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1. What we have learned:
GW170817



Observed event by the end of O3

2 binary neutron star mergers appear to be confirmed
Masses In the Stellar Graveyard
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Neutron star

A NEUTRON STAR: SURFACE and INTERIOR

Remnant of massive stars e

Mostly consists of neutrons

~1.4 solar mass, ~10km

-> density higher than
nuclear saturation density

“a huge nucleus”

Natural arena for QCD and
(extreme) nuclear physics
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Multimessenger event: GW170817

FIRST CosmiC EVENT OBSERVED

IN GRAVITATIONAL WAVES AND LIGHT
Colliding Neutron Stars Mark New Beginning of Discoveries

Collision creates light across the

entire electromagnetic spectrum.

Joint observations independently confirm
Einstein's General Theory of Relativity,
help measure the age of the Universe,
and provide clues to the origins of

heavy elements like gold and platinum

Gravitational wave lasted over

On August 17,2017, 12:41 UTC, Within two seconds, NASA's

LIGO (US) and Virgo (Europe) detect Fermi Gamma-ray Space Telescope
gravitational waves from the merger detects a short gamma-ray burst from a

of two neutron stars, each around region of the sky overlapping the LIGO/Virgo
1.5 times the mass of our Sun. This is position. Optical telescope observations

the first detection of spacetime ripples pinpoint the origin of this signal to NGC 4993,
from neutron stars a galaxy located 130 million light years distant

https://www.Iigo.org/detections/GW170817/images—GW170817/gatech—moviesti|I2.pn?LIGO TR R oreos




GRB 170817A at 1.7s after merger

Fermi »2
Reported 16 seconds <a,

after detection : "—”f

LIGO-Virgo

Reported 27 minutes after detection

INTEGRAL

Reported 66 minutes
after detection .
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The difference of speeds in GW/EM

Timing difference At = (D/UGw) — (D/vEM) = 1.7s
renders the velocity difference Av := voyw — VEM

A
—3x 10715 < il <7x10"16
VEM

if the difference at the source is [0:10]s (model!)
* Lower limit: gravitational delay 10s ->1.7s
 Upper limit: electromagnetic delay Os -> 1.7s

Although the precise physics of GRB is not understood,
multiple events will alleviate model dependence



Kilonova and host galaxy

The host galaxy NGC 4993 with the redshift z~0.01

EVARVA N Day 7.17-7.70

Utsumi+ (2017)




Gravitational-wave cosmology

More detections, more precise determination

p(Hy | GW170817) (km™ s Mpc)
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Distance-inclination degeneracy

A1 < 5° is possible with Virgo or KAGRA [e.g., Arun+ 2014]
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Electromagnetic angle inference?

Statistical errors can be reduced at the cost of possibly

introducing uncontrollable *systematic* errors

e.g., the jet and inclination angles may be different

t= 400.20 ms t= 1000.26 ms
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Nuclear-matter equation of state

Note: not need to observe the radius, and other quantities may be fine
We want to know the realistic equation of state, that

uniquely determines the mass-radius relation

Equation of state: Nuclear physics

2 H
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Quadrupolar tidal deformability

Leading-order finite-size effect on orbital evolution
(strongly correlated with the neutron-star radius)

A= G2 )’ “ c’R) RS

— — — — OC
GM 3 \GM
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M — A relation and equations of state
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Numerical waveform

Binaries merge earlier for stiffer equations of state

This allows us to measure the tidal deformablity

Kiuchi+KK+ (2020)
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Constraint from GW170817

Systematic bias is only ~100 and currently negligible
but may become problematic in the foreseeable future

0.002001 ( ) - - TF2+ KyotoTidal
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I\ ——- T2+ nrTiga || KYOtoO: our NR-based model
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p [dyn/cm?]

Current understanding

The equation of state has already been constrained and
will be constrained more severely in the near future
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2. What we will
learn in the future



Third-generation detector

Einstein Telescope, Cosmic Explorer ... aiming at more
precise understanding of already-detected binaries

Q’Qﬁ/

https://www.ego-gw.it/blog/2021/07/01/einstein-telescope-included-in-esfri-roadmap-2021/

2023/11/7 20



P ((:lyn/(:mz)

What should we understand then?

Moderate-density (around twice the saturation density)
will be understood precisely by a lot of observations

On the basis of this idea, we would like to understand

properties of ultrahigh-density matter
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Characteristic strain

Future high-frequency observation

The high density requires high-frequency observations

F ~ G

Some proposals are made for postmerger signals
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QCD phase diagram

What kind of transition occurs from hadrons to quarks?
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Current view of the transition

Smooth crossover transition might be realistic

2023/11/7
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Crossover vs. 1st order PT

100 it
Crossover é » _Cmssove‘r‘""i_;-._%:‘{.‘i";_;;;f..._...
Smoothly connects two I|m|ts% MN . Quark Matte
Note: we need to explain 71| &
2 solar mass neutron stars | ol e 6D
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Dist

Only very high density allow ;.

strong phase transition...

107 1

No effect on astrophysics?
[see also Huang+ (2022), Kedia+ (2022)] 10°
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Black-hole formation as a key

Gravitational emission suddenly ends for crossover
because of the gravitational collapse of the remnant
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Did GW170817 form a black hole?

fﬂgﬂgrgﬁa-1r15§5fﬁiﬁk

Q 25(:” 1 Lightcurve from Fermi/GBM (10 — 50 keV)
Nobody knows the answer : !

s ol M. I, | Jl Ty Nlm| g M“LIIL [ i gL
Important for s o M} I Ty iy /|
- QCD phase StrUCtU re % 1750 4 Lightcurve from Fermi/GBM (50 — 300 keV)
- gamma-ray burst F j;ojj TN |17 TP

. s .7 0_ bl “WH“Inl 111 WU" lf"ﬂﬂm 'TITn"" .J_] il T'"'] '"'"H i mdlw.nn 'WTI il 'ﬂ""'

- r-process and kilonova °~ L L

:: — ](_;gkilgtalll;tig 11111 INTEGRAL/SPI-ACS
Gravitational waves are =
Emitted for 10-100ms at  ~

IR Gravitation
300

kHz and will be the key
[neutrinos? Kyutoku-Kashiyama 2018]5 100

50
—10 —8 —6 —4 -9 0 9 4 6

2023/11/7 LIGO&Virgo&Fermi&INTEGRAL (2017) 27

(Hz)




(logB)/o

Distinguishability in data analysis

AdLIGO is insufficient even at design sensitivity (left)
Third-generation detectors may do at >100Mpc (right)
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3. Summary



Summary

* Multimessenger observations of binary-neutron-star
mergers have delivered important information
about theory of gravity and cosmology.

 The neutron-star equation of state is constrained by
measuring tidal deformability from inspiral
gravitational waveforms.

* |nthe future, postmerger gravitational waveforms
may enable us to study the QCD phase diagram via
the gravitational collapse of merger remnants.



2023/11/7

31



Appendix



Gravitational-wave detectors

SU-tokyo.ac.jp/wp-content/themes/Icgt/images/img_abt_lcgt.jpg

Advanced LIGO
(Hanford/Livingston, USA)

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

Advanced Vlrgro (Pisa, Italy)
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Observation plan

O4 will continue throughout 2024 with improvement

O5 is planned to start from the beginning of 2027

Updated mm O1 02 wmm 03
2023-10-11
80 100 100-140
Mpc  Mpc Mpc
LIGO . L
30 40-50
Mpc

Virgo

0.7

Mpc

KAGRA |

https://observing.docs.ligo.org/plan/

== O4
150 160+
Mpc

40-80

Mpc
1-3 =10 =10
Mpc Mpc Mpc

05

240-325
Mpc

150-260
Mpc

25-128
Mpc

| I I I | |
G2002127-v21
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Various phases of coalescence

Remnant massive NS:

extreme temperature/density
vy~ Late inspiral and merger:
‘ tidal deformation, NS EOS

-+ O
AN ~.

0.2 FN_ <

0.1-5—\ | | ﬂ l
o1 nnnﬂMMM

Early inspiral: mass, spins...

Ringdown: GR

=y
= O 11
) _0.05 | U U U .
~0.1 } U U i
SO ARN 1 _
~0.2 | F’S—27 . . . . . -
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t (ms) Hotokezaka, KK+ (2011)
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Current constraint

~ 11.5 — 13.5km for typical-mass neutron stars?
3

| | L
Enoto-Kyutoku (2023) . APR4
5 5 Lin “IRFZHZ \ X-ray (NICER) _| SFHo = = =
| \ 1074046620 ALF2
\ DD2
di : - H4 — —
E I MSI — - —
E = GW170817 _’ J0030+0451 ] ™1
= X-ray (NICER)
1 |
0.5
0 |
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Strong correlation of A — M.,

m=m, for the equal-mass case [M,,]

The most measurable A
1.15 1.2 125 1.3 135 14 145 15 155 1.6

Is correlated strongly — 7T T
Mass ratio IS5 H O -

125H O
H
HB

B O =

with the chirp mass M

1000 [
We effectively constrain

AM = 215m,) )

GW170817:
M, = 1.188Mg
q=0.7-1

>13-14km is disfavored

1 1.o5 1.1 115 12 125 13 135 14

Mc [Mgynl
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Role of theoretical templates

Parameters of binaries are estimated by measuring the
match between data and theoretical waveforms
Accurate theoretical models are indispensable

' T ' T T T T T T T T I ' ' I ' I ' —
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Uncertainty in the waveform model

1 radian difference usually makes differences

Current systematic errors are larger than 1 radian

We need accurate waveforms for better estimation

| PhenomDNRT — PhenomPNRT - "'E
bor — SEOBNRT — PhenomPNRT B i A R
_ TaylorF2 — PhenomPNRT A — 400 AR .,
1IOF - Ad e e et . LRI
== ADNRTIAl AR R
| e
. . . . . Lo I "“
LIGO&Virgo: (2018) Sastt _—
0 ; R A . -
10°
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Necessity of numerical simulations

The amplitude maximum comes after the contact
- Gravity (post-Newtonian correction) is nonlinear
- Hydrodynamics (tidal effect) is also nonlinear
Analytic computations cannot be fully accurate

t=57.34 [ms] lng“ﬂp(g/cm3)] t=57.89 [ms] lnguﬂp(g/cm3)] t = 58.45 [ms] lx@"ﬂp(g/cm3n
40 T T 15 D 7T 15 40 T T Y T 15
30 30 30
N 14 14 14
20 | " 20 | 20
10 18 13 10} 13 10 13
> 10 | O | !1 12 > 10 12 > 10 12
-20 20 -20
11 11 1
-30 - -30 -30
-40 : . l L l : 10 Q) ettt 10 -40) : 10
40 -30 -20 -10 0 10 20 30 40 -40 -30 -20 -10 0 10 20 30 40 40 -30 -20 -10 0 10 20 30 40
x [km X [km . . X [km
[} [fan] Kiuchi+KK+ (2017) [lan)
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Waveform library

https://www?2.yukawa.kyoto-u.ac.jp/~nr kyoto/SACRA PUB/catalog.html

Released Model List

Serach:

Model name + my % m; % (=mr:'fm2] * F,,,:‘,,,,z, * n * L + EOS name + Moo o A3 mplly N

15H 135 135 00155 182 135 135 135 7 1 0.25 1147524 15H 1211 1211 1211 0.0155 132
15H 135 135 00155 150 135 135 135 7 1 0.25 1147524 15H 1211 1211 1211 0.0155 150
15H 135 135 00155 130 135 135 135 7 1 0.25 1147524 15H 1211 1211 1211 0.0155 130
15H 135 135 00155 110 135 135 135 7 1 0.25 1147524 15H 1211 1211 1211 0.0155 10
15H 135 135 00155 102 135 135 135 7 1 0.25 1147524 15H 1211 1211 1211 0.0155 102
45H 135 135 00155 90 135 135 135 7 1 0.25 1147524 15H 1211 1211 1211 0.0155 a0
1254 135 135 00155 132 135 135 135 7 1 0.25 1147524 125H 553 563 863 0.0155 132
1254 135 135 00155 150 135 135 135 7 1 0.25 1147524 125H 553 563 863 0.0155 150
1254 135 135 00155 130 135 135 135 7 1 0.25 1147524 125H 553 563 863 0.0155 130
125H 135 135 00155 110 135 135 135 7 1 0.25 1147524 125H 553 563 863 0.0155 10
125H 135 135 00155 102 135 135 135 7 1 0.25 1147524 125H 563 563 863 0.0155 102
125H 135 135 00155 90 135 135 135 7 1 0.25 1147524 125H 563 563 863 0.0155 B
H 135 135 00155 182 135 135 135 7 1 0.25 1147524 H 507 507 607 0.0155 132

H 135 135 00155 150 135 135 135 7 1 0.25 1147524 H 507 507 607 0.0155 150

H 135 135 00155 130 135 135 135 7 1 0.25 1147524 H 507 507 607 0.0155 130

H 135 135 00155 110 135 135 135 7 1 0.25 1147524 H 507 507 607 0.0155 10

H 135 135 00155 102 135 135 135 7 1 0.25 1147524 H 507 507 607 0.0155 102

H 135 135 00155 90 135 135 135 7 1 0.25 1147524 H 507 507 607 0.0155 B

HB 135 135 00155 182 135 135 135 7 1 0.25 1147524 HB 422 422 422 0.0155 132
HB 135 135 00155 150 135 135 135 7 1 0.25 1147524 HB 422 422 422 0.0155 150
HB 135 135 00155 130 135 135 135 7 1 0.25 1147524 HB 422 422 422 0.0155 130
HE 135 135 00155 110 135 135 135 7 1 0.25 1147524 HB 422 422 422 0.0155 10
HB 135 135 00155 102 135 135 135 7 1 0.25 1147524 HB 422 422 422 0.0155 102
HE 135 135 00155 90 135 135 135 7 1 0.25 1147524 HB 422 422 422 0.0155 B

B 135 135 00155 182 135 135 135 7 1 0.25 1147524 B 269 269 289 0.0155 132

B 135 135 00155 150 135 135 135 7 1 0.25 1147524 B 269 269 289 0.0155 150

B 135 135 00155 130 135 135 135 7 1 0.25 1147524 B 269 269 289 0.0155 130

B 135 135 00155 110 135 135 135 7 1 0.25 1147524 B 269 269 289 0.0155 10

B 135 135 00155 102 135 135 135 7 1 0.25 1147524 B 269 269 289 0.0155 102

B 135 135 00155 90 135 135 135 27 1 0.25 1147524 B 269 269 289 0.0155 20

15H 125 146 00155 182 135 125 146 271 086 02485 1147524 15H 1871 760 1200 0.0155 132
15H 125 146 00155 150 135 125 146 271 086 02485 1147524 15H 1871 760 1200 0.0155 150
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https://www2.yukawa.kyoto-u.ac.jp/~nr_kyoto/SACRA_PUB/catalog.html

Kyoto gravitational-wave model

TaylorF2: analytic, Post-Newton phase (x e f2/3)

3 f 39 3115 28024205 , 4283
25PN _ _27 &) 5 Y/ 2
Fia =128, ( 2 )x [ Tt T T 3300008 ¢ T 1092

+ correction terms associated w/ mass asymmetry

er5/2]

We introduce a nonlinear-in-A term (empirically)

39 .
S AL+ 12,5547 2424)

This A2%/3 term well reproduces numerical relativity
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Case of GW190425

Weak constraint due to the high mass 3.4M~ and the

large distance 150-250Mpc |

Even A = 0, i.e., black holes,

may not be disfavored
[see also Kyutoku+ (2020)]

GW170817

GW190425

Narikawa+KK+ (2020)

—— GW170817
—— GW190425
— MS1
H4
MPA1
APR4
—— WFF1

Simply GW170817 was
extremely lucky -

Q
Q
N

(a)|]

Binary tidal deformability

Chirp mass ~




Uncertainty in chiral EFT

The validity range IS cruual for strength of constralnts

Hebe]er et al. (2013) I
Tews et al. (2013)
1 Lynn et al. (2016)
_ - Drischler et al. (2019)

10°F

log,o(P) (MeV/fm?)

Raaijmakers+ (2021)

05 06 07 08 09 10 11
n/ng

2023/11/7



Luminosity (erg s—1)

Kilonova: AT 2017gfo

Indication of the large ejecta mass of ~ 0.05M
It has been claimed that “this requires A > 400”
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A lot of counterexamples

Our conclusion:
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Reason?

Mmax may not be strongly correlated with A < R~°
of typical-mass neutron stars

If the remnant survived

moderately long due to

t
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Current view on the sound speed

Not stiff at low density, but 2M must be supported.

Conformal limit (c¢2/c? = 1/3) is likely to be exceeded
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1st-order phase transition

Postmerger neutron stars emit quasiperiodic sighals

Strong first-order phase transition at very high density
may be identified via the shift of the peak frequency
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Structure of the merger remnant

Density/temperature structures are not very different
Quarks appear at the high-n core and high-T envelope

Time evolution of maximumnand T
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Relation to independent studies

There exists other studies, e.g., those based on QHC

We require explicitly that the perturbative QCD regime
is realized after the crossover from hadronic matter
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Cf: results with QHC (other study)

Soft equations of state at high density derive high
postmerger frequency: also consistent with our results

Togashi EOS
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Possible source of uncertainties

Finite-temperature effect? (modeled by “I'y,”)

We vary systematically the strength of thermal pressure

Neutrino effect? (neglected)
Its time scale is ~1s, much longer than our target

Magnetic-field effect? (neglected)
Its time scale is ~0.1s, again longer than our target

Grid resolution? (finite, of course)
Checked weak dependence but always a touch topic



Multimessenger observation

If the collapse is too early, no material is left outside
and the kilonova cannot be as bright as AT 2017gfo

0.2

Our crossover model |,

may be pass this test ¢

—

with mass asymmetry g O

(1s-order PT trivially =

: 0.05
passes this test because ’

no gravitational collapse)
0

|

AT 2017gfo

\

\
\

~
~

I I I I
1.375M ¢ -1.375M

1.55Mg -1.2Mg = = = -

-'--
-y
L
=
=
L]
- o

This event requires ~ 0.05M, ejecta

-

=

0

Fujimoto+KK+ (2023)

D 10 15

20

t-t ms)

collapse (



	スライド 1: Gravitational waves and physics of compact objects
	スライド 2: Plan of the talk
	スライド 3: 1. What we have learned: GW170817
	スライド 4: Observed event by the end of O3
	スライド 5: Neutron star
	スライド 6: Multimessenger event: GW170817
	スライド 7: GRB 170817A at 1.7s after merger
	スライド 8: The difference of speeds in GW/EM
	スライド 9: Kilonova and host galaxy
	スライド 10: Gravitational-wave cosmology
	スライド 11: Distance-inclination degeneracy
	スライド 12: Electromagnetic angle inference?
	スライド 13: Nuclear-matter equation of state
	スライド 14: Quadrupolar tidal deformability
	スライド 15: 大文字 M マイナス 大文字 ラムダ  relation and equations of state
	スライド 16: Numerical waveform
	スライド 17: Constraint from GW170817
	スライド 18: Current understanding
	スライド 19: 2. What we will learn in the future
	スライド 20: Third-generation detector
	スライド 21: What should we understand then?
	スライド 22: Future high-frequency observation
	スライド 23: QCD phase diagram
	スライド 24: Current view of the transition
	スライド 25: Crossover vs. 1st order PT
	スライド 26: Black-hole formation as a key
	スライド 27: Did GW170817 form a black hole?
	スライド 28: Distinguishability in data analysis
	スライド 29: 3. Summary
	スライド 30: Summary
	スライド 31
	スライド 32: Appendix
	スライド 33: Gravitational-wave detectors
	スライド 34: Observation plan
	スライド 35: Various phases of coalescence
	スライド 36: Current constraint
	スライド 37: Strong correlation of 大文字 ラムダ チルダ マイナス スクリプト 大文字 M 下付き c 
	スライド 38: Role of theoretical templates
	スライド 39: Uncertainty in the waveform model
	スライド 40: Necessity of numerical simulations
	スライド 41: Waveform library
	スライド 42: Kyoto gravitational-wave model
	スライド 43: Case of GW190425
	スライド 44: Uncertainty in chiral EFT
	スライド 45: Kilonova: AT 2017gfo
	スライド 46: A lot of counterexamples
	スライド 47: Reason?
	スライド 48: Current view on the sound speed
	スライド 49: 1st-order phase transition
	スライド 50: Structure of the merger remnant
	スライド 51: Relation to independent studies
	スライド 52: Cf: results with QHC (other study)
	スライド 53: Possible source of uncertainties
	スライド 54: Multimessenger observation

