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Binary-neutron-star (BNS) merger
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e Can GWs help constrain the NS EOS? [Wade+ 201 3]
- To visualize how a GW detection might constrain the NS EOS, we
plot a 2D PDF from a single source on mass-radius-iike curves
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- We find that a single, loud (Network N
SNR 32.4) BNS GW detection can
rule out several NS EOS families

- Multiple detections will highly

constrain the NS EOS
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GW170817 enabled us to measure the tidal

deformability for the first time

[LVC, 201 7]

/A constrains the nuclear EOS of NS matter.

LIGO-Virgo Collaboration put 3000-

conservative upper limits on

tidal deformabillity with post- 2500 -

Newtonian waveform
(restricted TF2
with b+ 1PNTidal).

symmetric contribution of
tidal deformabillity
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Independent analysis of GW170817
with restricted TF2 with 5+1PNTidal [De, et al., 2018]
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Improved analysis of GW170817 [LVC,1805.11579]
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Our independent reanalysis of GW170817

 NR calibrated tidal waveform models
- flat prior on A, A-~U[0, 3000]

basically following those adopted in the improved LVC analysis
(e.g., arXiv:1805.11579)
or our previous study (ITN+, Phys. Rev. Res. 2019).

- Bayesian inference, Nested sampling implemented In
LALInference.

-+ The sky position is fixed to the location determined by
optical followup observations.

- BayeslLine PSD



Why Bayesian statistics and stochastic sampling
- A lot of parameters

- Parameter estimation (PE)

- Model selection

T\ H)p({d}]6. H>/

P(1d}|H)

Evidence for the model H BeHIZIENAT,
H: hypothesis (signal embedded in data), {d}: data set, 6: parameters

D

- 23 Hz=f=fmax, Tmax=1000 Hz or 2048 Hz (min[fisco, fs/2]), fs=4096 Hz.

We calculate posterior with Nested sampling
(LIGO Algorithm Library (LAL), LALInference)



Parameter estimation methods

3. Wavetorm models for inspiraling

BNSs



The gravitational waveform

~

h(f)

where the amplitude and the phase
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BBH baseline: PP + Spin Model Point-particle part

TF2 s aee
* TF2+ '
TF2+ 6PN 6PN

TaylorF2 waveform (TF2)
with point-particle phase up to 3.5PN-order + spin

0 3 3715 55
W hoint—particle (f) = 27 fte — ¢ — 1 + 12877x 5/2 {1 + (% + 577) r — 16m2/? + }

n = mum,/(m; + m2)2
where the dimensionless post-Newtonian (PN) parameter

L — (WMtotf)2/3

The best estimated mass parameter Is the chirp mass

(m1m2)3/5 315 13/5

_ ~ | 2 —8/3 p—11/3 J

M (1 a1 96" f f_

and only place weak constraints on the mass ratio g=m2/ml=1
and the spin.

TF2+ adds high-PN order terms to TFZ2.




Spin contribution

J=L+S1+S2
J If S1,2 misaligned with respect to L,

they cause the binary’'s orbital plane to
precess around the almost-constant
direction of the total angular
momentum of the binary, J.

We assume that the spins are
aligned with L.

dimensionless spin magnitude y = c|S|/(Gm?) < 1

a simple mass-weighted linear combination of the spins

(s 8\ L
XGH_G mq %) ]\47

which takes values between —1 (both objects have maximal spins
antialigned with respect to L) and +1 (maximal aligned spins).




Tidal effects Q‘ P

When binary orbital separations are small, each star is tidally distorted by its
companion.

tidal deformability: A =-** tidal induced) quadrupole moment
€ : companion's tidal field

The information about the NS EOS can be quantified by A.

The leading order tidal contribution to GW phase

3 [ 39. 3115 w
.. S Iy PV 9119 |
tidal 1287 { o (1 T 1248" )]

binary tidal deformability, mass-weighted combination of A12

16 (mq + 12meo)miA; + (ma + 12mq)m3As
13 (m1 + mg)3

A =

A = A/m® : dimensionless
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msplrallngBNS
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Nonlinear
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NRTidal NRTidal 3 39 + 5/2
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1.8

Tidal waveform

models H
divided by the 161 —
leading tidal formula. 5] —

phase shift:

1. NRTidal
NRTidalv2

3. KyotoTidal

(Lamtilde=400)

5PNTidal
Wiidal/Vigal

KyotoTidal (A=1000)
KyotoTidal (A=400)
KyotoTidal (A=100)
NRTidal

NRTidalv2
5+2.5PNTidal

4. PNTidal | . | . . .
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Model name |Point-particle part Tidal part
Amplitude Phase Amplitude Phase
TF2_PNTidal 3PN 3.5PN 5+1PN 5+2.5PN
TF2+_PNTidal 6PN 6PN 5+1PN 5+2.5PN
TF2+ _KyotoTidal 6PN 6PN Polynomial Non-linear
TF2+_NRTidal 6PN 6PN - Padé approximation
TF2+_NRTidalv2 6PN 6PN |Padé approximation Padé approximation




Source parameters

- parameters for BNS {m 2, )(1,2,[&}

- m1,2~U[0.83, 7.7]Mg, Mcoet=U[1.184, 2.168]M,
- x1.2~U[-0.05, 0.05]

~/

- A ~U[0, 3000]

- additional parameters for fully describe the binary:
{DL, OuN, ¥, te, Do, ﬂf,—é—}

» a uniform prior in [0,217]for ¢c.
- sources uniformly distributed in volume



Results
A. Source properties other than the tidal deformabillity
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Almost no systematic bias associated with a difference in the
estimates of the parameters among waveform models.



Results
3. Posterior of binary tidal deformabillity




Comparison with LIGO-Virgo analysis as a sanity check

restricted TF2 with 5+1PN-order tidal phase

uniform prior on A12
fmax=2048 Hz
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Posterior of binary tidal deformability

likely ~400,
not above 1000

>The estimates are biased by using
| different waveform models.

Order of peak value is consistent with t\
the order of phase shift.

phase shlft -
peak Value 1. NRTidal

'I NRTIdaI H NRTidalv2

3. KyotoTidal

NRTidalv?2 (Lamtide=400)

4. PNTidal

2. KyotoTidal
3. PNTidal




For fmax=2048 Hz (only a reference)

e —— =

The width of intervals for fmax=2048 Hz |
‘are narrower than those for fmax=1000 Hz.
The peak values decrease

peak value:

1. NRTidal
NRTidalv2

2. KyotoTidal

3. PNTidal



Discussion
need to improve the current wavetorm model



Systematic error for fmax=1000 Hz

~or GW 170817, systematic error is dominant over statistical error.
~or 10 times louder SNR event than GW 17081 7, systematic error
oetween KyotoTidal and NRTidal is comparable with the statistical

error. 3G detector's sensitivity is 10 times better than current
detectors. Toward 3G detector era, it is needed to improve current

waveform models.
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Need to improve at frequency higher than 1000 Hz

High frequency data are generally more informative to measure
tidal deformability. Our results indicate that /A is indeed
constrained tighter determined for fmax=2048 Hz than for
fmax=1000 Hz. However, since the TF2+ KyotoTidal model is
calibrated by NR waveforms only up to 1000 Hz, toward 3G
detector era, it is heeded to further improve the model in the
frequency higher than 1000 Hz.
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. LlG—Virgo Collaboration put conservative upper limits on tidal
deformability with post-Newtonian waveform (PNTidal) and
measure it with NRTidal.

- We reanalyze GW170817 with a new NR calibrated waveform
model, KyotoTidal.

- We compare our results with another NR calibrated waveform,
NRTidal and its upgraded model, NRTldalv2.

The estimates are biased by using different waveform |
‘'models. Order of peak value is consistent with the order of |
phase shift. \

The width of intervals for fmax=ZOZ§T'|OWt
those for fmax=1000 Hz. The peak values decrease as fmax
increases.
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