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Today’s Goal: to understand why David Reitz is so excited?
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General Relativity
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Albert Einstein (1915)
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My (personal) Favorite Equations

+ Equations deeply from the soul
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John A. Wheeler: " Matter tells spacetime how to curve,
and spacetime tells matter how to move."
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Principles behind GR
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General Relativity: stress-energy tensor

energy momentum
densﬂy density
‘ S B |
T10 s shear
720 stress
T30 pressure
momentum momentum
density flux
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General Relativity: geometry

1
Connection: 7% = 5 ghe (Q,gaa +0,8,6 — aagal/)

Riemannian tensor: ngg = 5#”;‘5 — aargy +1 ;5ng - F;yr 55

“JEFt” Ricciscalar: R = R,

Summary: LHS contains first & second derivatives of the metric, that is all!
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Ricci tensor: Raﬁ = ngﬂ
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Black Hole Spacetimes Schwarzschild 1916
Kerr 1963
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Gravitational Waves

To leading order in h/,w
1
Vo VA
Uy = 51 (O + Oy, = Oih, )

1
R =5(ah +ah—ah—ah)

uvpo pv'ue T Youltvp = Fppltue = Youlyp
_ 1 _
Define W = ht — zn””h Choose gauge d h"" = ()
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Metric perturbative satisfies a wave equation



GWs
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Chirp

Inspiral, merger, and ringdown

https://www.youtube.com/watch?v=L9H9xawSg ¢



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

GW Polarizations

GWs in GR have two polarizations: plus (+) and cross (x)
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|2d Selected for a Viewpoint in Physics week endlng
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016
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Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott et al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)




First detection!

9:50:45 UTC, 14 September 2015

LIGO Hanford signal

LIGO Livingston signal
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GW Data Analysis: matched filtering

CARDIFF

UNIVERSITY
PRIFYSGOL

CAFRDYD

Data
— Predicted

Distance: 800 MPc
Total mass: 200 M.

Strain (x10~2!)

0.35 0.40 0.45

Time (s)
Data & Best-fit Waveform: LIGO Open Science Center (losc.ligo.org); Prediction & Animation: C.North/M.Hannam (Cardiff University)
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EVOLUTION OF STARS

Planetary Nebula

Small Star Red Giant

) ‘ é | -

White Dwarf

> @

E i Supernova
= ' Y Red Supergiant
. S Large Star
Stellar Cloud
with
Protostars

IMAGES NOT TO SCALE ~ Black Hole



. '.' '
“ o1 R
. s y
> p . ’ ...‘ - .
it g "l > ¢
.' . e .
' -
- -t ".' ,
. .'
.. .
-
-
-

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


https://www.youtube.com/watch?v=aysiMbgml5g
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GW150914 LIGO/Virgo 2016

Hanford, Washington (H1) Livingston, Louisiana (L1)
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Tell the difference: GW150914 vs GW151226
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GW Era: gravitational-wave transient catalog (GWTC-1)

GW170818-HLV

GW170608
GW170729

GW170809
GW170817-HLV

GW170814-HLV

LIGO/Virgo
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Binary Neutron Star (BNS) Merger




GW170817

LIGO/Virgo 2017
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Why are GWs useful?

Living Rev. Relativity, 12, (2009), 2 LIVING @ REVIEWS
http://www.livingreviews.org/lrr-2009-2

in relativity

Physics, Astrophysics and Cosmology
with Gravitational Waves

B.S. Sathyaprakash

School of Physics and Astronomy, Cardiff University,
Cardiff, U.K.
email: B.Sathyaprakash@astro.cf.ac.uk

Bernard F. Schutz

School of Physics and Astronomy, Cardiff University,
Cardiff, U.K.
and
Max Planck Institute for Gravitational Physics
(Albert Einstein Institute)
Potsdam-Golm, Germany
email: Bernard.Schutz@aei.mpg.de
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GW Astrophysics

7 Astrophysics with Gravitational Waves 91
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GW Astrophysics

Are there mountains on the NSs?

Continuous GWs

moment of inertia g ~ —MR”

mass 771 on the surface AJ = mR2

Fractional asymmetry

<107° (27?)

5 m
€ ~ ——
2 M

Closely related to NSs’
equation of state of
supranuclear matter

(Nonperturbative QCD)
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GW Physics

6 Physics with Gravitational Waves 67
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6.5.2 Numerical approaches to the two-body problem . . . . . . . ... ... ... 73
6.5.3 Post-Newtonian approximation to the two-body problem . . . . . . .. . .. 75
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GW Polarizations

43

+ In GR, 2 polarizations

(a)
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+ Beyond GR, 6 polarizations at most
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Linear Polarization

https://youtu.be/F4stTzxYrNO



BH Spectroscopy: quasinormal modes

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

+ No-hair theorem and uniqueness

+ ‘“gravitational atom”

1.0
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STRAIN (10°)
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0.30 0.35 0.40 0.45
TIME (S)

bk 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. 5y

Detweller 1980
45
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GW Cosmology

8 Cosmology with Gravitational Wave Observations 103
8.1 Detecting a stochastic gravitational wave background . . . . . . . . . ... ... .. 103
8.1.1 Describing a random gravitational wave field . . . ... ... ... ..... 103

8.1.2 Observations with gravitational wave detectors . . . . .. . ... ... ... 104

8.1.3 Observations with pulsar timing . . . . . . .. ... ... ... ....... 105

8.1.4 Observations using the cosmic microwave background . .. ... ... ... 106

8.2 Origin of a random background of gravitational waves . . . .. .. .. ... .. .. 106
8.2.1 Gravitational waves from the BigBang . . . . ... ... ... ....... 106

8.2.2 Astrophysical sources of a stochastic background . . . . ... ... ... .. 108

8.3 Cosmography: gravitational wave measurements of cosmological parameters . . . . 108

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
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What we have talked about were only
focusing on ground-based detectors,

while there are more...



GW Spectrum
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quantum fluctuations in the very early Universe
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in galactic nuclei
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binary stars in with
the galaxy | and mountains
beyond
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Laser Interferometer Space Antenna
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Space-based GW Detectors in China

CHINA'S CHOICES

Chinese researchers have proposed several ways to detect gravitational waves in space.
24

TAUI

The most ambitious proposal uses

three spacecraft in a triangle that

orbits the Sun and detects Earth
gravitational waves from a range

of objects, like Europe’s eLISA

proposal. The spacecraft are farther

apart than in eLISA, giving Taiji

access to different frequencies.

eLISA spacecraft
~2 million km apart

Sun

Taiji spacecraft
3 million km apart

TianQin spacecraft
~150,000 km apart TIANQIN

Earth ¢\ A cheaper proposal puts three
v craft in orbit around Earth, and
& much closer to each other than
in Taiji. This would target the
gravitational waves emitted
by HM Cancri, a pair of white
dwarf stars.
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Credit: D.J. Champion
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Where are we?
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explored Cosmological distance |
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Question Time
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Doing Research
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New knowledge to human!

NELTER

PEKING UNIVERSITY




Explore Unknowns
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