velocities of	~ 400	km	s-1
(Lyne	&	Lorimer 1994;	Hobbs et	al.	2005).

Pulsars	found in	GCs

Lyne	&	Lorimer (1994)

Extreme	pulsars

Voss	&	Tauris (2003),	MNRAS

wide	binary	to	survive	post-HMXB	CE



KICKS: sGRB/DNS MERGER DELAY TIMES 42

tGW <	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 and seventh input parameter are the mass of the first-born NS
and its misalignment angle.

Consider the kinematics from the 2nd SN explosion

SIMULATING DOUBLE NS SYSTEMS:  THE 2ND SN EXPLOSION 43



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.

44

See	also Piran &	Shaviv (2005)

small kick

Tauris et	al.	(2017)

unique solution

and further evidence for 
ultra-stripped SNe…

See	also early analysis by	Piran &	Shaviv (2004;	2005)
and	Beniamini &	Piran (2016)



Results for PSR J0737-3039

Applying the constraint vsys < 57 km s−1 provides an almost unique solution
to the pre-SN progenitor binary of PSR J0737−3039. The pre-SN binary had
an orbital period of Porb,i = 0.085±0.005 days and the mass of the
(ultra-stripped) exploding star must have been MHe = 1.56 ± 0.06 M⊙.

Interestingly enough, the very first calculation 
of a helium star–NS binary system leading to 
an ultra-stripped SN (Tauris et al. 2013) had 
pre-SN values of Porb,i = 0.070 days and
MHe = 1.50 M⊙, and is thus a solution to the 
immediate progenitor of PSR J0737−3039.

35

Piran &	Shaviv (2005)



Results for PSR B1913+16 25



tmax = characteristic age

For PSR 1913+16, this yields upper limits of the 
post-SN parameters of a = 3.34 R⊙
(corresponding to Porb = 10.1 hr) and e = 0.670.
This only leads to very marginal changes in the 
pre-SN solutions for this system.

Mapping observed DNS systems to simulated post-SN DNS systems

constraints from
spin evolution

36



ULTRA-STRIPPED SUPERNOVAE 45

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 46

Theoretical kick magnitudes   (following Janka 2017)

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



A NS mass-kick correlation 47?
Tauris et	al.(2017),	ApJ

+	new	obs.evidence



DNS systems:  the 2nd SN explosion 48

Kick - NS mass relation?  Empirical evidence from current data



Kruckow+2018



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

He-star	(WR-star)	tracks

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

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

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

arXiv:1801.05433	 27



EXAMPLE OF RESULTS

~ 3	DNS	mergers Myr-1 MWEG-1

26

Kruckow et	al.	(2018),	MNRAS



DEPENDENCE ON INPUT PHYSICS PARAMETERS 29



COMPARISON TO CC-SNE, SGRBS AND HEAVY r-PROCESS ELEMENTS

Heavy	r-process	elements:	Beniamini et	al.	(2016):		5.0-20.0×10−4 per	CC	SN.

Our	default	and	“optimistic”	estimates	of	a	DNS	merger	rate	=	3.0-14.0	Myr-1 MWEG.
Combined	with	a	Galactic	CC	SN	rate	of	about	0.01	yr-1		
® translates	into	a	relative	merger	rate	of	about	3.0-14.0×10−4 per	CC	SN.

sGRBs: Wanderman	&	Piran (2015):		2.2-6.4	f -1 yr-1 Gpc-3
where	f−1 is	a	beaming	factor	in	the	range	1	<	f−1 <	100.	

sGRB are	expected	from	both	DNS	and	mixed	NS/BH	mergers,
adding	our	simulated	merger-rate	densities	we	get	25−86	yr−1 Gpc−3.
These	numbers	agree	for	f−1	=	4-40 (Metzger	&	Berger	2012;	Fong	et	al.	2015).
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COMPARISON TO EMPIRICAL LIGO/VIRGO RATES

local	Universe

BH-BH:
LIGO/Virgo:			12-213	yr-1 Gpc-3		 (Abbott	et	al.	2017a)
We	find:									0.6-35	yr-1 Gpc-3	

(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.

34

NS-NS:	
LIGO/Virgo:			1540	(+3200	-1220)	yr-1 Gpc-3			(Abbott	et	al.	2017c)
We	find:									10-35	(10-400)	yr-1 Gpc-3											 (optimizing	all	input	physics	incl.	smaller	kicks)

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

* *



NS+WD	LISA	SOURCES



WHAT TO EXPECT IN THE COMING DECADES 50

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 51

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 52

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

Tauris	(2018),	PRL)



53
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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Independent	on	the	distance	to	the	binary)

ONGOING THEORETICAL WORK ON GW SOURCES


