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Revealing the existence of 
a supermassive compact 
object at the center of our 
galaxy

Proving the existence of 
black holes form a 
theoretical point of view



7

A documentary film (2020) directed by Peter Galison

Different aspects about how people try to understand black holes:
l Black hole images from EHT
l Star’s motion around black holes
l Theoretical understanding of black holes (soft hair)
l Black hole simulations
l Analog black holes through water vortices
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Interstellar (2014)

Scientific consultant
Kip Thorne



§What we already know about black holes
§What is a black hole?
§ FEEL black holes
§HEAR black holes
§ SEE black holes

§What can we learn from black holes?
§A perfect avenue to understand universe and to probe 

fundamental theory
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Escape velocity from a potential well:

!" = 2%&/(

If !" = ) (speed of light)

We get 

( = 2%&
)*
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John Michell (1784)
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John Michell (1784)

*** A correct result from an incorrect derivation ***
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Pedro Ferreira
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spacetime curvature matter distribution

Matter tells spacetime how to curve; 
spacetime tells matter how to move

John Wheeler
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Karl Schwarzschild

singularity

Event horizon:
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singularity

• Gravitational time dilation
• Gravitational redshift
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%* on horizon



Note: 
§Singularity is NOT at the center of a black hole
§It is in the FUTURE after crossing the event horizon
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Penrose process (1971) 

BH superradiance (1972): Radiation-enhancement mechanism ! > #
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An isolated BH  is always described by
• Mass
• Charge (if exists)
• Angular momentum

no matter how it is formed

Baldness

makes me strong…

Black holes are extremely simple 
objects in our universe
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Supermassive BH (millions 
to billions of solar mass)

Stellar size BH (several to 
tens of solar mass)

Primordial BH (induced around Big Bang, 
still hypothetical)



§We can
§feel them (star motions around BH, Keck, VLTI, GRAVITY)
§hear them (gravitational waves, LIGO/Virgo, KAGRA)
§see them (BH images, EHT, ngEHT)

§They all use interferometer techniques
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Nobel prize winning works
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§ The motion of stars (S2) around Sgr
A*

§ More than 20-year observations
§ S2 star has period ~ 16y
§ Andrea Ghez – KecK/UCLA
§ Reinhard Genzel (MPE) – VLTI
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§ Interferometer
§ Fixing the wavelength, we need 

large telescopes ! = #/%
§ Combining an array of telescopes, 

we can increase the effective 
diameter of telescopes

§ Adaptive Optics (AO): Using 
deformable mirrors and a guide 
star to compensate for atmospheric 
turbulences
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§ GRAVITY (2018)
§ An improved VLTI, measure the position, 

velocity (3% light speed), redshift at the 
closest point very accurately 

§ Trajectory well described by GR

§ Mass & Distance

(important to EHT images)
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§ GRAVITY (2018)
§ Flares detection at July 22, 28, May 27, 2018, 

lasted for 30-90 min
§ 30% light speed!!!

§ Consistent with a circular, near face-on orbit with 
!~6-10 !& (just outside the ISCO)

§ ISCO: Innermost Stable Circular Orbit

§ Commonly regarded as the inner edge of 
accretion disks
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§ Gravitational waves
§ Spacetime distortion propagates outwards at the speed of light 
§ A new “type” of telescope other than EM
§ Two most likely targets: Supernova explosion, binary merger events 
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GW150914

The Laser Interferometer 
Gravitational-Wave Observatory 
(LIGO)
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GW strain h: 10#$%

Width of hairs in a few light years
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Interesting Events:
GW150914: First detected event
GW170817: Binary NS (multi-messenger era)
GW190814: Lighter one in the mass gap between BH and NS
GW190521: Largest progenitor mass before O3b (Pair-instability mass gap)
GW200105: First BH-NS confirmed event
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Waveform modeling is important!!!

• Inspiral: Post-Newtonian expansion, 
Effective-one-body formalism (EOB)

• Merger: Numerical Relativity

• Ringdown: Black hole perturbations
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Waveform modeling is important!!!

• Inspiral: Post-Newtonian expansion, 
Effective-one-body formalism (EOB)

• Merger: Numerical Relativity

• Ringdown: Black hole perturbationsEOB
(deformed Kerr dynamics)

(expand in v/c)
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Waveform modeling is important!!!

• Inspiral: Post-Newtonian expansion, 
Effective-one-body formalism (EOB)

• Merger: Numerical Relativity

• Ringdown: Black hole perturbations

• 3+1 decomposition
• Put the initial data into Einstein’s eq.
• Ask supercomputers



47

Waveform modeling is important!!!

• Inspiral: Post-Newtonian expansion, 
Effective-one-body formalism (EOB)

• Merger: Numerical Relativity

• Ringdown: Black hole perturbations

!"#$ = !&#$
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|H(-)|
l=3 Quasi-normal modes (QNMs):

• Exponential sinusoidal  '(,   ')
• Spectrum satisfies no-hair theorem
• Testing GR
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We are here



L I S A
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Space-based detector
• Triangular shape with 2.5M km armlength 
• mHz frequency band
• Expected launch 203X
• 4yr lifetime (10 yr goal)

• Targets:
• Massive Black Hole Binaries
• Galactic Compact Binaries
• Extreme-Mass-Ratio-Inspiral (EMRI)
• Cosmic Standard Sirens

EMRI: 10# periods matched-filtering:
Accurate parameter extraction
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E T C E
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GW future is bright and exciting!
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critical curve

James Bardeen
1939 - 2022

1972



§ Similar angular diameter: !" = $"/&
§ Things around Sgr A* vary on 

shorter timescales (~hours) so more 
difficult to analyze

§ Sgr A*: Dirtier line of sight

§ Sgr A*: More accurate mass and 
distance measurements from star’s 
motion (VLTI, GRAVITY, Keck)

§ Ring structures consistent with Kerr 
spacetime (Sgr A* within 10%)

§ BH uniqueness theorem?
57

EHT (2022)
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§ Targets: 
§ Photon subrings, photon ring autocorrelations, achromaticity, central brightness suppression…

! = 0
! = 1

! = 2

Gralla, et al. (2020)
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61Stellar velocity dispersion

• M-sigma relation

• SMBH and galaxy co-evolve

• But how? AGN feedback
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Superradiance instability

Bosonic clouds
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Cardoso, et al. (2018)



64



65

GR

Beyond GR

Quantum 
Gravity

Singularity

Dark matter

Dark energy

How to quantize?

??
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GR + reasonable matter 

SINGULARITY !!

The theory breaks down!!



§ The question is NOT “whether” GR will be corrected or not

§ It is WHEN, and HOW the corrections may enter

§ If corrections enter at Planck scales, there is no way to test them

§ It is possible that the corrections enter at horizon scales, hence 
maybe detectable
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§ Boson stars, Proca stars

§ Fuzzball

§ Wormholes

§ Regular black holes

§ Non-Kerr spacetimes
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Horizonless compact objects
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• Repulsive forces provided by some exotic matters near the throat
• The throat connects to other ”spacetimes”
• May have shadow critical curve similar to Kerr BH

MBL, CYC, XYC, YCO, DY, JCAP (2021)
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• Lights from the other side of the throat may be visible
• May also be distinguished via GW (model-dependent)

Cardoso et al. (2016)Vincent et al. (2020)



72

• Violate Hawking-Penrose theorem by relaxing some of its assumptions
• Tons of models in the market
• More difficult to be distinguished
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Ringdown tests

MBL, SB, CYC, PC, DY, JCAP (2020)Eichhorn et al. (2022)
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• BH is extremely simple! (No-hair)
• Probing astrophysics at strong gravity regimes
• Test GR
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§ Sgr A* images M87* images

§ LIGO detection

§ GRAVITY: S2 motion, Hot Spot

§ The Mathematical Theory of Black Holes, Chandrasekhar

§ Black hole superradiance

§ Black hole QNMs,  Shadows,  photon subrings,  PN expansion,  effective-one-body, 
Numerical Relativity 

§ Modified gravity

§ Testing fundamental physics using BHs

https://iopscience.iop.org/article/10.3847/2041-8213/ac6674
https://iopscience.iop.org/article/10.3847/2041-8213/ab0ec7
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.061102
https://www.aanda.org/articles/aa/full_html/2020/04/aa37813-20/aa37813-20.html
https://www.aanda.org/articles/aa/full_html/2018/10/aa34294-18/aa34294-18.html
https://www.amazon.com/Mathematical-Theory-Classic-Physical-Sciences/dp/0198503709
https://arxiv.org/abs/1501.06570
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.83.793
https://articles.adsabs.harvard.edu//full/1974IAUS...64..132B/0000132.000.html
https://arxiv.org/abs/1906.00873
https://arxiv.org/abs/1310.1528
https://arxiv.org/abs/0906.1769
https://oxford.universitypressscholarship.com/view/10.1093/acprof:oso/9780199205677.001.0001/acprof-9780199205677
https://arxiv.org/abs/1705.11098
https://arxiv.org/abs/1806.05195

