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Credit: Bill Saxton

NRAO/AUI/NSF

Á Ḍ︡Ἓ ַא Ϯ, ʃ ˞⇔ Ṋ╥ χ בֿ ᵢתּ  Ѿ́ (8-25Msun)

Á 2.5Ḥ ♬ҵ װפֿ‚ ~ װפֿ‚ ~װפֿ

Á ᵒתּ ~ 10-14 ᴛḈ ╘װפֿ , ‚♬ҵ

Á ᶔ₣ҵ: ~ 105-6 K Č ṓỢ: soft X-ray source (~ 0.1keV)

Á ̯ἛἛṪ(particle composition): ∟▫ (nuclei), 

Ἓ▫(free neutrons), ‚Ἓ▫(protons), ♣▫(electrons) Ӯאַ ┬▫

╥ ░▫ө̓ ╪өʼ╥ Ữ ▬↔╙ ̆ ᴎ ⁴ Ữ Ḣ♬ᾏ(Equation 

of State, EOS)╙ ♠╙ ὡ ▓ѻ.

Ἓ▫Ṋאַ (a neutron star)
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˭▫ᵙ Ἄ (Crab pulsar)
ӥג ─Ἓᵬ∟˿╪ ╘
X-ray ╪Ḉּת (NASA)

ᵰ↕ ̂ ♣▫ ˭ẖᵎ ̆־ ╙◑͙▫  Ѥ ַאἛ▫Ṋ
̕ ᾐ ⁄ӻᵐᶘ , ╪ˆ╥⁄ἌѤ rotational-
powered pulsarŋ ᴛל ỢגṨᵒ.

▫͙ (▫ )̓ ▫♣ ╪ Ϯה ˿ ╘Ώ תּ ↕ 
▫  Ṩ͐⁄Ἄ Ḣ ӇѤ ṓỢ Ẑ╪ Ӯҍ₮ ̄ ▫Ἓאַ ╪
Ṋ╥ ▫♣ ͙ל₮ ҿ▀ ̋ ᵑ͙ל   ̆תּ
ᾅᾐ ᴛ̕ ӊ

ỢẐ╥ҵ ,סּ ͙ל ͙ל♣▫╥Ἓ▫Ṋאַ ~

Á ᶔ (dipole) ▫͙◑: 108~1015 G (χ ͎Л  Ṓ)
Á  ms~ 10 s :͙ל ♣▫
Á ꜙᵆ: ♣ Ợ, ⁞ᾅἐ Ợ, ˁ ᵡἐ Ợ ̕ ╖ᴛ ╬

˭▫ᵙ Ợ₮ ̄ ╪ ♣  ~ ˁ ᵡἐ ɒ ӧ ᾅ ᴀ⁄Ἄ ̂  ᾅ 
ᾐ ᵑ Ḣ Ѥ ˿ ↕ҵ ▓̆, ♬ ל ὡ ҍ⁵⁄Ἄᵣ ᾅ ᾐ
ʺ ̕  ̋ ѫ  ˿ ↕ҵ ▓╛. 

[NOTE] ♬ ҍ⁵⁄Ἄ ᾅʺ ̕ Ӈּת ΏѤѻ̆ Ἄ ͎  ҍ⁵╥ ṓỢ
ʺ Ⱶ◓ ♬ΏѤѻ̆ Ѿ תּ  ὡ ′╛.ᵬ∟˿╥ ˁ ҵ, ̕  ᾎʼ, ⁄Ў
ҍ⁵, Ẑ╥ Ḣ תּ , Ἓʼ ὡ₮ ụה Ӯ⁄ ӻג ʕ  ⁴Ṩʺ Ҁ︠ג

Ợ (a pulsar)
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https://link.springer.com/article/10.12942/lrr -2005-7

2008 LLR by D. Lorimer

ATNF pulsar catalogue 2.8.1 ͖4393 כˉ ♆  ở Ḙ˵ 
https://www.atnf.csiro.au/research/pulsar/psrcat/
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⁴̬/̒  Ҋừ╓ᴘἉ╢ ở vs ׂשἘ■ṇ ̬ṧ 

Á ▀ḙ♠╖ᴛ ᶛӧ ỢѤ ַאἛ▫Ṋ╪ѻ Č

Á ṓỢ Ẑ╙ ᾅ ᴛ Ḣ אַ Ἓ▫Ṋאַ Ѥ ˦ᵣ Ợᴛ ̕ ╪ ʺѫ ѻ Č

Á ◓Ⱶ ⁄ל↕ Ѥ [ Ợ╥ ὡ << ַאἛ▫Ṋ╥  ˌὡ]

Á ↕ᵙ ╘ ⁄ Ⱶ◓ Ѥ ַאἛ▫Ṋ ˌὡ Č ᶴ˞⇔ Ṋ╥ ˌὡ, Ἓᵉ, ֿב Ѿ́, ╘ ╥ Ϯ╪ Ӯ╙ 
̆ᴎ ⁴ ♬ Č 108-9ˌ (cf. ↕ᵙ ╘ ⁄ Ⱶ◓ Ѥ ▀ḙ♠╬ Ṋ╥ ˌὡ : 1011 ˌ) 

Á ̕ Ἓ▫Ṋאַ  Ḣḹ : ẕ (ᶛӧ ᾅ ᴀ ʺѫ Ϯ ♣ , ⁞ᾅἐ, ˁᵡἐ╪  Ợ ̕ ⁄ ┬ᵙ)

Á ↕ᵙ ╘  ḓ לṉ⁄Ἄ ḛ˸ӈ ҍѻὡ╥ ỢѤ ♣  Ợ

Á ѾҶ Ợʺ 80% ♬ҵ╪̆ binaryҵ 10-20% 
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existence of GW : radio observation

The Hulse-Taylor pulsar (radio pulsar + neutron star binary197)
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ᴏאַ Ḣ ᴛ╬
⁄ЎּתἸᾒԅᶷ⁄
ӎַאἛ▫Ṋʼ

˞ᵙʺת‡ө̆▓ѻ.

ᾡἛ́͂ҵṉ ʺ′ѻᶔ̕ ҥ╪ ʺ
ṭ╘ựὡ ἐ─⁄й⁴▓╙˦╪ѻ.

year

GR prediction (line) and observation (points) are well 

consistent by less than a few %

For the discovery of a new type of pulsar , 
a discovery that has opened up new pos
sibilities for the study of gravitation

ᴏאַ  Ⱶ◓╥ ʼ♪ ּש˞ ċ ♣  Ợ ╪Ḓ ̕  
ᾅ- Ợ (PSR B1913+15) 1975Ц бᶷ ױ▀
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˃ ╕Ἐ■ṇשׂ ᴌשׂ  ∙╧Ѹ

ÁḌ︡Ἓ/ַ̆אᴏ  compact object
- ḥự⃰Ἓ, ׂשἘ■ṇ, ẇן

Ácompact binary coalescences (CBCs)
merging binaries consisting of WD/NS/BH

ŗḌ︡ᾡἛŘ

Types of known CBCs in GW transient catalog (as of GWTC -5) 

NS-NS (GW170817, GW190425)

BH-BH (binary black holes = BBHs)  ŗstellar-massŘ black holes

NS-BH candidate (GW200105, GW200115)

ῳכ›Ἁ Ḙ˵Ӆ NSӦ╕ Ś№ṥ╕ ╘‮ Ἐ■ṇŚ ở ⁭ṥ ΌὝשׂ 
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Credit: Bill Saxton

NRAO/AUI/NSF

┬╪ ╬Ἓ▫Ṋ╪ Ḉᴛ⇔ ⁷̯ҍỮאַ

░▫ᶹᵙ , ᶹᵙ , ᶹᵙ ᴏ╪ᴝאַ ,
Ἐ■ṇ ừשׂ ḟ♩ᾌ Ḑ ̬Ɑ, 
(ellipticity, moment of inertia) רᶶᵖ ש⁭
שּ ,□Ἐ■ṇ ỵἘ͖שׂ
̃■͖◌ ˼ ›Ἁ╢ Ṑở ḟ  ͖□
˼ ᴌשׂ̃ ›Ἁ╢ ͌  ᶶἘ/█■ ừ □↑
╧  █■╢ Ⱳ◐ Ữ (quark star)

ᶹᵙ ᴏ╪ᴝאַ ,
ᶘ╕ ϼ Ἐ┬, dynamics

ᶷ̕ (ẕ╥ ♣ ᾅ ᴀ, ַאᴏ )
♆  ̒ ( ở ╧ḏ )
‼ᾂἍ, ʾᵞἍ ӫ ̃›Ћּק Ẓ ̒  (⌐Ἐ ở↑)
ᴌשׂ  (mHz ~ kHz ›Ἁѡ ׂשᴌ ∙

nHz›Ἁѡ ̒ Ҳ̬ᴘ ↑ʷѨ)
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ṇṥ ד→ 

ᶴ̒
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Ṋ( , star) 
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Credit: NASA/HST

ἛѾ( , star cluster) 
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ẕ╖ᴛ ṕ ↕ל (visible/near IR) 

╘ ( , galaxy) 

[Basic units in astronomy]

Ẇ mass     : 1 solarmass(Msunor M )u = 2x1033 kg
Ẇ distance: 1 parsec (pc) = 3x1016 m

1 light-year (yr) = 3.26 pc 13



Όӥᴛᶉѻ╘
(Andromeda galaxy)
nearest galaxy from the milky way(d ~ almost 1 Mpc)
2.537 million light years away

(2.4 x 1019 km)

Earth-Sun distance: 1.5x 108 km
size of our Galaxy: 50,000 light years
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╘ ₮ ╘ Ѿ, ˞ҍ̯ⱳ 

ǎƻƳŜ ƘŜŀǾŜƴƭȅ ōƻŘƛŜǎ ŀǊŜ ƛƴǘǊƛƴǎƛŎŀƭƭȅ άŘŀǊƪέ ƻǊ ǘƻƻ ŦŀǊ ǘƻ άǎŜŜέ

ex) dark matter, black hole
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Gamma-ray Universe
(ŗtransientsŘ = one-time strong emission of lights)

Pulsars are another examples of transients
16



light and astronomy
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GW universe

early universe

black holes and 
neutron stars
at cosmic distances

supernovae
(in Our Galaxy)
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DǊŀǾƛǘŀǘƛƻƴŀƭ ²ŀǾŜǎ όD²ǎύ ŀǊŜ άǊƛǇǇƭŜǎέ ƛƴ ǎǇŀŎŜǘƛƳŜΦ
Accelerated mass with non-zero quadruple (or higher) moments perturbs spacetime. 
¢ƘŜ ǇŜǊǘǳǊōŀǘƛƻƴ ǇǊƻǇŀƎŀǘŜǎ ƻǳǘǿŀǊŘ ŦǊƻƳ ǘƘŜ άǎƻǳǊŎŜέ ŀǘ ǘƘŜ ǎǇŜŜŘ ƻŦ ƭƛƎƘǘ Υ 
gravitational waves

GWs emitted from a merging BH-BH system

Credit: C. Henze, NASA

D²ǎ ŜƳƛǘǘŜŘ ōȅ άƛƴǎǇƛǊŀƭέ Ƴƻǘƛƻƴ ƻŦ ŀ ōƛƴŀǊȅ

* metric = Minkowski + perturbation h

19

acceleration of the mass distribution
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Image credit: NASA/JPL-Caltech

Masses of compact objects as GW sources
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Image credit: NASA/JPL-Caltech

Masses of compact objects as GW sources

pulsar 
timing
array

LIGO/Virgo/KAGRA

GW frequency = 2 x orbital frequency
frequency ċ Jdokdqŝr k`v 

10-2000 Hz nano ~ micro Hz

22



ᶴ˞⇔ Ṋ╥ ᵡּתᵢ ֿב  Ѿ́
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Ἐ■ṇ ᶶᵖשׂ

ᶖ ʷּד ק⅔ ˉХӦ
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ˆ ᴏ╪ ‬ᵡϮאַ ╥ ᵑ Ϯתּ ϿѤ ᶴ ∟(dimensionless) ‚╪ѻ.

Ḍ︡Ἓ(compact object)̓ Compactness 

Compactness of an astrophysical object ʺ ѻ
Č╥ḈѤ?

Åַאᴏ╪ ˆ ѻ.
Å ᾎ̑ʼ ̇ᵉ(spacetime curvature)╪ ѻ.
Å ▀ḙỮҍᴝ ♠↔ ⅝ ѻ
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ˆ ᴏ╪ ‬ᵡϮאַ ╥ ᵑ Ϯתּ ϿѤ ᶴ ∟(dimensionless) ‚╪ѻ.

Ḍ︡Ἓ(compact object)̓ Compactness 
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https://www.space.com/22078 -inside-neutron -stars-graphic.html 27



ừ ḟ♩ᾌ (Equation of State, EOS) : P=P(ǌ,T)

Å  ᴏ̓ Ḍҵ, ₣ҵ, ⱳἛ(composition) Ợ╪╥ ́̕ᵑ ♬╥ ѻ.
Å  ϿṨ ᶹֿפ╥ Ḉᾎ♠ Ἓֿפ(microphysics)╙ ˞ᾎ♠ ̯ⱳ(macroscopic structure)₮ ⁷˺ Ѥ ᾔ Ḣ♬ᾏ
Å ַאἛ▫Ṋ⁄ἌѤ ᶹֿפ(nuclear matter)╥ EOS̋  ҍֿװפ, ḙּתᵒ, ⱳἍṉ Ἓ(tidal deformability) ╙ ˺♬

Ἐ■ṇ ừשׂ ḟ♩ᾌ
Å Ữҍᴝ♠(relativistic) ᶹֿפ (nuclear matter)╥ ⁸⁵ ♠ ᶹᵙװỢ╪╥ ́̕ᵑ ♬╥ Ѥ ὡ
Å Ữ Ḣ♬ᾏ ͙ὥ⁄ ⅝  ᶹᵙװ:  ᴏ P, ₣ҵ(temperature, T), ⁄ЎּתḌҵ(energy density) ǁ, 

ḕᵙ₣ ˌὡ Ḍҵ(baryon number density) n, ̯Ἓ⅝ἵ(particle composition)

Ἓ▫Ṋ ⁷̯⁄Ѥאַ Ữ Ḣ♬ᾏ╪ ַא⅝  ⁷̯ᶜ♠╪͙ҵ ̆ ͙ṕ Ḣ♬ᾏ╪͙ҵ ѻ

P=P(ǌ,T, {Xi})

[ChatGPT ↔. ˤὡ₰ᴮ. ▀Ṩ ὡ♬]28



[ChatGPT ↔. ˤὡ₰ᴮ. ▀Ṩ ὡ♬]29



Č ⅝ ѻ

[╪┬] 

Å ַאἛ▫Ṋ ϿṨ⁄ἌѤ ▫╥ ᵎḈ ⇔ҿװ(Fermi momentum)╪ ᵰ↕ ḃᴛ ░▫╥ ἶҵʺ 
̛ἶ(speed of light) .ѻבֿ√ͥʺ ⁄

Å ♣▫(electron)Ѥ ˞╥ ₰♣  Ữҍᴝ♠(ultrarelativistic)╪ѻ.

Å ַאἛ▫(neutron) ⁵ᾎ ַאᾔṨ⁄ἌѤ Ữҍᴝ♠ ⇔ҿ╙ ѻ.

⇔ҿװ╙ ὡỮҍᴝ ♠↔ ⁴ ́ụ  ԅ, ╥ ˞ᾎᶹᵙ₅ ♪וֹ אַװ ╙ ḚѤ ˦╘?  ἶҵ (Ṫ ),  ᴏ, ₣ҵ

Ἓ▫Ṋ Ữאַ Ḣ♬ᾏ(EOS)╙ ╪ ͙ ─  ὡỮҍᴝ(Special Relativity)╪ ⅝ ʺ?

[ChatGPT ↔. ˤὡ₰ᴮ. ▀Ṩ ὡ♬]30



Ἓ▫Ṋ Ữאַ Ḣ♬ᾏ(EOS)╙ ╪ ͙ ─  ὡỮҍᴝ(Special Relativity)r  ♠↔ ᶔ 
Ṫ ʺ?

ČṬ Ṫ ѻ. ַאἛ▫Ṋ╘ ▀ḙỮҍᴝ╙ ♠↔ ‒ ♬ ͙ὥʺѫ

[╪┬] 

Å EOS ▫ ᵑ ́ụ Ѥ ҥ⁄Ѥ ὡỮҍᴝ╪ ⅝ ѻ.
Å ͎ױϮ ַאἛ▫Ṋ ♣  ̯ⱳ(ֿװפ-ḙּתᵒ ́̕)ᵑ ́ụ ᴎᶔ ▀ḙỮҍᴝ(General Relativity)╪ ⅝ ѻ.

,סּ
Å Ḉᾎ♠ ᶹᵙ(Microphysics): ὡỮҍᴝ + ‚▫⁵ (Quantum Mechanics) + ᶹᵙ (Nuclear Physics)
Å ˞ᾎ♠ ̯ⱳ(Macrophysics): ▀ḙỮҍᴝ + TOV Ḣ♬ᾏ
╖ᴛ ̯Ṫ  ὡ ▓ѻ.

[ChatGPT ↔. ˤὡ₰ᴮ. ▀Ṩ ὡ♬]31



Mass-radius curves of representative equations of state (EOS)
of a neutron star

Č Ἓ▫Ṋאַ ḙּתᵒ vs ֿװפ מ͎
Č ̇ἐ Ϯ Ϯʺ ѻᵐ EOS ɒ Ҩ╥ ˺̓

ᶴ″╙ ṛ‒ Ϯ?

Č ҍ/ ἵ ḙּתᵒ 
Č ҍ/ ἵ ֿװפ
Č Degeneracy between M and R

̕ ̓╥ ẋ̪
ѻᵐ Ḍ︡Ἓ̓ ̑♣ Ѥ ♣  Ợ╥ 
╪Ḓ ̕ ╖ᴛ Ợ(ַאἛ▫Ṋ)╥ ֿװפ╙
Ữ҉  ♬  ♬  ὡ ▓ѻ.

https://sci.esa.int/web/loft/ -/49338-equation -of-state-
for-neutron -stars 32



The most massive neutron star mass estimates derived from pulsar timing 

https://en.wikipedia.org/wiki/List_of_most_massive_neutron_stars

11 pulsars with mass estimates 
larger than 2 Msun
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♆  ở ̒



ᵬ∟˿ ̩ ὡ ͙ ר

- Single dish Ѿ▀˿

Č  ♣  ᵬ∟˿ 1ҍ

- Interferometry array ̓ Ἔ
Č▬╘ ♣  ᵬ∟˿ ⁴ױ ҍ

[ᶜ♠] ʺѫ  ά  эέ ̯

♆  Ἁ ̒  ͖ Ṓ:  ♆  ᵬ∟˿ ꜙ ᵆ
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https://radio.kasi.re.kr/kvn_ko/about_kvn.php

ʼἜ ₉:

KVN (Korean VLBI Network ) 
♆ד→̭ ̒ ᵩ



♆  Ἁ ̒  ͖ Ṓ:  ל ὡṊ ̕  ҍ⁵̓ ҍ  ᵬ∟˿

L-band(– 1ŕ2 GHz)Ѥ Ἓʼụה╪ ẋ̪♠ ▬̆ Ἄ╥ ♣ Ἕ͙ʺ Ṫ ⁴ ҍṨṪ╥ Ἄ ự̓ 
♬Ḍ ╪Ḓ⁄ ʺ◑ ┬ᵙ ̕ ҍ⁵╪ѻ. 

Ϯ ͐ ╪ҿױ͎ ᾐ(4G/5G), ─Ἓ ᾐ, GNSS Ӯ ѻ‚  ᶴἐ ᾐ ᾎᾅ ♣ ᴛʺשּ ╥ ל  ὡ ʼἘ 
Radio Frequency Interference(RFI)̋ ʺשּ ἶ♠╖ᴛתּ  ̆ ▓╖ᶒ, ̰Ⱡ♠╖ᴛ Ṓ ӈ 1400ŕ1427 MHz ҍ⁵
⁄Ἄҵ ╬♪ ҍ⁵╥ ˆ  Ἶᾐ ᾐ ⁄ ╥  ʼἘ(out-of-band emission, receiver saturation Ӯ)╪ ♣ ᶷ
⅝אַ ╥  ͙ὥ♠ ᶷⱠᴛ ҍӎӇ̆ ▓ѻ. 37



♣ ל  ὡ ʼἘ Radio Frequency Interference(RFI)

https://science.nrao.edu/facilities/vla/docs/manuals/obsguide/modes/rfi?utm_source=chatgpt.com
38



The most massive neutron star mass estimates derived from pulsar timing 
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♣  Ἄ ̕  ͙ ṕ: Ἓʼᶹֿ̓פ ♣  dispersion

Dispersion measure is proportional to 
the electron number density along the propagation 
path from the source to the observer

40



Ợ ╪Ḓ Č ᵰ↕ᵰ↕ ┬↔  ̕  Ḣḹ!

for a radio pulsar in a binary

- mass function f(m 1,m2, inclination) 

- post-Keplerian parameters

(e.g. advance of periastron or

rotation of the major axis ŗdirectionŘ)

PSR J0737-3039A/B

Burgay, ..., CK, et al. (2004)

credit: Alexandre Le Tiec
~ 43 arcsec/century

f(m1,m2, inclination) 

41



http://www.naic.edu/~pulsar/highlights/highlights_AOGC.shtml    (2007) 42

http://www.naic.edu/~pulsar/highlights/highlights_AOGC.shtml


Formation of a pulsar binary and types of pulsar binaries

43



Galactic Pulsar population and the P-Pdotdiagram

There are different types of pulsars categorize 
by their evolutional phases and/or systematic 
characteristics

άǇƻǇǳƭŀǘƛƻƴέ ╥ ɒ ︡Ѿ

ᶛ︡Ѿ╘ Ѿ▀ ͎ ᴹ▀ ὡҵ ▓╖Ϯ Ṓ  ̕  
Ỵ  ὡʺ ּשʺ ⁄ ӻױ⁴ ג ͎ ᴹ
(subpopulation)╪ ḛ˸Ӈ̈ ѻ.

P-Pdotdiagram: similar to the HR diagram for 
stars, a 2D correlation between the spin period 
P and dP/dt, showing the diversity of pulsar 
population, properties 

44



Galactic Pulsar population and the P-Pdotdiagram

45

Tong & Wang (2014)

(2008?)



Sky map of radio pulsars in the Milky Way 

discovered by Arecibo telescope
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Ợ ḕ╪Ўᵙʺ Ữҍᴝˤּש ḓ ᶹᵙ ♠╖ᴛ ┬↔  ╪┬ :

ḹױ + ỮҍἛ╪ᴝ + ♣ ╪Ḓ̕ ╙♠↔Čֿװפ ♬ + ˞ ᵙҵ ♬ʺѫ
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Ợ ḕ╪Ўᵙʺ ᶹᵙ ♠╖ᴛ ┬↔  ╪┬ :

ḹ ױ  + ỮҍἛ╪ᴝ + ♣  ╪Ḓ ̕ ╙ ♠↔ ⁴
- Binary╥ Ữ҉ ╘װפֿ  ♬ ˭ ♬ʺѫ ѻ
- Ợ(ַאἛ▫Ṋ)╥ҿḙἛ(companion)╥ֿװפ╙ δ ♬ ˭ ♬  ὡ ▓ѻ
- Binary╥ ӎ ֿאַ װפ Ϯʺ Ợ╬ ˿ ↕, pulsar parallex₮ DMӮ╥ ⁴ױ Ḣḹ╖ᴛ 
    ˞ ᵙҵ ‡Ѣ ♬ҵ ♬ʺѫ ѻ

[┬ᵙ  ╪┬] ᶛӧ ỢѤ ַאἛ▫Ṋ.
Ἕגӥ ╙װפֿ ╥Ợ ,סּ ̋ ᴛ╖װפֿ  ♬ʺѫ.
╘ ̕ ӈ ɒ ӧ Ợ╥ ַאʼ˃╬ 1.35 Msun╖ᴛ ̋ ♬. 

₡ ⅝ל] ] ̑♣ ˿ Ợʻ (orbital inclination), ַאἛ▫Ṋ╥ Ữ Ḣ♬ᾏ (M-R relation)
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compact binaries as GW sources



⃰ compact binaryʺ 
ˆ ᴏאַ  ∟╬ʺ

- ὡ /ᶹᵙ / ᶹᵙ  ∟ᵙ
- ᾋᾂ  ♩╢

- ͙ṕ(ּתḤ) Ḣ♬ᾏ ͙/ᵣө͙
- ᶹᵙװ ⱳ /ṉ ⁴ ⇔ҿḢ♬ᾏ, 
⇔ҿḢ♬ᾏ Ữὡ, ל⅝ ᶹᵙװ ♬╥/ ͙

- ᶴ› Ҋוֹ  ҃(ϼʷ ̃ ▐ѡ ᶶᵖר)╖ ™ ›

- ♅♇ ˀ╖ Ҋ█

50



binary BH-BH (BBHs)
BH-NS
NS-NS

orbit size < 1000 km

Solar system
(size ~3 billion km)

ᾡἛ(binary)̓ ̑♣⇔ҿ
compact binaries as GW sources

51



Credit: Carl  Rodriguez

ᾡἛ╥ ͂ҵ⇔ҿ╪ ᾎʼ̓ ̑ʼ╙ ṉ ᾎ תּ Ώ╛

ќ ╥ ᵣ┬╬ᴏ̓ ᾡἛ ⇔ҿ
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Credit: Carl  Rodriguez

ῷ╬ώ ╬╥ỮҍἛ╪ᴝ
ᵑל↕ 4 ∟ᾎ̑ʼ╖ᴛ͙ὥ

άֿװפ╪▓Ѥᶹ ~  ᾎ̑ʼ╪ ‡︠έ
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ῷ╬ώ ᴏ(ỮҍἛ╪ᴝ)̓ ᾡἛ ⇔ҿאַ ╬

Áֿבֿʺ ╙װפ ᶹ ʺ ẕ╥ ἶᴏ╥ ὡᾕ %ᴛ ʺἶ ⇔ҿ Č ᴏאַ  Ḣ

Č ⁄Ўּת Ἰᾒ, ʻ⇔ҿװ Ἰᾒ Č ӎ ẇן ╪ ♩ ѻ ˺̰ ҹתּ√ͥʺ 
Č Ϯ╥ ẇן ᴛ Ṏ Č ᴏאַ  Ḣ ♩ װ  ˁἵ Č ᴏאַ  Ḣ  ꜙᴮ

54



Credit: Carl  Rodriguez

EinsteinŚs general relativity and the binary motion

ᾡἛ╥ ͂ҵ⇔ҿ╪ ᾎʼ̓ ̑ʼ╙ ṉ ᾎ ѻ.

Č ᾎ̑ʼ╥ ṉ ʺ ᾡἛ╖ᴛṨ  ẕ╥ ἶᴏ╖ᴛ ŗ ⱨ Ϯʼѻ Č ᴏאַ

inspiral motion 

circularization 
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ᶙ :

Åַאᴏ ˤ
Å▫⁷́╥ ṕ͙תּʺ4 אַ Ϯ╬ַאᴏ╙╪
Åַאᴏ ᴛ↕ᵙ↕לᵑ̕ ̆ ᶷ Ữ╙ ̯

ᴌשׂ ˡ ͖
laser interferometer

ḅ̭ LIGO Virgo ׳┘ ╪Ṓ KAGRA
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ᶶᵖ⁴̬╢ ₆

ᴏאַ  ∟╥ ʋ ᵙװ╙ ά ♬  Ṫ ὡ ╪ᴝ

(₉) m1, m2, mfinal, d, e Ӯ

בֿ ,ỸἛ)מῼᶔ ͎ ╥ ̓˞₮ Ḉ ╙[װפֿ] ╥ )ᵑ ῼ ὡ ▓ѻ

Ḣ תᵑ ῼᶔ ⁄Ўּ[ᵙ˞] ╥תּͥ Ṫ פϿ ᶹֿ ל↕ ,װ ᵑ ῼ ὡ ▓ѻ
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GW150914 : 35 Msun - 30 Msun ẇן  ᾡἛ╥ Ṏ ⁄Ἄ Ḣ ӈ ַאᴏ  

˞ᵙ: 1• ̛Ц, ᾎᾅ ░65Ḥᵑ ҍ ╥װפֿ ‚ :װפֿ 
ᶛҨ ╪ ̕ ӈ ַאᴏ  ᾐ ₮ ʺ◑ ◄ ▀

אַ
ᴏ

╥
 Ἕ
͙

ᾎʼ (s)
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GW frequency band and observable phases of NS/BH mergers

below 10 Hz

higher than 2kHz
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ᾍשἘ■ṇ̐ Ѹׂשׂ  ᶴ  multimessenger astronomy

GW170817: light + gravitational waves


