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New Era in Black Holes & Gravitational Waves (2016-)
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Gamma Ray Burst: NS-NS High Energy Neutrino: Blazar!
Fermi-GBM 2017 | Icere 2018

Figures Credit: LIGO & Fermi & IceCube Yum-Long Zhang Holographic Dark Matter Fluid


https://inspirehep.net/author/profile/Yun.Long.Zhang.1

ysics Between Neutron Star an

< ENM probes : spin distributions. shadows, accretion. tidal disruption I
< GWs  echoes. resonances. spin distributions. inspiral. merger >
ms] 55 4 1 0

ECO

neutron star

Black hole limit

’-- | s .
1033 10* 10% 10° (ro —ry) Em]

Planck scale clean photosphere  Buchdahl photosphere

Black Hole FV(x) -E, 010 5 .
~ oW ~ et . f*’"ﬂ“’, \N. |/'\“\-t'¢'ﬂ "WNIIA\

[ —  ——— -E 0 u" -
-0.10 '

100 150 200 2_50

Exotic Compact Object

GW slrain

\"4 Toro ~2 it JLog
~ ’féeiw(:l:—wo) f (x) sl : !
e ———— ~ etwT IS — ;- E Y S N
o e—iw(z—=z0) ——————) BH
F —] ) 1010 150

time [ms]


https://inspirehep.net/record/1621773
https://inspirehep.net/author/profile/Yun.Long.Zhang.1

Holographic Duality in Classical Mechanics y
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Black Hole Thermodynamics (1970s): Hawking Radiation

Bekenstein & Hawking, ...

. he )
Hawking Temperature T =g 7ym—= 5

Bekenstein-Hawking Entropy  Sgy =

4103,
Oth Law: constant surface gravity

1st Law: dE = % dA+ QdJ + P do),

. 2nd Law: non-decreasing of entropy

_ 3rd Law: extremal black hole is not possible

Yum-Long Zhang Holographic Dark Matter Fluid


https://inspirehep.net/author/profile/Yun.Long.Zhang.1

Membrane paradigm (1980s): Effective Fluid
T. Doumer & K. Thorne, ---
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Effective Description
7;b . _Q(Kab — K"Yab) i
Membrane on Stretched horizon : — ——
Viscosity & Conductivity —_———

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

Scpr AdS/CFT &ye
AdS/CMT Correspondence ZorT = (€ ) ~ €
5-dimensional
Shear ViSCOSitg Q ~ 1 A Black hole spacetime

8_471':163

Conductivity o ~#T

Holographic Superconductor

Holographic Non-Fermi Liquid — eysossms 4-dimensional

plasma spacetime
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Succesful Holographic Models —ICTP Dirac Medal 2018
DIRAC [UIS=RNE ’

Iberrsa i T eaniive
(.ctp e Theocrshical Firvsics

o

Dom T. Son (Chicago) | Xiao-Gang Wen(MIT)

Holographlc | ” | Hlogmraplc IR Order Parameters
Strange Metal Quark-Gluon Plasma Emergent & Entanglement
quantum critical -~ P L

_ ’,CI} It from Qubit S

1( ,; Simons Collab:r ation

tunable parameter
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Motivations for Holography at the Cutoff Screen

Extremal Charged BH

Near Horizon Cutoff AdS /
M Effective CMT?

-

Rindler Space/ Cut-off
Special CMT

Near Boundary

W AdS /CFT&CMT

Horizon

Membrane Near Rindler

Black Holes

k AdS Black Brane /

Wilsonian Approach to Fluid/Gravity Duality [Bredberg, Keeler, Lysov, Strominger, *11]
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From AdS/CFT to Holographic Rindler Fluid

Holographic Screen
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o — =2k =)

What is Rindler Fluid?

AdS Spacetime

Flat Spacetime

Navier-Stokes Equations: Bredberg, Keeler, Lysov, Strominger ['10,’11]
Fluid/Gravity Expansion: Compere, McFadden, Skenderis, Taylor ['11,’12]
Entropy Current and Constraint: Chirco, Eling, Liberati, Meyer, Oz ['12,’13]
Comparison with AdS/Fluid: Matsuo, Natsuume, Ohta, Okamura ['12,13]
Rindler Fluid and Recurrence Relation Cai, Li, Yang, Zhang ['13,’14]
Rindler Fluid with Momentum Relaxation Khimphun, Lee, Park, Zhang ['17]
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Hydrodynamics of the Rindler Fluid

1 ;
Rindler Metric d82 — —Tde R —d?“z - dxida:”’
T

Induced Metric ds® = —erTZ s d:):id:ci

Dual Tensor 7;1; — —Q(Kab _ KVab)

Constraint equations
QGMbnM|TC = 26Q(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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Holographic Fluid on the Screen

1 h Quantum Critical Liquid

Quark Gluon Plasma e
Graphene [09°] & Semi-Metal[16’]

in RHIC [08’] & LHC [16]
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Dark Fluid in the Universe?

Cosmological Fluid [CSZ,17’]

1 1
R/,w - iRg,u,V - z (IC,LU/ - IC.Q/,W) — Kf4T/,w

Figures Credit: RHIC & Google Yum:-Long Zhang Holographic Dark Matter Fluid
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From Observation to Newton’s Gravity

Tycho’s Data o Kapler’s Law
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From Einstein’s Gravity to Dark Universe
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Newton’s Special Relativity(1905) Einstein’s Gravity

Gravity = (1915)

Black Holes

Gravitational Waves

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



I. From Observation to Milgrom’s MOND

— Modified Newton Dg‘namics
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Table 2; Observatonal tests of MOND,

Observational Test Successful Promising Unclear Problematic

Rotaling Syslems
solar system X
palaxy rolalian earve shapes X
surface brightness x © « a° X
galaxy rotation curve His X
V- [ (|v¢|) Vo] = 47Gp. Famaey & McGaugh, fitred M. /L X
@0 Living Rev.Rel. 15 (2012) 10 Tully-Fisher Relation
barven based X
slope X
normalization X
X
X

20 years after MOND

2CC

"o

o no see por ¥ dependenee

no INtrnsic scatter
Cualeccy Disk Stubility
maximum snrface density X

spiral structure in LSBGs X
thin & bulgeless disks X

Interacling Calaxies

tidal tail morphology X

dynamical fricticn X
tidal dwarfs X

Spheroidal Systems

star clnsters X
ultrafaint dwarfs X
dwarl Spherounlals X

clliptieals X

Bul let C l usters Faber Jackson relation X

Clusters of (Galaxies

o . . . . dynsamesl miass X
0 x\h mass—-temperature slope X
i valneity (halk & eollisional) X
o
8 - : Gravitational Lensing
— strong, lensing X
) N ?’ < - ] weak lensing (clusters & LS8) X
1o A < '
~ [ Cosmology
= expansion history X
-] .
8 genmetry X
8 - . biz bang nuclecsvnthesis X
Structure Formsation
. _ . galaxy power spactrum X
< ) cuply voudls X
0 =0 400 800 800 LOOOF s early structnre X
Background Radiation
first:second acoustic peak X

sceond: Lhird seoustie peak
detailed fit
curlv re-jonizntion X 17

» M




II. From Verlinde’s Gravity to Dark Universe

// \\ projecting data
L on 2 dimensional
e g s
?E 10 /
. i
Tﬁi &
THie
0 ;%
‘. 1 Area Law & Volume Law &
" Gravity in our Holography Entanglement

3 dimensional way

Entropy Gravity

» Velinde’s Gravity
(2010)

(2016)

Tully—Fisher relation Cluster of galaxies Parameters in LCDM
b * — ———————

—= P 4
9(r) = V/args(r) Pb(r) = (4 Fn(r)) g 2210 % = 305
S ap = cHo No Covariant Equations of Motion!

Figures credit: Wiki Yum-Long Zhang Holographic Dark Matter Fluid Ute


https://inspirehep.net/author/profile/Yun.Long.Zhang.1

Compare with Verlinde's Emergent Universe )

Gravitational quantity Elastic quantity Correspondence
Newtonian potential ® || displacement field w; u; = ®n;/ag
gravitational acceleration g¢; || strain tensor €ij 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?

4

1
2

__,0A62
d—1

AV = Q% e gQB ~ 036%,

(T +T).

ACSZ = Q% — —QA(QD — QB) =~ —034%
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III. Holographic dS Universe? — dS Screen in a Flat Bulk

1) Holographic Stress Tensor — Dark Sectors

1
Ry — §Rguv = K4Tpy + 64T pvs (T (Kpw — Kgpv)

1
kgL
Modified Einstein equations

1
L
Hamiltonian constraints

1
R,LW — §Rg/,w — (’C,Lu/ — ,Cg,uz/) — /{/4Tuy

K% — Kk = R+ 2GS NMAN,

2) Embedding in higher dimensions — Brane World Models

1 M B >M
R,LLI/ ey §Rguy = ,7;“/ —l_ T,LLI/’ o
AL o 1 2 po i
77“/ = (ICglu/o' - ICMU)IC o =k MHV = 5 (IC " ICpJIC )g,ul/? . e Graviton
_ M _ N p(d+1 MxrP N d+1 N GCCOOO0
M/U/ =\ R§\4N) —9yu N v NQR§WP]\)TQ' <
/ Ne
Ref: 1106.2476 [Living Rev. ’10] /
3-brane

Yum-Long Zhang Holographic Dark Matter Fluid
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Holographic FRW Universe? — FRW Screen in a Flat Bulk

1 1
Se=t_ d°z/—G R + —/ d*z/—g K,
2/435 M K5 OM
1
Sy = — d43’3\/ —gR+/ d4$\/ —qgLl .
2K4 Jom M
FRW Screen ds? = — 2dt® + a(t)? [dr® + r2dQy)]
Friedmann eq. [H2®’ _ %5 e [H(t)2 Q ]1/2
dmann eq m " T T ey

DGP BraneWorld

H(t)2 - Qg +Ql/2H(t)
60.3% Dark - Hg a’(t)3 < HO 7

pu(t) = =3H(t) [p.(t) + pu(t) /7],

Self accelerating Branch

Ref: 1106.2476 [Living Rev. ’10]
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Late-Time Evolution of Holographic FRW Model

T
-------- ACDM
Gic e sDGP
' hFRW
wp 0.0F

_05}

Holographic dark matter Fluid: Equation of State

. QM _H(t)Q :,0_7.[_ 1/2 H(t)2 Q] 1/2
Ap = a(t)d  H? ~ A An= De = { il +a(t)4} ’
1 A
AAZQA, ADZAH—QA, ’wDZ—l—SH(t)Az.
Embedding Function ds? =gapdstds® = dy? —n(y,t)? *at* + a(y, )* [dr? + 120
a1 = att + 1220 2o fap Y 11
_ daly.b) o 30aly,t)|  _rH@P I (12
n(y,t) = ta@s) - (mse)on = ;(y,t) |y:o _3[ a a(t)4] ’

Yum-Long Zhang Holographic Dark Matter Fluid


https://inspirehep.net/author/profile/Yun.Long.Zhang.1

Summary of the Holographic Fluid

Quark Gluon Plasma Quantum Critical Liquid

RHIC o8] & LHC ['16] Graphene [0a] & Semi-Metal['16]

4
Black Holes S
Membrane Fluid [kSS,05’ _ /
- L ‘/: > a
e A
ClF =l (0T €
‘\J wi .
1 h R
4 kB § 47TTC
H: 02 ~ 10, () - 0
\/QA(H—g o) D = 58 (Elp = p)

Cosmological Fluid [csz17]
Dark Matter & Dark Energy

1 1
Ry, — §R9W 7 (Kuw — Kguw) = 4Ty

A\ __/

Figures Credit: RHIC & Google Yum-Long Zhang Holographic Dark Matter Fluid
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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

1

9= 167G

/ 042/ [R+ MEF(E) + A(A2+1)] + Sunat

Einstein-Aether theory (2004, Bekenstein)

Vel I =27 =

o )=

R, — = T + S7GT™

%Rguy uv
INAj,

A Ry = I ey = s AT

= F’Yaﬁ + %gaBMQJ:—I— )\AaAﬁ,
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Summary & Outlook

— p——— - —
7 1 h i 2= §QA(QD - )
o ./ Black Hol
embrane Flui o Qg 1=
el k? /5 S earrneli QA(Hg a4>
Te AT Rindler-Flui
? Cosmological Fluid

Quark Critical Liquid
QGP in RHIC pog) & LHC [16]

1 1
— ;R — 7 (Kuv — Kgu) = 64T

Dark Matter['70s] & Energy[’q0s]

Thanks for All
Your Attention!

Baryon density

Figures Credit: Nature & Wiki Yum-Long Zhang Holographic Dark Matter Fluid
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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
Dear Editor,

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

| Holographic Screen” by R.-G.. s 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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Research Background of Y.-L. Z2hang

Nov. 2018 — JSPS Fellow at Kyoto U. with Prof. Shinji Mukohyama(YITP)

Black Holes and Quantum

Diffusions & Emergent Gravity & SYK Model

Matters

2016-2018 Postdoc at APCTP (3

I RKIZIC DR LY)

Young Scientist Training(YST) Program @Pohang

Holography and Effective Theory
Phase Transition & mu2e &0v (53

2014-2016 Postdoc at NTU (&3EK%)
with Prof. Jiunn-Wei Chen @Taipei

Gravity and Hydrodynamics
Einstein Eqs & Navier-Stokes Eqgs

2009-2014 Ph.D at ITP/CAS (F&IFRIEICYIIEFR)
with Prof. Rong-Gen Cai @Beijing

[2013 2014 V|5|t|ng at U of Southampton(UK)] |

2005 2009 B.S. at Lanzhou U.(ZMAZF) with Prof. Yu-Xiao Liu
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