
History and puzzles of  NS-NS binaries 
as gravitational wave sources

E. Sterl Phinney



2017 Dec 7 KITP NS-NS Phinney 2

1961 textbook by
Joseph Weber: outlines
production and detection
methods for gravitational
waves.

1968: Weber claims detections
of  coincident bursts from
two bar detectors separated
by 1000km.

1970: Weber claims sidereal
periodicity of  the bursts from GC.

Theorists stymied: 104 bursts/y
with 1053erg/burst at 10kpc.

1972-1978: Braginsky, Drever,
Garwin, Tyson, Amaldi…
fail to reproduce Weber detections. Partridge & Wrixon 1972, Slusher & Tyson 1973,

Dube 1973: first EM-GW searches (radio).



1962: Compact binaries as GW sources: it all began at 
lunch at the Caltech Athenaeum:
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repeating
nova 
(1913, 
1946),
Pb=81min
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Kraft, Mathews & Greenstein 1962
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Kraft, Mathews & Greenstein 1962



1963: Jon Mathews immediately gets a good grad student to work out the details for 
angular distribution and for eccentric case:

angular
distrib in 
2 polariz
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Annual Reviews of  Astronomy & Astrophysics, 1972

Binary NS
do not appear:
lumpy pulsars and
supernovae
were the 
`guaranteed sources’
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Rainer Weiss 1972, Prog Rep No 105, MIT Research Lab of  Electronics
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Further improvements:

R.W.P. Drever 1977 QJRAS 18, 9

R.L. Forward 1977 Hughes Aircraft
Co. Research Report 511
[NB Forward is also author
of  1980 Dragon’s Egg "a textbook on 
neutron star physics disguised 
as a novel." and 10 other Sci Fi
novels.]

1975: F. Estabrook & H. Wahlquist:
Doppler Tracking of  spacecraft
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1975
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scaling as D^3 :  3/yr @ 100Mpc: but x102-103 overestimate since assumed 106y lifetime of  
young pulsars, not much longer life of  old recycled pulsars.

1977 post Hulse-Taylor discovery

2017 Dec 7 KITP NS-NS Phinney 12



2017 Dec 7 KITP NS-NS Phinney 13



1975: Rai Weiss & Kip Thorne share hotel in Washington DC room for NASA review,
concoct plan for LIGO.

1977-1987: individual NSF grants to Weiss (MIT), Drever (Caltech), Thorne (Caltech).

1987: Robbie Vogt (Caltech) becomes combined Caltech/MIT LIGO director

1989: NSF proposal for 4km LIGO (Vogt, Raab, Drever, Thorne, Weiss)

1990: NSB and NSF approves funding for LIGO construction planning

1990-1994: astronomical community attacks LIGO, tries to defund.

1994: Barry Barish (Caltech) becomes LIGO director; NSF releases construction funding
LIGO construction starts

1997: Barish creates LSC (LIGO Scientific Collaboration for data analysis)

2002: LIGO starts scientific data taking.  Advanced LIGO proposal submitted to NSF.
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1989 Proposal:  initial LIGO design                      Advanced LIGO possibilities (1 ton mirrors!)
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1989 NSF proposal,
Fig A-4a
APPENDIX A (Thorne):
THE PHYSICS 
OF GRAVITATIONAL 
WAVES, AND 
COMPARISON OF 
SOURCE STRENGTHS 
WITH DETECTOR 
SENSITIVITIES 

(Fig A-4b gives “more
reliable” continuous sources:
mountains on pulsars and 
LMXBs. (esp Crab, Vela, 
Sco X-1).
Fig A-4c gives stochastic
backgrounds: primordial BH,
cosmic strings, …

operational
Caltech 40m
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1991: discovery of  PSR 1534+12 (Wolszczan+)
& PSR 2127+11C (Prince+)

=  3⨉109y (PSR 1534+12)
=  4⨉108y (PSR 1913+16)
=  3⨉108y (PSR 2127+11C) -globular



• Currently 13 NS-NS pulsars known 
• (of  which 2 might still be NS-WD). 
• 12 in disk, 1 in globular cluster M15
• in 12 NS-NS systems (formerly double pulsar is double 

counted as both young & recycled):
• 2 young, unrecyled pulsars, which will merge in <1010y.
• 6 recycled pulsars, which will merge in <1010y.
• 5 recycled pulsars in long orbit period systems with tmrg>1011y.
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½ ain’t bad (B1900+14=SGR in LMC!).

1986
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1989

Combine
NS-NS,
GW,
r-process
and gamma-ray
bursts.
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What will future NS-NS mergers look like?

• Diversity of  total mass: final state = stable NS, short-
lived NS, BH.  Does this depend on Z/age 
(sGRB/GW ratio varies?).
• Diversity of  inclination angles (30deg most probable 

near flux limit, but not for nearby!) –red vs blue.
• Diversity of  jet powers –choked/break out or not?  

Misdirected sGRB or not?
• Other sources of  gamma-ray or blue emission (just 

needs tiny fraction of  mass, shocks)?
• Diversity of  hosts (will be clue to progenitor).

2017 Dec 7 KITP NS-NS Phinney 23



Merged masses of  NS+NS systems
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Ozel+Freire 2016

2.29
2.12
2.19
2.11
2.14
2.29
2.21

Merged mass
(solar masses)
(adopting R=12km)

If  2.1<Mmax<2.3 Msun, some NS+NS will end as massive NS, some as BH.

If  Mmax >2.3 Msun, ALL known NS+NS will end as very massive NS, not BH. 
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Importance of  Max NS mass

NS-NS mergers

• If  Max NS mass >2.1-2.3 
Msun, some known NS-
NS mergers will form 
stable very massive (2.1-
2.2M☉) NS.
• If  Max NS mass 

<2.1Msun, all known NS-
NS mergers will collapse 
to ~2.4Msun BH within a 
few seconds –accretion 
disk powered GRB 
possible.

Massive star core collapse
• If  Max NS mass<2.2 Msun, 

collapse of  massive cores to 
BH releases so little binding 
energy that no stellar envelope 
is ejected (“stars just 
disappear”: Kochanek 2008).

• If  >2.2 Msun, loss of  binding 
mass causes outer envelope to 
expand and escape: low speed 
luminous red nova (Nadezhin 
1980, Lovegrove & Woosley 
2013; as possibly observed by 
Adams+ arXiv:1609.01283).
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M(PSR B1957+20)=2.4(2)M☉ ; improvements coming soon. Severe EOS constraint
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Antoniadis+ 2016

Accurately measured
neutron star masses 
from pulsar timing
(red: PSR+WD,
blue: PSR+NS (?)

?
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Rate Problem
• GW 170817 host NGC 4993 is old stellar population

• Pulsar derived NS-NS merger dominated by short delay-time systems.
• Proposed ways to enhance rate are via even shorter delay-time systems (e.g. 2nd

spiral-in in He red-giant phase) of  such short life none would be seen in MW.
• Neither of  these can give a high rate in old pop like NGC 4993: they strongly 

weight current (age <107.5y) star-forming regions.
• Long delay-time systems have low birthrate in pulsar-derived models, and 

population synthesis.
• So very surprising that first, nearby system would be old, long-delay.

• Unless old systems have low or zero pulsar radio luminosity.  In which case 
MW should be full of  old, radio-quiet NS-NS binaries (100s for each 
1913+16 or 1534+12 -like system).
• Alternatively, Belczynski+ arXiv:1712.00632 propose homogeneous evolution 

(rotationally mixed in close tidally locked binaries): might work with extremely 
optimistic parameters.  Would occur only for low Z: no young ones visible in MW 
if  radio fades, so allows high merger rate in old systems w/o violating MW pulsar 
constraints.  Could explain drop in Eu/Fe with Fe/H (cf Hotosezaka talk).
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Phinney 1991 w/ new systems in red
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0.0004 !

Clearly
pulsars fade
before they
merge, seemingly
to invisibility
since none yet
with t/𝜏 >0.4



Scaling Milky Way merger rates to the universe

• Milky Way:
• SFR=1.6(2)M☉/y (Kroupa

IMF)
• Mbulge=0.9(1)⨉1010M☉.
• Mdisk=5(1)⨉1010M☉.
Licquia+Newman 2015

• z=0 universe:
• SFR density = 0.025(2)

M☉/y/Mpc3

• of  which 20% in starbursts
Bothwell, Kenicutt+ 2011; use IR+UV

• Stellar mass density 
=3.2⨉108M☉Mpc-3

• Cole+ 2001 (based on J,K IR LF)
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→Scaled by current star formation (<107y):
Rate=MW rate*0.016/Mpc3

vs Scaled by blue light (108-9y):
Rate=MW rate*0.01/Mpc3

[Phinney 1991 → “LIGO standard”]

vs Scaled by stellar mass (<1010y):
Rate=MW rate*0.005/Mpc3



More fun for predictions: WD+NS 
mergers.  Higher rate than NS-NS.
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cf Thompson+ 2009, Paschalidis+ 2011 (TZO+disk -> BH), Metzger 2012 (sublum Ia),
Margalit & Metzger 2016  (but consider CO WD) -> planets (cf Phinney & Hansen 1993);
Low mass He WD versions proposed for Ca rich transients (Perets+ 2010, Lyman+ 2014)

SDSS 1257+5429   Pb=0.19d, MWD=0.9M☉, MX =1.6/sin i M☉, D=50pc!


