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From Einstein’s Gravity to Dark Universe

Special Relativity(1905)

Einstein’s Gravity
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NATURE and Nature’s Laws lay hid in Night: God said, “Let Newton be!” and all was light. — Alexander Pope

It did not last: the Devil howling: "Ho! Let Einstein be!" restored the status quo. — J. C. Squire 3
Figures credit: Wiki



From Observation to Milgrom’s MOND
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(Modified Newton Dynamics)

Galaxy Rotation Curve
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Acoustic Power Spectrum of CMB
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Famaey & McGaugh,

Living Rev.Rel. 15 (2012) 10

20 years after MOND

Talle & wervalionAl tests of MOND.

Observational Test Successful Promising Unclear Problematic
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Spheroidal Systems
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Constrains on MOND from Gravitational waves

Chesler & Loeb, arXiv:1704.05116[PRL]

1) The Speed of gravitational waves

Constraint of energy loss rate from ultra-high energy cosmic rays

2) Linear equations of motion in the weak-field limit

The observed gravitational waveforms from LIGO, which are consistent with Einstein's gravity

Hantord, Washington (H1) Livingston, Louisiana (L1)
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From Verlinde's Gravity to Dark Universe

P B projecting data
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Constrain on Verlinde’s Gravity from
Gravitational waves?

Gravitational quantity Elastic quantity Correspondence
Newtonian potential ® || displacement field wu; u; = &n;/ag
eravitational acceleration ¢; || strain tensor € £i;M; = —gi/ag
surface mass density >; || stress tensor Tij o;;N; = X;ag
mass density p || body force b; by = —pagn;
point mass m || point force f; fi = —magn;

87G_ \? d—2 d
/( T Sp) dV = ( )j{ —B-n,-dA,-
B Qo d - 1 8B an

No Covariant Equations of Motion!
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Holographic Properties of Gravity

(2010s) Gravity/Entanglement: Effective Metric

(2000s) AdS/CFT Duality: Black Hole in a Box

Astrophysical Black Holes

(1990s) Holographic Principle: Horizon Encoding

(1980s) Membrane Paradigm: Effective Fluid

(1970s) Hawking Radiation: Thermodynamics



Thermodynamics (1970s): Hawking Radiation

Bekenstein & Hawking, ...

. he® 2
Hawking Temperature Tn =g myp—= 5

Bekenstein-Hawking Entropy Sy =

Oth Law: constant surface gravity

1st Law: dF = % dA 4+ QdJ + o dO,

. 2nd Law: non-decreasing of entropy

_ 3rd Law: extremal black hole is not possible
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Membrane paradigm(1980s): Effective Fluid
T. Doumer & K. Thorne, ---

1 e -
. ""JL techo

El 7 s
N ) _w tmerger

-

Effective Description .
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aiXiv: 1612.00266 Echoes from the Abyss
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Holographic Principle (1990s): Horizon encoding
Susskind & 't Hooft, ...

Gravity in the Bulk= Theory on the light-like boundary

o«
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two-dimensional bounding surface apparently three-dimensional universe

Black hole Horizon Cosmological Horizon

Newton’s Law from Entropy Gravity Friedmann Equations from Entropic Force
(E. Verlinde, 2010) (Cai, Cao&Ohta 2010)
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AdS/CFT Dua[itg (2000s): Maldacena & Gubser & Witten,et al

AdS/CMT Correspondence  Black Hole in a natural Box

Shear Viscosity =~ 5-dimensional
5 A7k Black hole spacetime

Conductivity

Holographic Superconductor

Holographic Non-Fermi quUld - 4-dimensional

spacetime
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Gravity and Entanglement (2010s) 3,7 <o
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Emergent Gravity & Dark Matter from Entropicie. veriinde)
Holographic Geometry from Tensor Network (sryu &T. Takayanagi)

Emergent Spacetime from Quantum States (. ooguri)



Wormhole and Black Holes

ER bridge




Wormhole=Entangled Pair (ER=EPR) ?
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Wormhole =
EPR pair of two black holes in a

N — 5 particular entangled state.

World volume
horizon

Maldacena(2013)
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Jensen & Karch(2013) l

AdS Blackhole Chen, Sun, Zhang (2016) |




Our Viewpoint from induced Gravity

1) Holographic Stress Tensor-> dark sectors

Modified Einstein equations

1 HO 87TG 68.3%".0:*
R’u,/ — iRg“V e T <Kg'uy o IC/U/) — C—4Tlu,/. Energy

Hamiltonian constraints
K% — Kk = R+ 2G 3 NMAN,

!
AV = Q% — gQB ~ 036%,

1
ACSZ i Q2D — §QA(QD — QB) . —034% .

2) Induced Stress Tensor -> dark sectors
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Constraint on modified gravity from gravitational waves?
(arXiv: 1704.05116[PRL] by P. Chesler, A. Loeb)

1) The Speed of gravitational waves

2) Linear gravity in the weak-field limit

1) Decoupled Holographic stress tensor

ds* = —(1+ 2®)dt* + w;(dtdz" + dz'dt) + [(1 — 2W)6;; + 2s,;]dz" da?
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Physical Discussion and on-going Topics

Holographic EPR=ER

Brane World Universe

5-dimensional
Black hole spacetime

Holographic Universe

Thanks for your attention!
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4-dimensional
spacetime

Emergent Gravity Yum-Long Zhang — zhangyunlong001@gmail.com
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