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Motivation — Holographic Hydrodynamics
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Motivation— Verlinde’s Gravity & Dark Universe

Entropy Gravity
= GR (2010)

Area Law & _
Einstein’s Gravity |

Volume Law &
Modified Gravity?

Emergent Gravity WHY NOW? — Prof. Y. Nomura
Dark Matter? (2016) PDM == PDE

. Any relation between
“w@ Dark Matter & Dark Energy?

Spen)EE sl

No Covariant Equations of Motion!

' Refs: Erik Verlinde: JHEP 1104 (2011) 029 [1001.0785]
& SciPost Phys. 2 (2017) no.3, 016 [1611.02269] Yun-Long Zhang Holographic Dark Fluid

3


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

From Observation to Milgrom’s MOND

— Modified Newton Dynamics

-----------------* Darkmatter

Why [CL() = \/K)

Galaxy Rotation Curve Tully—Fisher Relation ) Milgrom’s MOND
(1970s) > (1977) (1983)
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The acceleration parameter of extragalactic systems

Refs: Famaey & McGaugh, Living Rev.Rel. 15 (2012) 10 4



30 years atter MOND

Milgrom @ Weizmann V- [u ('V‘I") Vo] = 47Gp
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Acoustic Power Spectrum of CMB

Refs Famaey & McGaugh L|V|ng Rev Rel. 15 (2012) 10 —

Table 2; Observalonal tests ol MOND,

Observational Test
Rotaling Syslems

Successful Promising Unclear Problematic

solar system X
palaxy rotalian earve shagpes X
surface brightness x © «x a° X
galaxy rotation curve fits X
fitted M. /L X
Tully—I'isher Itelation
barven based X
slope X
normalization X
no sese nor ¥ dependence X
no INtrnsic scatter X
Culeccy Disk Stubility
maximum snrface density X
spiral structure in LSBGs X
thin & bulgeless disks X
Interacling Caluxies
tidal tail morphology X

ynamical fricticn X
tidal dwarfs X
Spheroidal Systems
star clusters X
ultrafaint dwarfs X
dwarl Spherowlals X
cllipticals X
Faber Jarkson relation X
Clusters of (Galaxies
Ay nsamiesl mass X
mass—temperature slope X
velneity (halk & eollisional) X
Gravitational Lensing
shrong lensing X
weak lensing (clusters & LS38) X
Cosmology
expansion history X
gFeometry X
biz bang muclecsvnthesis X
SLructure Formation
galaxy power spactrum X
cuply vouds X
earlv straetnre X
Background Radiation
first:second acoustic peak X
scoond: Lhird seoustie peak X
detaled fit X
curly re-jonizntion X




Constrains on MOND from Gravitational waves

1) The Speed of gravitational waves ~ c

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 are consistent with Einstein’'s gravity

B 1
167G

S

/ 042/ [R+ MEF(3) + A(A2+1)] + Sunat

Einstein-Aether theory (2004, Bekenstein)

R, — 1Rg = T +87GTRM,
ValF'J%] — Flys = 2XAg,

7;5 — %Va{f/[J(aaAﬂ) — JaaAﬂ) — J(aB)AU]}
— F'Yop + 59apM*F + Mg Ag,

Refs: Chesler & Loeb, PRL, 119, 031102 (2017) [1704.05116]



From Verlinde's Gravity to Dark Universe

Gravitational quantity Elastic quantity Correspondence
Newtonian potential ® || displacement field wu; u; = ®n;/ag
egravitational acceleration g; || strain tensor Eij gi;N; = —gi/ag

surface mass density >.; || stress tensor Oij o;;N; = X;ag

mass density p || body force b; by = —pagn;

point mass m || point force fi fi = —magn;

Entropy Gravity Emergent Gravity /T GMLZD (r') dr! — Mp(r)aor
= GR (2010) r'? 6

Volume Law &
Entanglement

_ — ag pgl(r 4
() = (1~ Bp(r) o 2ol 0 = S0
ap = cHy No Covariant Equations of Motion!

Ref: Erik Verlinde: SciPost Phys. 2 (2017) no.3, 016 [1611.02269] Yun-Long Zhang Holographic Dark Fluid
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AP
MOND from a Brane-World Picture?
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many, a > Qc

FMilgrom — ma —
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Schematlcs of the brane dgnamlcs —updated bg Milgrom (v2: Mar 3, 2019)

Ref I\/Iordeha| M|Igrom 1804. 05840 [gr—qc] Yun Long Zhang Holograph|c Dark FIU|d
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Flat Bulk/de-Siter Universe

1) Holographic Stress Tensor — Dark Sectors -
1
< Ry — §ng/ = Kalyy + Ra <T>MW (T = /434% (K — ICQW)
Modified Einstein equations A
1 1 <T>/1}V — _R_g,ul/a
4
R,uu — §Rg,uu — Z (’C,U,V — Kgul/) — K4Tuy _ K5
Hamiltonian Constraint -
0 =26PINANE = K2 — K, K" — R. < T Tty = -

2) Embedding in higher dimensions — Brane World Models

1
Ry — 5 Ry = T+ T,

(o2 1 (o)
7;/;\//( = (Kglw - ’CMU)K y + My — ) (IC2 — Ko P )g,ul/a
— M N d+1 MarP N d+1
M,Uﬂ/ =9, 9u Rg\/_IN) — 9 N 9v NQREWPZ\)fQ‘
[Maeda, Mukohyama, Sasaki, Shiromizu, ..., ['99, '10]
Ref: 1106.2476 [Living Rev. ’10] Modified Gravity and Cosmology

Ref: [arXiv: 1712.09326] by Cali, Sun, Zhang Yun-Long Zhang Holographic Dark Fluid 9
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Hamiltonian Constraint & Add-on matters

T =Ty +Tgr", Ty = (pp)utu”, Ty = (pr)utu” + prh*,

(T = (TR + (T, (TR =—(ac)g™, (TV = (pp)uu” + poh™".

2 PA ~ ~ PD
— 1—3 — = .
< PD = 901+ 3up) r2l Wp) PB]D WD =

(t)? Qp = e =
~ ~ ~ :QA—|— -+ EQA+QD—|—QB
Qa = pa/pes D =pp/pe;, B = pB/pe; Hy a(t)?  a(t)?
<ﬁ2 _ M a0 sap) -0 A S a2 0
D™ 901+ 3wp) (25 (I8 Sun) S5 H ~—a()?® "N | HS o oa(t)!
0.207 ..................... ]
Late Time Evolution 1 ~0685, Qp~0265 Qp=~0.050, o T Verinde: 0=, 05
1 j — CSZ: Q=0p-303-03
dosy = Q% — §QA(QD — QB) ~ —(0.003, Qp o.1o}

Sy =02 — 525 = 0.004. 005

Hamilton Constraint Equation & Emergent de-Sitter Universe 0.00

Ref: [arXiv: JHEP 1810 (2018) 009] by Cai, Sun, Zhang Yun-Long Zhang Holographic Da’rk”Fluid‘ . 10
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AdS/CMT Duality: Geometry & Quantum Matters

AdS/CFT
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Moving the Holographic Screen to the Finite Cutoff

e Ve % Th Ity LN S S 1 Vo N L e

Extremal Charged BH

Near Boundary
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Wilsonian Approach to Fluid/Gravity Duality [Bredberg, Keeler, Lysov, Strominger, JHEP 1103(2011)141]

Non-Relativistic Fluid Dual to Asymptotically AdS Gravity at Finite Cutoff Surface
[Cai, Li, Zhang, JHEP 1107(2011)027]

AdS/FRW duality & Holographic Big Bang [Pourhasan, Afshordi, Mann, ’14,°17 ] Yun-Long Zhang Holographic Dark Fluid 12
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Toy Duality: Field & Surface Matter

I. Electromagnetism

Electric Field &
Surface Charge

II. Newton Gravity

Massive Star &
Surface Shell

. Einstein Gravity

Black Hole &
Surface Fluid

Yun-Long Zhang Holographic Dark Fluid 13
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Flat Bulk/FRW Universe

ACOMEe] Hpanson of tre Lnverse ]
e The Total Action
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Einstein Field Equations < &—4GW =T, + <T>ZV7 > Holographic Dark Fluid?

2 5(Ss) 1
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Stress Energy Tensors T = 2_0(5m) (T)

T =g dgn

K4
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1
In the Bulk => Modified GR <R,LW — §RgW —

Hamilton Constraint Equation ~ QO - X .
. . QD: = [QD(l—ng)—QB].
& Emergent de-Sitter Universe 2(

Réf: [arXivf jHEP 1810 A(2018)w(‘)09] by Céi,Sun, Zhang Yun-Long Zhang Holographic Dark Fluid 14
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Flat Bulk/Dark Fluid?

Induced Metric ds; =g, da*ds” = —c*dt” + a(t)? [dfr + TQdQQ

Bulk Metric ng gapdzdz” = dy® + Gupdatdx”. \

= dy® — n(y,t)? 2dt* +a(y,t)° [dr® + r*dQ,]

a(t)?

alw. 0 = aft)? + 220 £ 2y a2,

\oiwo - 2552 /

/(/43502),061 == 3\/

H(t) —|—3H(t)2
1
- (]C,Lw — ICg,uu) : !”5)]% —
K5

c? + a(t)4
Ref: [arXiv: JHEP 1810 (2018) 009] by Cai, Sun, Zhang Yun-Long Zhang Holographic Dark Fluid 15
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holographic Emergent Dark Universe (hEDU) & SNIa Data

2
ﬂ]DM : HISZ) = Op + (1 + 2)° Friedmann Equations \
0

) H(Z)2 . QA 3 QA\/ 4Qm 3
sDGP : HZ T 2 + Qn (1 + 2)° + > 1+ Q. (1+ 2)
. H(Z)2 . QA 3 QA\/ 4Qm 3 4@] 4
KEDU. w2 +Qn(l+2)" + =741+ Q. (1+2) +QA(1+z)
0.80
| 05
Vo | Parameters LCDM hEDU 7
078, n 0.7330 £ 0.0180 | 0.7349 +£0.0179
oral Qi 0.2969 + 0.0352 0.0299 £+ 0.0515 .
Q — 0.4382 + 0.1317 o |
0.72] Q 0.1403 £ 0.0068 0.1409 £+ 0.0068 o2
oral B 3.1081 + 0.0892 3.1144 + 0.0896 |
X2 695.063 694.321 s
08 AAIC 0 1.258 |
NSNS ABIC 0 5.866 o
0.00 0.05 0.10 0.15 0.20 0.25
Om Table 1: Fitting values and uncertainties of the cosmological parameters. 20

Ref: [arXiv: 1812.11105], fitted by Gansukh Tumurtushaa(IBS/Korea) etal  YdnkongZhang Holographic Dark Fluid lle
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Late-Time Evolution of hEDU Model
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Ref: [arXiv: JHEP 1810 (2018) 009] by Cai, Sun, Zhang Yun-Long Zhang Holographic Dark Fluid
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Reconstruct the Effective Potential

Total Action

Effective Action
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Ref: [arXiv: 1812.11105] Emergent Dark Universe and the Swampland Criteria
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Checking the parameters in Swampland Criteria

|29

Criterion 1 : < dj,

dp. C1,Co ~ O(1
Swampland Criteria Mp Uy = =2 (1)

Criterion 2: Mp|VV| > ¢V or Mpmin|[V,V,V] < —cV,
2.0
15f sDGP - =Y v = W) _ V(1) |
----- hEDU ‘,,;';_————"”' - |4 e A(t)
: PO ! v d dV 1 d[Vi(t
/\1(2) 10' ,/;o" ] )\2 = Mg—, V” = (¢) = = —|: : ( )] .
| - | v 49 o~ G di L)
. /::."
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0.0f==*"" ] T 0 e [ 2 001+ 21|
"""""""""""" 0 A
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Z
4 —————T————— s R _
"o/'é ]_ — Qm —l_ \/QA(]. _|_QI)
gl e sDGP A ] 12
_____ ."‘ 10F  oeees sDGP :
hEDU o Models Qm QI QA | S— hEDU S
e v |
A (z) 2 R 3 sDGP | 0.21 0 0.62 ™" =
;"“: i 2 “n“-..“nﬂ":':ﬂ“".”
P hEDU | 0.03|0.44 | 0.65
1 ! .-"" (())-0 015 110 1j5 2-.0
AROSE=T & /Mp
S (M lirrere s verer—————— 9
=10=—-205 0.0 0.5 1.0 15 2.0 MP|V7JVJ'V| > c3V, cz ~ O(1).

Ref: [arXiv: 1812.11105

] Emergent Dark Universe and the Swampland Criteria
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Summary & Outlook
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Cosmological Fluid

Quark Critical Liquid
Dark Matter ['70s] & Energy ['90s]
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Thanks for Your Attention!
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