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§ GR predicts that gravitational waves (GWs), which are ripples of spacetime, 
should be produced when there is accelerating mass

§ GWs propagate with the speed of light

§ Usually extremely weak, stronger when massive objects orbit each other

§ GWs carry away energy so the orbit would shrink and objects would merge

§ Frequency of GWs ~ 4400 Hz (Msun/M)
§ For smbhs of 10 Msun, frequency ~ 440 Hz (hearable!)
§ For SMBHs of 106 Msun, frequency ~ 4.4 mHz

§ GWs are unique because
§ They are not scattered or impeded 
§ They can probe quiescent BHs and IMBHs



§ In 1974, Russell Hulse & Joseph Taylor 
discovered a NS-NS binary system PSR1913+16 

§ One of them is a pulsar (spinning NS) emitting 
radio pulses toward Earth with period of 59ms, 
which is a very accurate clock

§ There are slight variations of pulse arrival times 
due to the orbital motions; orbital period ~7.75 
hours 

§ The orbit shrinks due to GWs! 

§ Nobel prize in 1993
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III : The binary pulsar (PSR1913+16) 

n  Russell Hulse & Joseph Taylor (1974) 
l  Discovered remarkable binary system 
l  Nobel prize in 1993 

From Nobel Prize website 

n  Two neutron stars orbiting each other 
n  One neutron star is a pulsar  

l  Neutron star is spinning on its axis (period 
of 59ms) 

l  Emits pulse of radio towards Earth with 
each revolution 

l  Acts as a very accurate clock! 
n  Interesting place to study GR 

l  Orbit precesses by 4 degree per year! 
(compare with Mercury’s 43 arcsec/century) 

l  Orbit is shrinking due to gravitational waves   
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n  Very precise test of certain aspects of GR 





§ LIGO – Laser Interferometer Gravitational-wave 
Observatory

§ Two L-shaped interferometers with 4km long arms

§ Look for tiny changes in the length of arms when 
GWs pass by

§ Extremely sensitive – 1 part in 1021

§ For 4km, changes ~ 4x10-16 cm ~ 1/200 of size of 
proton!!

§ Need to remove noises from earthquakes, traffic, 
people, etc

§ Can detect GWs with frequencies of ~10-1000 Hz

REVIEWRESEARCH

the University of Maryland, who determined after careful thought and 
experimentation that there were two designs of ground-based detectors 
that might be successful: resonant detectors and laser interferometers. 
Settling on the first, as more practical on a limited budget, in 1965 
Weber built such a detector: a 1.5-tonne, 1 m × 2 m cylindrical bar 
made of solid aluminium that would resonate at a particular set of 
frequencies if excited by a gravitational wave.

The idea was the following. If a gravitational wave went through 
such a ‘Weber bar’, the undulations of spacetime would squeeze and 
stretch the bar, causing vibrations that—if forced at the resonance fre-
quency of the bar—would produce measurable excitations. In 1969, 
Weber announced that he had detected gravitational waves in two 
bars separated by 1,000 km, one in Chicago and one in Maryland24. 
Unfortunately, these results could not be reproduced by other experi-
mental groups, his data analysis methods were found not to be robust 
and the strength of the claimed signals was orders of magnitude greater 
than would be realistic for astrophysical sources. As a result, the physics 
community today does not believe that the signals were detections of 
gravitational waves.

Nevertheless, Weber’s experimental work and techniques, together 
with his unverified announcement, greatly stimulated the field. In 
particular, Rainer Weiss at the Massachusetts Institute of Technology 
(MIT) started to think hard about detecting gravitational waves. In 
1972, Weiss wrote a 23-page note in one of MIT’s quarterly newsletters, 
detailing for the first time the main experimental design and all sources 
of noise for a laser interferometer capable of detecting gravitational 
waves. This design would later become the foundation of the Laser 
Interferometer Gravitational-wave Observatory (LIGO) machines25.

The quietest place on Earth
The design of the detector used in LIGO (in Livingston, Louisiana 
and Hanford, Washington)—which is also used in the existing Virgo 
(near Pisa, Italy), GEO 600 (in Hanover, Germany) and KAGRA (in the 

Kamioka mines, Gifu Prefecture, Japan) detectors and will be used in 
the planned LIGO-India detector (in Hingoli, Maharashtra, India)—
has an ‘L’ shape with equal-length arms connected to a corner station 
(see Fig. 1). When a typical gravitational wave passes by, at some phases 
of the wave one leg of the ‘L’ will be shortened and the other lengthened, 
and at other phases the reverse will happen. Thus, laser photons that 
bounce between the corner station and one end station return to the 
corner station later than laser photons that reflect off the other end 
station. As a result, the interference fringes produced when the light is 
combined at the corner station shift back and forth as the wave changes 
in phase. This shift can be compared with the expectations from differ-
ent types of signals (for example, from binaries) to assess the probability 
that signal or noise is being observed.

This experimental setup raises an important question related to the 
smallness of the effect. To get a sense for the length changes that are 
measured, we note that the first directly detected gravitational waves had 
a maximum (dimensionless) fractional amplitude of 10−21, which means 
that the 4-km LIGO arms changed in length by 10−21 × 4 × 105 cm =  
4 × 10−16 cm. Put differently, the effective force exerted by the gravi-
tational waves is roughly 4 pN at 100 Hz, which is comparable to the 
weight of a eukaryotic cell at the frequency of a sonic toothbrush. Given 
that the proton radius is 10−13 cm, we are trying to measure distance 
changes of the order of 1/200 of the proton radius, with light that has a 
wavelength of the order of 10−4 cm. This seems impossible, even before 
we consider the many noise sources (for example, any shaking of the 
ground). The workaround is to have an enormous number of coherent 
photons that bounce around within the arms (in a Fabry–Perot config-
uration) many times before recombining. For N1 photons of wavelength 
λ, the location of the intensity peak can be measured with a precision 
of about λ/ N1. Similarly, for N2 bounces within the arms, the effective 
length of the interferometer, and thus the change in LIGO arm length, 
increases by a factor of N2. This means that for large enough N1 and N2, 
the necessary precision can be attained. A similar method is in fact used 

Fig. 1 | Operation of a laser interferometer, such as LIGO and Virgo. 
a, Laser light is sent into the instrument to measure changes in the 
length of the two arms. b, A ‘beam splitter’ splits the light and sends out 
two identical beams along the arms. c, The light waves bounce off the 
mirror and return. d, A gravitational wave affects the interferometer’s 

arms differently: one extends and the other contracts as they pass from 
the peaks and troughs of the gravitational waves. e, Normally, the light 
returns unchanged to the beam splitter from both arms and the light waves 
cancel each other out. Image credit: ©Johan Jarnestad/The Royal Swedish 
Academy of Sciences.
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§ On Sep. 14, 2015, LIGO detected the first 
GW signal from a BH-BH merger

§ GR confirmed again!!

§ 36 Msun + 29 Msun -> 62 Msun (?)

§ GW energy ~ 5x1047 W

§ Distance ~ 440 Mpc

§ Lasted for ~2 seconds

§ Frequency starts from 35 Hz and 
increases to 250 Hz -> hear the “chirp”! 

§ Nobel prize in 2017 to Rainer Weiss, Kip 
Thorne, and Barry Barish

GW150914



§ On Aug. 17, 2017, the first NS-NS merger was detected by LIGO

§ In addition to GWs, the NS-NS merger created a firework in the electromagnetic 
signal over different wavebands. 70 observatories were watching it! 

§ A gamma-ray burst (GRB) was detected 1.7 seconds after the GW signal
§ Because it is 40 Mpc away, this essentially means GWs travel with the speed of light
§ Confirms that NS-NS mergers are one of the sources of GRBs

§ Longer-duration optical/IR transient was observed (jargon: kilonova)
§ This is powered by radioactive decay of nuclei heavier than iron
§ Confirms the hypothesis that these heavy elements are produced in NS-NS mergers 

rather than supernova explosions

§ This event marks the birth of multi-messenger astronomy!!!

Conception of a NS-NS merger





§ The more the merrier! – more detectors would 
help with localization of the source
§ VIRGO (3km-arm detector in Italy) joined the 

observation in April, 2019
§ Future plans: KAGRA (japan), LIGO-India

§ LISA (Laser Interferometer Space Antenna)
§ Three test masses forming a triangle with 5 million 

km arms in space!
§ Frequency range ~0.001-0.1 Hz
§ Can detect mergers of SMBHs with 104 – 107 Msun! 

§ 3rd-generation detectors: Einstein Telescope 
(triangular underground facility), Cosmic 
Explorer (40km-arm detector)

REVIEWRESEARCH

locations should display a quadrupolar pattern. That is, the correlation 
between timing residuals in different directions should depend only on 
the angle between the directions.

This galactic-scale experiment is being carried out by three collab-
orations that use the world’s largest radio telescopes: the European 
Pulsar Timing Array (EPTA)70, the North American Nanohertz 
Observatory for Gravitational Waves (NANOGrav)71 and the Parkes 
Pulsar Timing Array (PPTA)72 in Australia, which all collaborate to 
form the International Pulsar Timing Array (IPTA). Again in contrast 
to the detections announced for high-frequency ground-based gravita-
tional-wave detectors, detection of a stochastic background will occur 
via the slow accumulation of signal over many years. This signal, and 
possible even signals from individual supermassive binaries, are antic-
ipated to be detected within the next decade73,74. Such detections will 
inform us about the mergers of galaxies and the dynamics of these 
black holes. In addition, because below about 10−8 Hz there are other 
processes that can cause supermassive black holes to spiral towards each 
other (such as interactions with gas or stars; see, for example, ref. 75), the 
detailed shape of the gravitational-wave spectrum below about 10−8 Hz 
may provide details of galactic centres that are otherwise inaccessible76.

Space, the final frontier
Ultimately, if we wish to detect gravitational waves emitted by a different 
type of strong-gravity source, we will have to go to space. A gravita-
tional-wave detector in space would completely eliminate several noise 
sources, such as seismic, gravity-gradient and anthropogenic noise, 
although at the same time it would introduce other substantial com-
plications. A mission that is expected to accomplish this is the Laser 
Interferometer Space Antenna (LISA)77 (see Fig. 6). LISA is an European 
Space Agency mission, with a junior partnership contribution by NASA 
(and based on ideas related to drag-free satellites dating back to the 
1970s; for example, ref. 78), which will consist of an arrangement of 
three satellites in orbit around the Sun and trailing Earth, maintaining a 
triangular arrangement that precesses as it moves around the Sun. Inside 
each satellite, a shielded and isolated test cube will fall freely through 
space, tracing a path that will only be perturbed by gravitational waves. 
Because the satellites will be millions of kilometres away from each 
other, LISA will measure the relative position of the test cubes through 
time-delay interferometry, with the signal being sent around the triangle 
one or more times before being brought into interference, with the pro-
cessing of the phase differences performed a posteriori using software79. 
A similar mission, TianQin, has recently also been proposed, with a 
sensitivity band roughly an order of magnitude higher in frequency80.

LISA is a technically ambitious mission. Indeed, it created enough 
scepticism that funding for the mission was at one point contingent 
on the success of a technological demonstration, LISA Pathfinder.  

In essence, Pathfinder had to show that it could launch a single LISA-
type satellite with a shielded and isolated test cube inside, and that the 
test cube would fall freely as the satellite orbits around the Sun, with 
any residual relative acceleration below 10−15 m s−2. Pathfinder was a 
remarkable success, as it exceeded this requirement by more than one 
order of magnitude81. LISA is scheduled to launch by 2034.

Once LISA is operational, it will detect entire new classes of gravita-
tional waves. One of the most anticipated classes is the waves generated 
in the merger of black holes with masses of about 104M⊙–107M⊙ at the 
centres of galaxies. Such events occur in the millihertz band, which can-
not be detected using ground-based instruments (but might be detect-
able as bursts with lasting ‘memory’ effects seen in pulsar timing82).  
These gravitational waves encode a trove of information about the 
properties of black holes hosted at the centre of galaxies before the 
galaxies collide, feeding again into astrophysical population modelling. 
Another anticipated source of gravitational waves is the inspiral of a 
small black hole or neutron star into a supermassive black hole. In 
these extreme-mass-ratio inspirals83, the small compact object zooms 
and whirls around the supermassive black hole, emitting millihertz- 
frequency gravitational waves for years in the band covered by LISA. 
Ground-based detectors are again deaf to these waves, which carry 
information about the curvature of spacetime in the vicinity of super-
massive black holes. There is the possibility of linking these types of 
detectors if a stellar-mass black hole binary is first detected by LISA and 
then—months to years later—detected by third-generation or upgraded 
detectors on the ground84,85.

Space-based gravitational-wave observations are crucial because of 
the unique science that they enable. On the astrophysical front, the 
properties of supermassive black holes when galaxies merge can only 
be determined through these waves. Moreover, owing to the sensitivity 
of these detectors, one could in principle see events with redshifts of up 
to 20—essentially to the beginning of when we expect such black holes 
to exist—and trace the evolution of the cosmic web. On the theoreti-
cal physics front, the spacetime of supermassive black holes, as traced 
by a small compact object, is encoded in vast detail by gravitational 
waves emitted in extreme-mass-ratio inspirals86,87. Such observations 
will allow us to test the hypothesis that black holes in the Universe are 
described by the solution to the Einstein equations found in the 1960s 
by Roy Kerr88. Moreover, the chirping of these waves will allow us to 
simultaneously test the dynamics of these inspirals, perform new tests 
of the equivalence principle and constrain gravitational parity violation 
and Lorentz violation much better than before in the extreme-gravity 
regime62,89. The detection of mergers of supermassive black holes at 
high signal-to-noise ratios will also allow us to probe how efficiently the 
merged remnant settles down to a Kerr black hole through the emission 
of quasinormal modes, as predicted by Einstein’s theory90.

If the past is a good predictor for the future, these tests will once more 
verify that Einstein was right all along, that many models of modified 
gravity must be discarded and that some particular model (or models) of 
black hole formation are applicable in nature. However, there can be—
and probably will be—surprises. Every time humankind has opened a 
new window into the Universe, unexpected discoveries have emerged. 
These discoveries are coveted because they will provide a hint of how to 
answer some fundamental questions in gravitational physics that remain 
unanswered. What is causing the late time acceleration of the Universe? 
What is causing the rotation curves of galaxies? How do we unify quan-
tum mechanics with gravity? Gravitational waves have the potential to 
provide expected and unexpected clues to these questions that we can 
use to put together the jigsaw puzzle of our mysterious Universe.
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Fig. 6 | Representation of the upcoming space-based LISA 
gravitational-wave detector. Unlike ground-based detectors, such as 
LIGO and Virgo, in LISA the stations are free-floating test masses in orbit 
around the Sun. Figure adapted from ref. 93 (Springer Nature).
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Design of LISA gravitational wave detector



§ The theory of GR remains valid after the two recent observational breakthroughs

§ The first BH image of the M87 SMBH by EHT
§ Requires extraordinary resolution ~ 25 microarcsec
§ The observed image is fully consistent with GR prediction
§ The bright ring comes from emission of gas within the thick accretion flows
§ The BH shadow is caused by gravitational lensing of light rays close to BH, shadow size ~ 

2Rc ~ 5.2 Rs

§ The detection of gravitational waves by LIGO
§ Requires extraordinary sensitivity to detect spacetime distortions with 1 part in 1021

§ The first BH-BH merger -- the observed properties of GWs are consistent with GR
§ The first NS-NS merger explains the origin of GRB and heavy elements and leads to 

multi-messenger astronomy! 
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LIGO DETECTIONS TO DATE: 50 EVENTS



§ In 1918, Einstein solved the Einstein’s field equations for small perturbations and 
found the solutions of gravitational waves (GWs)

§ GWs propagate with the speed of light as predicted by GR

§ GWs are generated whenever there is acceleration in the quadrupole moment of 
the matter distribution

§ ”Strain” defines how much spacetime is distorted: ℎ =
Δ𝐿
𝐿



§ For two orbiting mass, the strain can be expressed as

§ Compared to EM waves which decays with 1/r2, GWs decay as 1/r

§ But it requires extraordinary sensitivity to detect GWs! 
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§ Perpendicular to its propagating direction, 
GWs can be decomposed into two 
polarizations: ‘+’ and ‘x’ modes

§ GWs carry momentum and energy with 
energy flux:

§ GWs would carry away the rotational energy 
of binary systems, resulting in shrinking of 
the orbits (e.g., Hulse-Taylor NS binary)
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§ Mergers of compact binaries: BH-BH, BH-NS, NS-NS, SMBH-SMBH, SMBH-BH 
(Extreme Mass Ratio Inspirals = EMRI) 

§ Periodic sources: binary WDs, binary pulsars, spinning NSs

§ Burst events: supernova explosions

§ Stochastic background: unresolved sources, primordial Big Bang





§ Pulsar timing arrays (PTAs) could detect stochastic 
GW background, primarily generated by SMBH 
binaries and mergers around nanoHz frequencies

§ Pulses of milli-second pulsars (fast rotating NSs) are 
extremely precise clocks

§ When GWs pass by, the arrival times of pulses 
would be modified

§ By long-time monitoring dozens of pulsars in the 
Galaxy, it is possible to detect the stochastic GWs



Hanford, USA

Livingston, USA





§ Adding different sites of GW detectors 
could significantly improve the 
localization of possible sources

§ GW170814: adding the VIRGO 
detector shrinks the region from 1160 
square degrees to <100 square 
degrees

§ This is very important for follow-up 
EM observations!

Localization of GW 170814’s source on the sky



§ Using differences in arrival times between two GW detectors, location of sources 
could be constrained into a circle on the sky
§ Adding a 3rd detector would narrow down the region into cross sections of 3 circles

§ Additional information can be gained because GW detectors are most sensitive to 
directions perpendicular to the two arms
§ There are “blind spots” along the directions of the arms
§ Could further constrain the source location if the signal is not detected by one of the 

detectors



§ Is the nature of gravity fully consistent with GR?

§ Mass distributions of smbhs -> binary star evolution

§ What can we learn about properties of gamma-ray bursts (GRBs) using GWs from 
NS-NS mergers and EM signals?

§ What is the structure of NSs and other compact objects?

§ Independent measurement of masses and spins of quiescent BHs

§ How did SMBHs form and grow with cosmic time?



§ LIGO’s detection of GWs have opened up a brand new window for understanding 
the universe

§ It allows us to gain additional info about the astrophysical objects (e.g., 
independent measurements of BH masses and spins)

§ It has revolutionized our understanding of stellar-mass BHs, and revealed the 
nature of short gamma-ray bursts

§ Future GW detectors across the GW spectrum will bring us more and more 
excitements about our universe! 



§ Not all theories can explain the 
black hole M87* by Geng-Wei 
Wu 吳耕緯

§ Enormous X-ray bubble of the 
Milky Way by Yun-Xin Zhong鍾昀
欣

https://qrgo.page.link/eETXwhttps://qrgo.page.link/Wc2qk

§ Astronomers discover two very 
distant double quasars by Yu-Wei Lin 
林于瑋

https://qrgo.page.link/7uP5h


