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Inspiral strength in ET

1 10 100 1000

10-24

10-23

10-22

10-21

f HHzL

S
n

 HfL
an

d
2

f
Èh�

HfLÈ � 100 Mpc: ET SNR ~ 500

� 500 Mpc: ET SNR ~ 100

� 2 Gpc: ET SNR ~ 20

1.35-1.35 M
�

optimal orientation

Jocelyn Read (AEI) What can we learn about neutron stars from binary neutron star coalescences?1/09/10 2 / 20



What can we learn from the strongest signals?

Can we measure additional astrophysically relevant parameters directly
from a gravitational wave event?

The early inspiral point-particle model is characterized by the masses of
the stars: ET will see many signals → learn about neutron star
populations, formation scenarios, mass ranges...

This talk focuses on additional details that may be visible in strong signals:
modifications to the late inspiral, and the coalescence and
post-coalescence waveforms themselves.

I’m almost entirely going to talk about the cold EOS.
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Strong inspiral signal from binary neutron stars
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Modification to inspiral
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Tidal deformability λ for realistic EOS

R r

λ =
Q

E =
size of quadrupole deformation

strength of external tidal field

λ =
2

3
k2R

5

Calculate via linear Y20 perturbation of spherical neutron star
Q and E defined by external field of perturbed star

Incorporate resulting corrections to energy and GW luminosity into
post-Newtonian waveforms
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Measuring tidal deformability λ
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Measuring tidal deformability λ

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

2

4

6

8

10

12

Mass HM
�

L

Λ
H1

036
g

cm
2
s2

L

strange quark matter

A
dv

. L
IG

O

Ei
ns

te
in

Te
le

sc
op

e

SQM1
SQM2

SQM3

Each thick line: a
candidate equation of

state gives λ as
function of mass.

shaded: Uncertainty
in estimating λ

for Advanced LIGO
and ET using “clean”

waveform:
below 450 Hz only

T Hinderer, B Lackey,
R Lang, JR
arXiv:0911.3535

Jocelyn Read (AEI) What can we learn about neutron stars from binary neutron star coalescences?1/09/10 7 / 20



Unequal mass binaries
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Spin and η considered

Measurement using frequency band 10 Hz ≤ f ≤ 450 Hz, at 100 Mpc,
averaged over sky position and inclination.

8

obtained from Eq. (A.5) adds linearly to this, yielding
a phase model with 7 parameters (tc, φc,M, η, β, σ, λ̃),
where β and σ are spin parameters. We incorporate
the maximum spin constraint for the NSs by assuming
a Gaussian prior for β and σ as in [46]. The uncertain-
ties computed will depend on the choice of point-particle
phase evolution, but we assume this to be exactly the
3.5PN form for the current analysis.

The rms measurement uncertainty of λ̃, along with the
uncertainties in chirp massM and dimensionless reduced
mass η, are given in Table II and plotted in Figs. 2 and 3,
from a single-detector observation of a binary at 100 Mpc
distance with amplitude averaged over inclinations and
sky positions. If the best-fit λ̃ is zero, this represents a
1-σ upper bound on the physical λ̃. A signal with best-
fit λ̃ ≥ ∆λ̃ would allow a measurement rather than a
constraint of λ̃, with 1-σ uncertainty of ∆λ̃.

We obtain the following approximate formula for the
rms measurement uncertainty ∆λ̃, which is accurate
to better than 4% for the range of masses 0.1 M! ≤
m1, m2 ≤ 3.0 M! and cutoff frequencies 400 Hz ≤ fend ≤
500 Hz:

∆λ̃ ≈ α

(
M

M!

)2.5 (
m2

m1

)0.1 (
fend

Hz

)−2.2 (
D

100Mpc

)
,

(23)
where α = 1.0×1042 g cm2 s2 for a single Advanced LIGO
detector and α = 8.4× 1040 g cm2 s2 for a single Einstein
Telescope detector.

Our results show that the measurability of tidal effects
decreases steeply with the total mass of the binary. Esti-
mates of the measurement uncertainty for an equal-mass
binary inspiral in a single detector with projected sen-
sitivities of Advanced LIGO and the Einstein Telescope,
at a volume-averaged distance of 100 Mpc and using only
the portion of the signal between 10− 450 Hz, are shown
in Fig. 2, together with the values of λ predicted by var-
ious EOS models. Measurability is less sensitive to mass
ratio, as seen in Fig. 3. Comparing the magnitude of the
resulting upper bounds on λ with the expected range for
realistic EOS, we find that the predicted λ are greatest
and the measurement uncertainty ∆λ is smallest for neu-
tron stars at the low end of the expected mass range for
NS-NS inspirals of (1 M! − 1.7 M!) [48].

In a single Advanced LIGO detector, only extremely
stiff EOS could be constrained with a typical 100 Mpc
observation. However, a rare nearby event could allow
more interesting constraints, as the uncertainty scales as
the distance to the source. Rate estimates for detec-
tion of binary neutron stars are often given in terms of a
minimum signal-to-noise ρc = 8; a recent estimate [49] is
between 2 and 64 binary neutron star detections per year
for a single Advanced LIGO interferometer with a volume
averaged range of 187 Mpc. The rate of binaries with a
volume averaged distance smaller than 100 Mpc trans-
lates to roughly (100/187)3 & 15% of this total detection
rate, but over multiple years of observation a rare event
could give measurements of λ̃ with uncertainties smaller

than the values in Table II (e.g. with half the tabled un-
certainty at 1.9% the total NS-NS rate).

Using information from a network of N detectors with
the same sensitivity decreases the measurement uncer-
tainty by approximately a factor of 1/

√
N [50], giving

more reason for optimism. However, we should also note
that, in some ways, our estimates of uncertainty are al-
ready too optimistic. First, ∆λ only represents a 68%
confidence in the measurement; a 2∆λ error bar would
give a more reasonable 95% confidence. In addition, our
Fisher matrix estimates are likely to somewhat underesti-
mate the measurement uncertainty in real non-Gaussian
noise.

In contrast to Advanced LIGO, an Einstein Telescope
detector with currently projected noise would be sensitive
to tidal effects for typical binaries, using only the signal
below 450 Hz at 100 Mpc. The tidal signal in this regime
would provide a clean signature of the neutron star core
equation of state. However, an accurate understanding
of the underlying point-particle phase evolution is still
important to confidently distinguish EOS effects.

TABLE II: The rms measurement error in various binary pa-
rameters (chirp massM, dimensionless reduced mass η, and

weighted average λ̃ of the tidal deformabilities) for a range of
total mass M and mass ratio m2/m1, together with the signal
to noise ratio ρ, using only the information in the portion of
the inspiral signal between 10 Hz ≤ f ≤ 450 Hz. The dis-
tance is set at 100 Mpc, and the amplitude is averaged over
sky position and relative inclination.

Advanced LIGO

M (M!) m2/m1 ∆M/M ∆η/η ∆λ̃(1036 g cm2 s2) ρ

2.0 1.0 0.00028 0.073 8.4 27

2.8 1.0 0.00037 0.055 19.3 35

3.4 1.0 0.00046 0.047 31.3 41

2.0 0.7 0.00026 0.058 8.2 26

2.8 0.7 0.00027 0.058 18.9 35

3.4 0.7 0.00028 0.055 30.5 41

2.8 0.5 0.00037 0.06 17.8 33

Einstein Telescope

M (M!) m2/m1 ∆M/M ∆η/η ∆λ̃(1036 g cm2 s2) ρ

2.0 1.0 0.000015 0.0058 0.70 354

2.8 1.0 0.000021 0.0043 1.60 469

3.4 1.0 0.000025 0.0038 2.58 552

2.0 0.7 0.000015 0.0058 0.68 349

2.8 0.7 0.000021 0.0045 1.56 462

3.4 0.7 0.000025 0.0038 2.52 543

2.8 0.5 0.000020 0.0048 1.46 442

Expected measurement uncertainty will decrease if we
can extend the calculation later into the inspiral. From
Eq. (23), ∆λ̃ at 500 Hz is approximately 79% of its value
at 450 Hz. The dominant source of error in the tidal phas-
ing at these frequencies are post-Newtonian effects which
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Signal from merger of binary neutron stars
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Signal from merger of binary neutron stars

Requires numerical simulation

Additional relevant physics

Cold EOS contribution includes higher-order tidal effects, other
deformation modes, nonlinearity of deformations, approaches
resonance with stellar modes

Increased temperature from shock heating: hot EOS effects (e.g.
Bauswein and Janka 2010)

Magnetic field effects amplified, affect stability of hypermassive object
(e.g. Giacomazzo, Rezzolla, and Baiotti 2009)

Microphysics: particle production → neutrino pressure
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Systematic EOS exploration in BNS simulation
vary pressure scale
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Inspiral agreement: EOS B
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Inspiral agreement: EOS HB
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Merger agreement: EOS B
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Merger agreement: EOS HB
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Range of signals from varying EOS
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Measurability estimates: EOS effects on inspiral

Construct hybrid waveforms: connect analytic waveform with tidal
contributions to numerical inspiral

Measurability estimates require parameterization of signal: e.g. by EOS
parameters, radius, or λ.

arXiv:0901.3258

point particle post-Newtonian and short numerical inspiral
ρ of difference between simulated EOS ranges from 1 to 6 in ET
∆λ ∼ 0.2 from signal above 750 Hz in ET
(compare ∼ 1.6 from early inspiral only)
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Measurability of merger and post-merger?
Waveforms after peak amplitude:

500 700 1000 1500 2000 3000 5000 7000

5 ´ 10-25

1 ´ 10-24

2 ´ 10-24

5 ´ 10-24

1 ´ 10-23

2 ´ 10-23

500 700 1000 1500 2000 3000 5000 7000

f HHzL

S
n

 HfL
an

d
2

f
Èh�

HfLÈ
EOS 2H
EOS H
EOS HB
EOS B
EOS B''

AdvLIGO

ET

� 100 Mpc

Hypermassive Remnant ET SNR Prompt collapse ET SNR
EOS 2H ∼6 EOS B .3
EOS H ∼4 EOS B” .3
EOS HB ∼4

These estimates are dependent on the stability of the PMO
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EM observations are also constraining the EOS– 37 –
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Fig. 9.— The upper panels give the probability distributions for the mass versus radius curves implied by

the data, and the solid (dotted) contour lines show the 2-σ (1-σ) contours implied by the data. The lower

panes summarize the 2-σ probability distributions for the 7 objects considered in the analysis. The left

panels show results under the assumption rph = R, and the right panes show results assuming rph ! R. The

dashed line in the upper left is the limit from causality. The dotted curve in the lower right of each panel

represents the mass-shedding limit for neutron stars rotating at 716 Hz.

Three X-ray bursters + thermal emission from transiant LMXBs + cooling
of an isolated neutron star. ( Steiner et. al. 2010, 1005.0811)
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