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Emergent Dark Matter in Late Universe on Holographic Screen
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ﬂ-[o[ogm]oﬁic Screens in ‘Flat Sjoacetime

— Rindler Screen & de-Sitter Screen

Al

I. Black Holes & Rindler Fluid
— Accelerating Screen
— Relation to AdS/CFT
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I[I. Dark Matter Fluid & dS Membrane
— de-Sitter & FRW Screens
— Relation to DGP Brane-world
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Thermodynamics (1970s): Hawking Radiation

Bekenstein & Hawking, ...

. hos 2}
Hawking Temperature T =g 7ym—= 5

Bekenstein-Hawking Entropy  Sgy =

12
402

Oth Law: constant surface gravity

1st Law: dE = %(H+Qd.] + ¢ dO),
3 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, ---

Black Hole
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Effective Description
7;b = _Q(Kab — K"Yab) ]
Membrane on Stretched horizon : S —
Viscosity & Conductivity —_———

Echoes from the Abyss [1612.00266 PRD’17]
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Maldacena & Gubser & Witten, et al
AdS/CFT

6SC’FT> esAdS

ZorT =

AdS/CMT Correspondence Black Hole in a natural Cavity

7 5-dimensional

Shear ViSCOSitg n . Black hole spacetime
Conductivity

Holographic Superconductor

Holographic Non-Fermi quUld Quark-gluon 4-dimensional

plasma spacetime
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Traversable Wormholes or Black Holes?
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Is the Gravitational-Wave Ringdown a Probe of the Event Horizon?
V. Cardoso, E. Franzin, P. Pani [PRL. 116, 171101 (2016)]
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. Black Hole

Why in Rindler Frame

EVENT HORIZONS: From Black Holes to Acceleration

Event Horizon 7

/

[ Stationary
C Observer /

ﬂi / ﬁ_)i,- Black Hole

Hawking /
Radiation

< Event Horizon

N

Accelerating
Observer
inYacuum

Unruh
Radiation

A staticnary observer outside
the black hole would see the
thermal Hawxing radiation.

by Pisen Chen

An accelerating observer in vacuum
would see a similar Hawking-like
radiation called Unruh radiation.

Tap = —2(Kap — Kvap)

Credit: Physics Napkins
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Rindler Hydrodynamics

1 ;
Rindler Metric d82 — —Tde R —d?“z - dxidxz
T

Induced Metric d52

—r.dr? + dx,;dz’

Dual Tensor 7;5 — _Q(Kab _ KVab)

Constraint equations
QGM()TL'LL|TC = Qﬁa(Kab — /YabK) =0 = 8“Tab =

STARRON DA NS L T OO0 (NN A W AL W DI

Bredberg, Keeler, Lysov, Strominger (JHEP 07 (2012) 146)
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What is the Most Perfect Fluid in the World?

Quark Gluon Plasma n._1nh Quantum Critical Liquid
in RHIC [08’] & LHC [16’] Graphene [09°] & Semi-Metal[16’]
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Dark Fluid in the Universe?

Cosmological Fluid [CSZ2,17’]
[1712.09326, Cai, Sun, Zhang]
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Tycho’s Data
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NATURE and Nature’s Laws lay hid in Night: God said, “Let Newton be!” and all was light.

Observation to Newton’s Gravity
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From Einstein’s Gravity to Dark Universe

Special Relativity(1905) Einstein’s Gravity

Newton’s
T Dark Matters
Gravity - R >
, - N
; N
A/ + " .
Gravitati | W ’
ravitationa aves
: Black Holes Dark Energy
. fe016)
T = ’ Acoeleraec Bepansion of the Linverse

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



From Observation to Milgrom’s MOND

R (x 1000 ly)

Galaxy Rotation Curve
(1970s)
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Tully—-Fisher Relation
(1977)
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Table 2; Observatonal tests of MOND,

Observational Test

Rotaling Syslems

solar system
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surface brightness x © « a°
galaxy rotation curve His
fitted M. /L
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barvon based
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normalization

no see por ¥ dependenee
no INtrnsic scatter
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Successful Promising Unclear Problematic
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tidal tail morphology
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Cosmology
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Structure Formabion
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From Verlinde's Gravity to Dark Universe

P TN projecting data
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Compare with Verlinde's Emergent Universe

Gravitational quantity Elastic quantity Correspondence
Newtonian potential ® || displacement field w; u; = dn;/ag
gravitational acceleration g¢; || strain tensor Eij gi;N; = —0ifag
surface mass density >; || stress tensor O; o;;N; = ;G
mass density p || body force b; by = —pagn;
point mass m || point force f; fi = —magn;

Holographic Universe vs. Emergent Universe?
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FRW Screen

Friedmann eq.

60.3% Dark

FRW Screen in a Flat Bulk
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oM
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’
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.

brane
4

0 SR 172 H(t)
7w T 2, )
HO a(t)3 HO

5u(t) = =3H(2) [p.(t) + p.(8)/]

Ref: 1106.2476 [Living Rev. ’10]
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Constrains on MOND from Gravitational waves

Chesler & Loeb, arXiv:1704.05116 [PRL, '17]

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
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Holographic dS Universe? — de-Sitter Screen

1) Holographic Stress Tensor — Dark Sectors

1
R,uu i §Rg,ul/ — "{’4T/J,I/ + K4 <T>,LLV7 <7->,u1/

1
M—L (IC,LLV o ICg,Lu/)

Modified Einstein equations

1
L
Hamiltonian constraints

1
R,LW — §Rg/,w — (K,Lu/ — ,Cg,uz/) — /{/4T/ﬂ/

K% — Kk = R+ 2GS NMAN,

2) Embedding in higher dimensions — Brane Worlds

1 M B /M
RMV = §R9MV & 7711/ e T,uw .
A
o I ”
771’./\1//( - (ICg,LLU : ICMO-)IC & —I_ MMV - 5 <IC2 - ICPUICP ) g,LLl/7 e. , © Graviton
— d+1 d+1 h -3,{" P ejsTelslelore roN
My = QMMQVNngN) — gMMNPg,/NNQngPA),Q. S
7 Ne

Ref: 1106.2476 [Living Rev. ’10] /
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Summary of the Membrane Fluid

Quark Gluon Plasma
RHIC o8] & LHC ['16]

Quantum Critical Liquid
Graphene [0a] & Semi-Metal['16]

Cosmological Fluid [csz17]
Dark Matter & Dark Energy

1 1

Ry, — ZRQMV 7 (Kuw — Kguw) = 4Ty

£
Black Holes S A
embrane Fluid [kSS,05’ o
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.('/ i
1 A = k2
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Summary & Outlook
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Quark Critical Liquid
QGP in RHIC pog) & LHC [16]

1 1
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Dark Matter['70s] & Energy[’a0s]

Thanks for All
Your Attention!

Baryon density

“Hydrodynamics and Membrane Paradigm”

Figures Credit: Nature & Wiki Yum:-Long Zhan
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REPORT ON JHEP_066P_0418
DATE: JUNE 6, 2018

AUTHOR(S): RONG-GEN CAl, SICHUN SUN, YUN-LONG ZHANG

TITLE: Emergent Dark Matter in Late Universe on Holographic Screen

RECEIVED: 2018-04-09 14:35:06.0

This took quite a long while. Given the gravity of this affair, I approached
two quite distinguished referee’s. You may guess who is the second referee
who let me wait quite long. Ewven he likes it! In principle your work has
survived serutiny of the most serious kind. But both referee’s come up with
the same recommendation: given that it is a very serious and potentially
highly consequential contribution, please put in some extra effort to improve
the quality of the text and the coherence of the line of arguments. Such an
extra investment is just worthwhile.Surely you should exploit the suggestion
of the first referee associated with the DM equation of state.

-~ Report of referee 1

I recommend that the article “Emergent Dark Matter in Late Universe on

B Holographic Screen” by R-G. Cai, S. Sun, and Y.-L. Zhang be published in
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Report of referee 2

This paper proposes an holographic approach to explain the dark contribu-
tions to the cosmological energy density: dark energy as well as dark matter.
The central idea is appealing: the universe is modeled as a brane embedded
in a higher dimensional spacetime, in which only the ordinary (=baryonic)
matter (and radiation) are described by a stress energy tensor on the brane.
The dark components of the stress energy tensor are in this approach induced
by the extrinsic curvature components associated with the brane embedding.

The paper logically consists of three parts. In the first part a relation
between the energy densities associated with dark energy, dark matter and
baryonic matter is derived in a simplified toy model. Despite the simplicity
of the model, it is striking that this relation appears to hold in the current

late universe to a very good degree. This part is well presented and logically
coherent
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Outline for Holographic Hydrodynamics

I. Gravity, Black Holes and Holography
I. Hydrodynamics and Membrane Fluid

. Rindler Horizon and Relevant topics

" i 5
L

Rindler Fluid with Weak Momentum Relaxation

JHEP 1801 (2018) 058 [arXiv: 1705.05078]
by S. Khimphun, B.-H. Lee, C. Park, Yun-Long Zhang
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by R.-G. Cai, S.-C.Sun, Yun-Long Zhang [arXiv: 1712.09326] (ITP-CAS)

Hologaphic Bell Inequality [arXiv: 1612.09513 ]
by J.-W. Chen, S.-C. Sun, Yun-Long Zhang [to appear in PRD]
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