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Today’s Goal: to understand why David Reitz is so excited?



4

General Relativity

Gμν = 8πGTμν

Albert Einstein (1915)



஛૲ᗔ఺҅1929 ଙ឴᧚ᨬਫ਼ᇔቘ਍ॹ

“[ሀԎፘ੒ᦞ] ط؟୸५ፓጱᅉᓞ҅ࣁἓิጱज़ᑮ᯾ᑱᆐ
ᬄ҅ᆙՄԧଠᴒጱ๚Ꭳط୩ᅱጱړ܈ᘒ݈׏Ӟ᭲Ꭸڊښ

ᶾऒ̶”

“ሿࣁӞڔ᮷ᚆกጮࣈᥴ᯽ԧ֦҅ԅՋԍ஬ԭ

”Ӟӻᳯ᷌ޫҘݚ

ฦ๔1918҅ظ ଙ឴᧚ᨬਫ਼ᇔቘ਍ॹ
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My (personal) Favorite Equations

✦ Equations deeply from the soul

Gμν = 8πGTμν

(i /Dμ − m) ψ = 0

eiπ + 1 = 0 Nope…

Yes!

Yes!



ଠԎፘ੒ᦞ

Gμν = 8πGTμν
෸ᑮ֜پ ᇔᨶ

John A. Wheeler: “Matter tells spacetime how to curve, 
and spacetime tells matter how to move.”



ଠԎፘ੒ᦞԞ؛ኞԧقෛጱᜏ๞֢ߝ
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Principles behind GR

✦ ፘ੒௔ܻቘ 

✦ ᒵපܻቘғ๶ᛔਫḵ

୚ێ = ᶋబ௔ᔮ = ෸ᑮ ҁ= ဌํ“୚ێ”Ѻ҂

ଠԎፘ੒ᦞฎൈᬿ୚ێጱቘᦞ҅ਙጱᔜṚࣁԭ೰ڊғٌਫଚဌํ“୚ێ”Ѻ
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ᆽࢩේ࣢ጱሻٍ

76 ઎෸ጱኞ෭ᐑᇔ
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General Relativity: stress-energy tensor

Gμv = Rμv − 1
2 Rg μv =

8πGTμv

c4
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General Relativity: geometry

Gμv = Rμv − 1
2 Rg μv =

8πGTμv

c4

Metric: g μν ds2 = g μvdxμdxvdescribes distance

Γμ
να = 1

2 g μσ (∂νg ασ + ∂αg νσ − ∂σg αν)Connection:

Rα
βγδ ≡ ∂γΓα

βδ − ∂δΓα
βγ + Γν

βδΓα
νγ − Γν

βγΓα
νδRiemannian tensor:

Rαβ ≡ Rγ
αγβ

Ricci tensor:

࿢޾ဩڞ

Ӟᴤ੕හ

ԫᴤ੕හ

“ᖽଚ”

Summary: LHS contains first & second derivatives of the metric, that is all!

R ≡ Rα
αRicci scalar:



Gμv = Rμv − 1
2 Rg μv =

8πGTμv

c4 = 0

Black Hole Spacetimes Schwarzschild 1916 
Kerr 1963



Einstein (1916): ୚ူێᥴ
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Gravitational Waves

g μv = ημv + h μv

Γv
μρ = 1

2 ηνλ (∂ρh λμ + ∂μh λρ − ∂λh μρ)
Rμvρσ = 1

2 (∂ρνh μσ + ∂σμh vρ − ∂ρμh νσ − ∂σνh μρ)

To leading order in h μν

h μv = h μv − 1
2 ημνhDefine Choose gauge ∂νh μν = 0

□ h vσ = − 16πG
c4 Tvσ



Metric perturbative satisfies a wave equation
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GWs



୏ฦۦ᫥᭲



https://www.youtube.com/watch?v=L9H9xawSg_c

Kerrἓ၏

Inspiral, merger, and ringdown

Chirp

https://www.youtube.com/watch?v=L9H9xawSg_c
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GW Polarizations

Plus Cross

GWs in GR have two polarizations: plus (+) and cross (x)





LIGO







LIGO magazine



LIGO፡کԧՋԍҘ
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GW Data Analysis: matched filtering

(g k) ≡ 2∫
∞

0

g̃ *( f )k̃( f ) + g̃ ( f )k̃*( f )
Sn( f ) df







https://www.youtube.com/watch?v=aysiMbgml5g

https://www.youtube.com/watch?v=aysiMbgml5g


ူێଚᬦᑕጱશ꧊෸҅୚ݳἓ၏݌

ጱۑሲ᯽නय़ԭਜਦӾಅํ௤จጱ
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GW150914
LIGO/Virgo 2016
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GW151226
LIGO/Virgo 2016



34

Tell the difference: GW150914 vs GW151226
Why?
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GW Era: gravitational-wave transient catalog (GWTC-1)

LIGO/Virgo



Binary Neutron Star (BNS) Merger
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GW170817
LIGO/Virgo 2017



LIGO/Virgo, et al. 2016

Multimessenger Era

Gamma-ray bursts 
Kilonovae 

Host galaxies 
…

Prof. Li-Xin Li / KIAA
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Why are GWs useful?
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GW Astrophysics
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GW Astrophysics

Are there mountains on the NSs?
Continuous GWs

ϵ ∼ 5
2

m
M

≲10−6 (???)

Fractional asymmetry

ΔI = mR2mass      on the surfacem

INS ∼ 2
5 MR2moment of inertia

Closely related to NSs’ 
equation of state of 
supranuclear matter

(Nonperturbative QCD)
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GW Physics
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GW Polarizations

✦ In GR, 2 polarizations 

✦ Beyond GR, 6 polarizations at most



https://youtu.be/F4stTzxYrN0 
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BH Spectroscopy: quasinormal modes

✦ A sum of damped exponentials with unique frequencies and damping 
times 

✦ No-hair theorem and uniqueness 

✦ “gravitational atom”

After the advent of gravitational wave astronomy, the 
observation of [the black hole’s] resonant frequencies might 
finally provide direct evidence of black holes with the same 
certainty as, say, the 21 cm line identifies interstellar hydrogen.

“

”Detweiler 1980
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GW Cosmology

The ultimate goal is to detect the cosmic relic GWs
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Hubble Constant

Cosmology is about distance as a function of redshift

LIGO/Virgo 2017



What we have talked about were only 

focusing on ground-based detectors, 

while there are more…



GW Spectrum
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Space-based Detectors
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Laser Interferometer Space Antenna
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Space-based GW Detectors in China

ॡຄ

ॠቨ
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Credit: D.J. Champion
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Credit: NRAO

Credit: D.J. Champion
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CMB B-mode Polarization
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Where are we?

Cosmological distance

Bl
ac

k-
ho

le
 m

as
s

explored

To be explored…
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Question Time

— —̽य़਍̾

໒ᇔᘒݸᎣᛗ̶
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Doing Research

New knowledge to human!



Explore Unknowns


