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Neutron star binaries and 
gravitational waves

[Tauris et al., 2017]

1.4. Résumé of DNS Formation

Previous theoretical works on the physics of DNS formation
includes (here disregarding general population synthesis studies)
Bisnovatyi-Kogan & Komberg (1974), Wheeler et al. (1974),
Flannery & van den Heuvel (1975), Srinivasan & van den Heuvel
(1982), van den Heuvel (1994), Ivanova et al. (2003), Dewi &
Pols (2003), Podsiadlowski et al. (2004), van den Heuvel (2004),
and Dewi et al. (2005). From these papers, a standard scenario12

has emerged (e.g., Bhattacharya & van den Heuvel 1991; Tauris
& van den Heuvel 2006), which we now summarize in more
detail.

In Figure 1, we show an illustration of the formation of a DNS
system. The initial system contains a pair of OB-stars that are
massive enough13 to terminate their lives in a core-collapse SN
(CCSN). To enable the formation of a tight DNS system in the end,
the two stars must initially be in a binary system close enough to
ensure interactions via either stable or unstable mass transfer. If the
binary system remains bound after the first SN explosion (which is
of Type Ib/c; Yoon et al. 2010), the system eventually becomes
observable as a HMXB. Before this stage, the system may also be
detectable as a radio pulsar orbiting an OB-star, e.g., as in
PSRsB1259−63 (Johnston et al. 1992) and J0045−7319 (Kaspi
et al. 1994). When the secondary star expands and initiates full-
blown Roche-lobe overflow (RLO) during the HMXB stage, the
system eventually becomes dynamically unstable. For wide
systems, where the donor star has a deep convective envelope at
the onset of mass transfer (i.e., during the so-called Case B RLO,
following the termination of core hydrogen burning), the timescale
on which the system becomes dynamically unstable might be as
short as a few 100yr (Savonije 1978). This leads to the formation
of a CE (Paczyński 1976), where the dynamical friction of the
motion of the NS inside the giant star’s envelope often causes

extreme loss of orbital angular momentum and (in some cases)
ejection of the hydrogen-rich envelope. If the binary system
survives the CE phase, it consists of a NS orbiting a helium star
(the naked core of the former giant star). Depending on the orbital
separation and the mass of the helium star, an additional phase of
mass transfer (Case BB RLO; Habets 1986; Tauris et al. 2015)may
be initiated. This stage of mass transfer is important since it enables
a relatively long phase of accretion onto the NS, whereby the NS is
recycled, and it allows for extreme stripping of the helium star prior
to its explosion (as a so-called ultra-stripped SN; Tauris et al. 2013,
2015; Suwa et al. 2015; Moriya et al. 2017). Whether or not the
system survives the second SN depends on the orbital separation
and the kick imparted onto the newborn NS (Flannery & van den
Heuvel 1975; Hills 1983; Tauris & Takens 1998). As we shall
argue in this paper, we expect most systems to survive the second
SN explosion. If the post-SN orbital period is short enough (and
especially if the eccentricity is large), the DNS system will
eventually merge due to GW radiation and produce a strong high-
frequency GW signal and possibly a shortGRB (e.g., Eichler et al.
1989). The final remnant is most likely a BH, although, depending
on the EoS, a NS (or, at least, a metastable NS) may be left behind
instead (Vietri & Stella 1998).

1.5. Major Uncertainties in DNS Formation

Aside from the pre-HMXB evolution, which is discussed in
Section 3.1, the most important and uncertain aspects of our
current understanding of DNS formation are related to

Table 1
Observed Ranges of Key Properties of DNS Systems

Properties of Recycled (Old) NSs:
Spin period, P 23 185 ms–
Period derivative, Ṗ 0.027 18 10 s s18 1´ - -( – )
Surface dipole B-field, B 0.29 18 10 G9´( – )
Mass, MNS,1 1.32–1.56 Me

a

Properties of Young NSs:
Spin period, P 144 2773 ms–
Period derivative, Ṗ 0.89 20 10 s s15 1´ - -( – )
Surface dipole B-field, B 2.7 5.3 10 G11´( – )
Mass, MNS,2 M1.17 1.39 :–

Orbital Properties:
Orbital period, Porb 0.10 45 days–
Eccentricity, e 0.085 0.83–
Merger time, gwrt 86 Myr ¥
Systemic velocity, vsys 25 240 km s 1-–

Note. Data taken from the ATNF Pulsar Catalogue (Manchester et al. 2005)—
see Table 2 for further details. Only DNS systems in the Galactic disk are
listed. The systemic recoil velocity, v vsys

LSR= , is quoted with respect to the
local standard of rest (Section 2.2).
a 1.32 Me Mark an upper limit to the lowest mass of the first-born NS.

Figure 1. Illustration of the formation of a DNS system that merges within a
Hubble time and produces a single BH, following a powerful burst of GWs and
a shortGRB. Acronyms used in this figure—ZAMS: zero-age main sequence;
RLO: Roche-lobe overflow (mass transfer); He-star: helium star; SN:
supernova; NS: neutron star; HMXB: high-mass X-ray binary; CE: common
envelope; BH: black hole.

12 See brief discussion given in Section 4.2 for an alternative “double core
scenario” (Brown 1995; Dewi et al. 2006) in which CE evolution with a NS is
avoided.
13 The secondary (initially less massive) star may be a M5 7 :– star which
accretes mass from the primary (initially more massive) star to reach the
threshold limit for core collapse at M8 12~ :– (Jones et al. 2013; Woosley &
Heger 2015; see also Section 3.1).
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How do neutron stars form binary 
systems*? 

*that collide in a time less than 
the age of the universe?

Note: we already know 10 such 
systems in our galaxy!

What could go 
wrong in this 

scenario?

Question:



Rates of  binary NS mergers

before O1 ???

after O1 

after O2 

after O3: 

110 − 3840 Gpc−3 yr−1

80 − 180 Gpc−3 yr−1

13 − 1900 Gpc−3 yr−1

trend?



Recap: 2 events so far

GW170817

masses 
 

distance 

observed by H, L, V 
with EM counterpart

m1 = 1.36 − 2.26 M⊙
m2 = 0.86 − 1.36 M⊙

40 Mpc

GW190425

masses 
 

distance 

observed by L, V 
without EM counterpart

m1 = 1.61 − 2.52 M⊙
m2 = 1.12 − 1.61 M⊙

88 − 230 Mpc

maximum EoS mass, and reject samples that do not support at
least M1.97 : (Antoniadis et al. 2013). Due to the high inferred
mass of the heaviest binary component, results obtained through
universal relations could be subject to unexplored modeling
systematics, as such relations are primarily applied to lower-mass
NSs (Yagi & Yunes 2017). On the other hand, a direct EoS
parameterization is expected to more accurately capture the
properties of high-mass NSs (Lindblom 2010); given the moderate
S/N of the event, it is not expected that any significant systematic
issue will arise from spectral analyses. To verify this we compare
the component mass distributions to those shown in Figures 12(a)
and (b), with corresponding results obtained when using the
spectral EoS parameterization and find only minor differences that
can be attributed to the lack of tidal information contained in
GW190425 and to requiring that the sampled EoS support the
sampled component masses. We therefore explicitly show only
results obtained with the latter. Figure 15 shows the reconstructed
EoS. We compute pressure at twice and six times nuclear density
(see Table 3). In Figure 16, instead, we show the marginalized 2D
distribution of the masses and radii obtained through our spectral
investigations. It shows the results from the high- and low-spin
priors and for both cases when the restriction that the EoS support
masses of M1.97 : is or is not applied. All cases result in a radius
upper constraint of approximately �R 15 km at 90% credible
level. Both confirm that GW190425 does not carry significant
novel information on the NS EoS and our constraints a posteriori
are similar to our prior beliefs.

F.3. Spins

To provide context for the GW190425 spin measurement, we
calculated the effective spins Deff of the two fastest known
Galactic BNSs that will merge within a Hubble time, PSR J1946
+2052 (Stovall et al. 2018) and PSR J0737−3039 (Burgay et al.
2003). When comparing the pulsar and gravitational-wave
observations, the pulsar spin periods P were converted to
dimensionless spins χ via the moment of inertia, which depends
on the unknown NS EoS and the pulsar mass. We inferred the
pulsar moments of inertia using mass posteriors from Farrow et al.
(2019) and samples from the posterior distribution of the spectral
parameterization of the EoS obtained from the analysis of
GW170817 (Abbott et al. 2017b) as inputs. For each sample, we
calculated the moment of inertia from the EoS and NS mass in the
slow-rotation approximation (Hartle 1970). Any uncertainty in
the pulsar mass was marginalized over as part of this procedure.
The binary pulsar effective spins, with error estimates for the EoS

and mass uncertainty, follow from the inferred moments of inertia,
binary masses, and spins. We have verified that the effective spins
obtained in this way agree with those calculated according to the
universal-relation-based method of Landry & Kumar (2018) and
Kumar & Landry (2019), which uses the -1.4 posterior from
GW170817 (Abbott et al. 2017b) as input.

F.4. Central Density and Pressure

NSs are known to be exceptional laboratories for studying
cold matter at extreme densities. GW190425, given its large
chirp mass, suggests that gravitational waves can be used to
probe such densities. By combining the GW170817 EoS
samples with the GW190425 component mass posterior
distributions, we compute the implied central pressure and
density distributions (Figure 17). We estimate the matter
density in the core of the heavier component to be between
three and six times nuclear density and the pressure to between
q �1 10 dyn cm35 2 and q �8 10 dyn cm35 2 ( q1 10 Pa34 and
q8 10 Pa34 ), at the 90% credible interval.

F.5. Nonlinear Tides

Nonresonant, nonlinear fluid instabilities within NSs (p–g
instabilities) may impact the gravitational waveform, particularly
at low frequencies (Venumadhav et al. 2013; Weinberg et al. 2013;
Weinberg 2016; Zhou & Zhang 2017). With the same techniques
used to analyze GW170817 (Abbott et al. 2019e), we can constrain
a phenomenological model for the p–g instability (Essick et al.
2016; Abbott et al. 2019e) with GW190425. Unlike the rest of the
analyses presented here, we only analyze GW190425 down to
30Hz to be consistent with the procedure adopted for GW170817.
We also assume a high-spin prior (D � 0.89) uniform in the
component of the spins perpendicular to the orbital plane instead of
isotropic spin orientations. This favors larger spins a priori (less
constraining than the isotropic spin prior) and corresponds to
slightly wider mass posteriors, but does not significantly impact
our conclusions. GW190425, by itself, is less informative than
GW170817 and is only able to rule out phenomenological p–g
amplitudes above 1.3 times the 90% upper limit obtained from
GW170817 at the same credible level. GW190425 produces
Bayes factors between models that include p–g effects and those
that do not of � �

�Bln 0.1pg
pg

0.3
1.3

! with the high-spin prior, similar to
GW170817. Again, the data are not informative enough to either
detect or disprove the existence of p–g instabilities. Combining

Figure 14. Distributions of the reweighted tidal parameter -̃ for (left) high-spin and (right) low-spin priors, together with their upper 90% one-sided credible interval
(vertical lines). Shown in red is the distribution of -̃ obtained by propagating GW170817ʼs constraints to GW190425ʼs mass regime.
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What can we learn from binary 
neutron star mergers

Formation of heavy elements

Neutron star equation of state

Determination of the Hubble constant



Neutron star equation of  state

Tidal deformability 
causes the neutron 

stars to merge sooner Less compact stars have larger 
radii and are easier to deform

tidal forces



Determining the Hubble constant

 Chirp mass

Amplitude

Frequency

Luminosity distance DL + sky localization 
allow us to obtain the redshift z

Hubble’s law:   

ℳ =
(m1m2)3/5

(m1 + m2)1/5

A ∝
ℳ5/3

DL
F(cos(ι))

·f ∝ ℳ5/3f11/3

measured
unknown

z ≃
H0DL

c

inclination
angle



Formation of  heavy elements

GW170817 produced 
200* times the mass of 

the Earth in gold!

Supernovae 

More frequent
Less mass

Neutron star  
mergers 

Less frequent
More mass

Where do the r-process elements 
come from?

* according to models



Future Timeline for Gravitational 
Wave Detectors 

LIGO: O4 (planned start 
in mid-December 2022) 
and beyond

3G ground detectors: 
estimated operation in 
mid-2030’s

Space detector LISA: 
estimated launch 2037

[https://sci.esa.int/web/lisa/-/61367-mission-summary] 

pandemic starts
delays ensue

https://sci.esa.int/web/lisa/-/61367-mission-summary


LIGO: O4 and beyond

What can we gain from more 
detections: e.g. improvements on 
tidal deformability constraints

More stringent upper limits
continuous waves
stochastic background

If really lucky:
galactic magnetar/supernova

[Miller, Chirenti & Lamb, 2020]



LIGO: O4 and beyond

upper limits on the gravitational wave 
emission limit the ellipticity of the NS
the stronger the crust, the higher the 
mountain it can support
the highest height of the NS 
“mountain” could be < !1 mm

[Saint-Exupéry, 1943]

[LIGO, Virgo, KAGRA, 2021]

[Horowitz & Kadau, 2009; Gittins & Andersson, 2021]

Continuous Waves

[Haskell, Degenaar & Ho, 2012]

NS with a 
“mountain”

r-modes

Shape of the 
instability window 

depends on NS 
bulk and shear 

viscosities



3G: Einstein Telescope/Cosmic Explorer

ET: 10 km (underground), could 
detect NS-NS mergers up to 

CE: 40 km, could detect all
NS-NS mergers (up to )

z ∼ 2 − 3

z ∼ 6
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The second-generation of gravitational-wave detectors are just starting operation, and have al-
ready yielding their first detections. Research is now concentrated on how to maximize the scientific
potential of gravitational-wave astronomy. To support this e↵ort, we present here design targets for
a new generation of detectors, which will be capable of observing compact binary sources with high
signal-to-noise ratio throughout the Universe.

I. INTRODUCTION

With the development of extremely sensitive ground-
based gravitational wave detectors [1–3] and the recent
detection of gravitational waves by LIGO [4, 5], exten-
sive theoretical work is going into understanding poten-
tial gravitational-wave (GW) sources [6–15]. In order to
guide this investigation, and to help direct instrument re-
search and development, in this letter we present design
targets for a new generation of detectors.

The work presented here builds on a previous study
of how the fundamental noise sources in ground-based
GW detectors scale with detector length [16, 17], and
is complementary to the detailed sensitivity analysis of
the Einstein Telescope (ET, a proposed next generation
European detector) presented in [18, 19]. The ET anal-
ysis will not be reproduced in this work, but the ET-D
sensitivity curve from [18] is used for comparison. It rep-
resents one 10 km long detector consisting of two inter-
ferometers [20], the detector arms forming a right angle.
The ET design consists of three co-located detectors in
a triangular geometry [21], but for the purpose of this
letter we compare the sensitivity of single detectors, all
with arms at right angles. (A comparison of triangular
and right angled detector sensitivities can be found in
[22].)

From this work two important conclusions emerge.
The first of these is that the next generation of GW detec-
tors will be capable of detecting compact binary sources
with high signal to noise ratio (SNR > 20) even at high
redshift (z > 10). The second is that there are multi-
ple distinct areas of on-going research and development
(R&D) which will play important roles in determining
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FIG. 1. Target sensitivity for a next generation gravitational-
wave detector, known as “Cosmic Explorer” for its ability to
receive signals from cosmological distances. The solid curves
are for a 40 km long detector, while the dashed grey curves
show the sensitivity of shorter, but technologically similar de-
tectors; lengths are 4, 10 and 20 km. The Advanced LIGO
and Einstein Telescope design sensitivities are also shown for
reference.

the scientific output of future detectors.
In what follows, we start by expressing the sensitivity

of a next-generation GW detector as a collection of target
values for each of the fundamental noise sources. This is
followed by discussions of the R&D e↵orts that could
plausibly attain these goals in the course of the next 10

[Abbott et al., 2017]

Einstein Telescope



3G Detectors: ET/CE
Low frequency sensitivity

Advance warning for EM 
counterparts

High frequency sensitivity
pre-merger: tidal deformability and 
dynamical tides
post-merger: HMNS oscillations

Overall improved sensitivity
better upper limits (maybe 
detections?)

If really lucky:
galactic magnetar/supernova

better kilonova 
observations

Neutron star 
asteroseismology!

more multimessenger 
observations!



Neutron Star Asteroseismology 
(Quasinormal mode frequencies)

Oscillation modes of the fluid coupled to 
the emission of gravitational waves

Different families of modes ↔ different 
restoring forces

For non-rotating (and non-magnetized) stars

f-modes (fundamental)

p-modes (pressure)

g-modes (gravity)

w-modes (spacetime modes), etc



What can we learn from QNMs? Example: 
Universal relations and the inverse problem

[Chirenti, de Sousa & Kastaun, 2015]

⌘ ⌘
p
M3/IEffective compactness:

We can use EOS-independent 
information to learn about the EOS

See also: 

f-modes

[Andersson & Kokkotas, 1998; Benhar, 
Ferrari & Gualtieri, 2004; Lau, Leung & Lin, 
2010; Maselli et al. 2013; Sotani & Kumar, 
2021, …]



Pre-merger: 
Oscillations in the inspiral

[Gold et al., 2012]

Tidal excitation of f-modes in eccentric 
binaries could be detectable with 3G!  

[Chirenti, Gold & Miller, 2017]

[Simulation by Shawn Rosofsky]

f-modes could also be detectable in the 
very late stages of circular binaries

[Schmidt & Hinderer, 2019]



Post-merger:   
HMNS oscillations

[Baiotti & Rezzolla, 2017]

[Takami, Rezzolla & Baiotti, 2014]

Frequencies carry information on the hot EOS. 
Oscillations may modulate the SGRB signal.

[Chirenti et al., 2019]

Universal relations 
for HMNSs?
[Bauswein et al., 2012; Lioutas, 
Bauswein & Stergioulas, 2021]



Galactic observations: 
Magnetar giant flares

18, 26, 29, 92.5, 150, 625.5 and 1837 Hz
[Israel et al, 2005; Watts & Strohmayer, 2006; Strohmayer & Watts, 2006, Miller et al, 2019]

Torsional crustal modes?

Gravitational waves from 
galactic magnetar giant flares 

may be detectable.  

Rare events - or not?

[Zink, Lasky & Kokkotas, 2012]

[Burns et al, 2021]



Galactic observations: 
Core Collapse Supernovae

[Morozova et al, 2018]

At the same time, the frequency of the fundamental mode in
Figure 6 is almost insensitive to the position of the outer
boundary, and the low-order g-modes depend weakly on it.

Importantly, this shows that the dominant GW frequency is not
just proportional to the Brunt–Väisälä frequency at the surface
of the PNS, as was suggested in earlier work. Indeed, Figure 4
shows that the three black lines corresponding to the different
outer boundary locations pass through very different values of
the Brunt–Väisälä frequency. The fact that the fundamental
quadrupolar eigenfrequency in Figure 6 is nearly independent
of the position of the outer boundary tells us that the dominant
frequency of the GW signal is defined by the entire structure of
the PNS, rather than by its surface characteristics alone.
The left panel of Figure 7 illustrates the time evolution of the

radial eigenfunction ηr for the l=2 modes associated with
the dominant frequency of the GW signal. The eigenfunctions
are normalized to 1 and plotted as a function of radial
coordinate from the innermost grid point up to the location of
the outer boundary. In Figure 7, they are shifted along the y-
axis according to the time after bounce at which they are
calculated (the time is indicated on the left side of the panel and
directed downward). As we already mentioned, starting from
∼400 ms after bounce and until the end of the simulation, the
main signal is represented by the f-mode, which has the largest
amplitude at the PNS boundary surface and gradually decreases
toward the center. Before that, in the time interval between
∼200 and ∼400 ms, this mode is smoothly connected to a g-
mode having two radial nodes (see also the left panel of
Figure 5). The right panel of Figure 7 shows the energy density
� defined as (Torres-Forné et al. 2018)

�
T
Q
S I

I
� � � ?

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥( ) ( )l l

r8
1 19r

2
2

2

2

for the corresponding eigenfunctions of the left panel. The
figure shows that the shape of the fundamental eigenfunction is
very similar in the case of the Cowling approximation (black
lines) and in the case when EB v 0 (red lines). The energy
density of the modes shows less agreement. Note that the
definition of � contains the mass density, which is larger in the
inner region than at the the surface of the PNS. Therefore, even
a barely visible disagreement between the eigenfunctions in the

Figure 5. Eigenfrequencies σ/2π of the l=2 modes compared to the GW spectrogram from model M10_SFHo. Each digit represents the number of nodes in the
corresponding mode. The left panel shows the results obtained using the Cowling approximation, while the right panel shows the solution of the full system of
Equations (8)–(11). In the right panel, the dominant feature of the spectrogram is well described by the fundamental (0 radial nodes) mode starting from ∼400 ms after
bounce.

Figure 6. Dependence of the derived eigenfrequencies on the position of the
outer boundary in our analysis. This plot demonstrates that the frequencies of
p-modes are only approximately captured by our calculations. At the same
time, the frequencies of the f-mode and the low-order g-modes are almost
insensitive to the position of the outer boundary, which demonstrates the
robustness of our main result, i.e., the association between the dominant GW
feature and the fundamental ( f ) l=2 PNS mode.
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Signal is templatable and can be 
described by the quasinormal modes of 

the proto neutron star!

Universal relations for PNSs?
[Torres-Forné et al, 2019]



LISA
LISA will be able to see supermassive 
black hole binaries, and early stages 
(larger separations) of stellar mass 

black hole binaries

Sounds great! 
And what about neutron stars?

Not obvious.

[Amaro-Seoane et al., 2017]



LISA and Neutron Stars

 binary neutron stars 
should accumulate  

during the 4 year LISA mission

∼ 35
SNR > 8

[Lau et al., 2020]

Determination of orbital properties could 
provide information on progenitors, 
formation channels and natal kicks

At LISA frequencies, many of the 
binaries will be eccentric

(expected median eccentricity )0.11



Conclusions and Outlook
Future gravitational wave observations can provide important information 
on the EOS of cold catalyzed matter.

In particular, neutron star oscillations can be particularly helpful. But they 
aren’t easy to observe! There are already indications of observations in X-ray 
data, and maybe also in radio.

Gravitational wave observation of neutron star oscillations will require 3G 
detectors. Oscillations from hypermassive neutron stars can provide 
information on the hot EOS.

LISA observations can help probing formation channels of binary neutron 
star systems.
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Questions?


