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GW170817

The LIGO twins observed

clear “chirp” signals, i.e.,

gravitational waves with

increasing frequency

and amplitude in time

But Virgo did not see…

not useful for estimating

binary’s intrinsic parameter 
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Quadrupolar tidal deformability

Leading-order finite-size effect on orbital evolution 
(strongly correlated with the neutron-star radius)
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𝑘~0.1: (second/electric) tidal Love number
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Particularly important parameters

Chirp mass ℳ = 𝜇3/5𝑀2/5: accurately measured

- Total mass 𝑀 = 𝑚1 +𝑚2

- Reduced mass 𝜇 = 𝑚1𝑚2/𝑀

Symmetric mass ratio 𝜂 = 𝜇/𝑀: not very accurate…

Binary tidal deformability (𝑚1 ≤ 𝑚2)

෨Λ =
8

13
[ 1 + 7𝜂 − 31𝜂2 Λ1 + Λ2

− 1 − 4𝜂 1 + 9𝜂 − 11𝜂2 Λ1 − Λ2 ]

2018/9/7 High Energy Astrophysics 2018 4



Tight correlation of ෩Λ −ℳ𝑐

GW-measured ෨Λ is

tightly correlated

w/ the chirp mass

Λ 𝑀 = 21/5ℳ𝑐 is

effectively constrained

Approximately
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Mass ratio
variation

GW170817:
ℳ𝑐 = 1.186𝑀⊙



Important frequency range

ℳ: low frequency (many gravitational-wave cycles)

෨Λ: high frequency (closer orbit->large deformation)
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De+ (2018)



Constraint on tidal deformability

Top: LIGO-Virgo (2018) / Bottom: De+ (2018)
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TaylorF2
Assume the EOS as 
common to both 
binary members



Never skip looking at the distribution

See also

Anscombe’s quartet
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Double peak/high-෩Λ tail

Posterior distribution

is far from Gaussian in

LVC/non-LVC analysis

Moderate dependence

on waveform models
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LIGO&Virgo (2018)

De+ (2018)



Waveform model dependence

O(1)rad phase differences are not very comfortable
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LIGO&Virgo (2018)

෩Λ = 400



Kyoto model

TaylorF2: Post-Newton phase 𝑥 ∝ 𝑓2/3

+ insignificant correction terms associated with 𝜂

We introduce a nonlinear-in- ෨Λ term (empirically)

→

Another model Pade-resums the post-Newton part
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Our independent analysis

So far, differences

associated with

waveform models

may be minor

Double peaks remain

particularly for

sophisticated models
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Discrepancy of the LIGO twins
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The high- ෨Λ peak exists only 
for the Livingston detector?



Dependence on high-frequency cutoff

Hanford detector:

- single (low) peak

- converge smoothly

w.r.t 𝑓max change

Livingston detector:

- double peak

- irregular variation

w.r.t 𝑓max change
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Random noise or specific component?

E.g., a glitch and incomplete subtraction thereof

(this is just an example!)

If the “second” peak is

associated with noises

that do not average out,

future results will be biased

-> noise hunting warranted
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LIGO&Virgo (2017)



Low-frequency cutoff?

Degeneracy can be solved

and constraints become tight
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De+ (2018)



More than 3 detectors preferable
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Advanced LIGO (Hanford, USA)
another at Livingston

https://www.advancedligo.mit.edu/graphics/summary01.jpg

http://virgopisa.df.unipi.it/sites/virgopisa.df.unipi.it.virgopisa/files/banner/virgo.jpg

Advanced Virgo
(Pisa, Italy)

KAGRA (Kamioka, Japan)

http://gwcenter.icrr.u-tokyo.ac.jp/wp-content/themes/lcgt/images/img_abt_lcgt.jpg
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Summary

• We have independently analyzed LIGO-Virgo 
data of GW170817 using our waveform models.

• Constraints on tidal deformability are similar to 
those obtained by other analysis, that is, the 
posterior probability distribution exhibits a 
double peak structure.

• The second peak exists only for Livingston and 
behaves irregularly with respect to changes of 
the high-frequency cutoff (<-> Hanford).
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Appendix
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Parameters of GW170817

Low-spin: limiting to spin values observed for 
Galactic binary neutron stars that merge within the 
Hubble time (with some safe margins)

High-spin: as far as GW models may be applicable
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LIGO&Virgo (2017)



Representative example of EOSs
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𝑅 1.35𝑀⊙ , Λ 1.35𝑀⊙

13.7km, 1211
13.0km, 863

12.3km, 607
11.6km, 422

11.0km, 289



Constraints on parameters

The NS radius may be smaller than ~13-14km

- this can be made tighter with better waveforms
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mass
tidal

deformability
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chirp mass
ℳ𝑐 variation

BH-BH

Mass ratio
variation

Blue: astro. realistic

Red: conservative



Shape of mass constraints

Gravitational waves tightly constrain the chirp mass

ℳ =
𝑚1
3/5

𝑚2
3/5

𝑚1 +𝑚2
1/5

= 𝜇3/5𝑀2/5

But the mass ratio (e.g., 𝑞 = 𝑚2/𝑚1 < 1) tends to 
be degenerated with the spin of components,

𝜒𝑖 =
𝑐𝑆𝑖

𝐺𝑚𝑖
2 𝑖 = 1,2

The error in 𝑞 appears large particularly for nearly 
equal-mass systems like binary neutron stars
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Transient and host galaxy

First found by Swope Supernova Survey (not this)
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Soares-Santos+ (2017)

Faded -> transient!
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J-GEM observation

Japanese observatories, for example Subaru/HSC, 
took well-sampled images
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Utsumi+ (2017)

UV, optical, IR

2018/9/7



Stacking estimation
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Number of detections

Agathos+ (2015)

~tidal deformability

Note: correct prior is highly desired


