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Major Motivations of Cutoff Holography

Beyond AdS/CFT: Flat Bulk with Cutoff/Rindler Fluid

Holographic Screen
Time-like boundary

Tab = —2(Kap — K7ab)

What is Rindler Fluid?

Flat Spacetime Holographic Fluld AdS Spacetime

Navier-Stokes Equations: Bredberg, Keeler, Lysov, Strominger ['10,'11]

Fluid/Gravity Expansi Compere, McFadden, Skenderis, Taylor ['11,'12]
Entropy Current and Constraint: Chirco, Eling, Liberati, Meyer, 0z ['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 w-smmawrm
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L. Holographic Rindler Fluid

— Accelerating Screen

35% ,w% ,é,:é";"?f ii
— Relation to AdS/CFT

Y N
II. Holographic dS Fluid

— de-Sitter&FRW Screen_
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Hydrodynamics from Holography

e QGP, Neutron star, Superfluid, High-energy astrophysics, ...
(p+1)-dimensional relativistic viscous fluid

TP =TR+ T+ T VaT? =0, (1)
(a()l; _euau + phab, hab = ,yab + uaub’
b b
1
o = p2° pbd <v(c ey = 0 hcd> . 0=V.uS, (2)

e Gravity/Fluid correspondence: Gravity < a special fluid.
e Connection to the AdS/CFT and Cosmological Applications

e Is there a recursive relation between different orders?
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AdS /Conformal Fluid

e Conformal fluid lives on the AdS boundary
S. Bhattacharyya, V. EHubeny, S. Minwalla and M. Rangamani, JHEP 0802, 045 (2008)

ds® = — 2u, dxdr — r? f(br)uaup dx?dx? + r? h,p dx?dx?

+ gWdxtdx” + gD dxdx” ..

Guv +Nguw =0, A=

sl

tube of
it G

} 1/e

M. Rangamani, Class. Quant. Grav. 26,
224003 (2009)

p(p+1) 1
=5 f(br):W

e The dual stress tensor

b : b b b
T = fim Pt (2K73 _2K? +T§t)

rc—00
—(r )Pt (puu® + h*°) + 725 + Tgh
T(alti — 2770'3b + Chab,

S 47TTH 2
= = 9 :0
"4 (p+1> ¢
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Black Holes/Membrane fluid

e Membrane paradigm
Black Holes < lower dimensional fluid

e The horizon responds like a viscous fluid

S. W. Hawking, J. B. Hartle, T. Damour, 1970s

e Universal relation 7/s = 1/4x

P. Kovtun, D. T. Son and A. O. Starinets, JHEP 0310, 064 (2003) R L. it e (€. S, T
Phys. Rev. D 33, 915 (1986)
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Rindler/Fluid

¢ Ingoing Rindler metric

Guw =0, ds? = —rdr?+2d7dr + dx;dx’

HE
I. Bredberg, C. Keeler, V. Lysov and A. Strominger, JHEP 1207, 146 (2012)
o Derivative expansion G, = 0(9%), =
2 _ a ay. b 3
ds® = — 2pu,dx?dr + gpdx?dx” + 0(0°) -

1 2
gab = [—P*(r — re)uatty + vas] + £33 + £l

G. Compere, P. McFadden, K. Skenderis,
M. Taylor, JHEP 1203, 076 (2012)

e The dual stress tensor

Tab :2(K’Yab - Kab)
=0+ pPap+ TP+ T 4+ .
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Rindler Hydrodynamics
e The Hamiltonian constraint equation
2G " |y, = (K? — KppK®)=0= T2 - pT,,T* =0, (3)

the equation of state relating the pressure and energy density.

e The momentum constraint equation
QGMbn“‘zc :2(33Kab—0bK) :O:>82Tab20. (4)
It reduce to the incompressible Navier-Stokes equations

a,-v" =0, (5)
Orvi + Vjajv,' — r682v,- + 0;P =0, (6)
in non-relativistic hydrodynamic limit
Vicme, P~e? 0 ~e Op ~ €2,
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Outline

@ Gravity/Fluid Duality on Cutoff
© Connection with AdS/CFT
© Holographic Dark Fluid in the Universe

e Appendix: More about Rindler Fluid
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Beyond AdS/CFT: Holographic Screen at the Finite Cutoff

2> >
Cutoff AdS/

Deformed CFT? AdS /CFT&CMT

Membrane Near Rindler

Black Holes K

Wilsonian Approach to Fluid/Gravity Duality [mssery Kesir Loy, Stremingss 0P 11
Non-Relativistic Fluid Dusl to Asymptotically AdS Geavity at Finite Cutoff Surface [Tw U, Thang. INEr 11}

AGS/FRW duakity & Holographic Big Bang [Pourhasnn, Afshordi, Mann, 14, 17 ] Yun Loag Zhang Holographic Dark Fluid
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Rindler Fluid with Weak Momentum Relaxation

L [eeymg | B2 0w - gp [@ev
167Gpia SV 2 & 87Gp12 ¥l

dspya = —2smg(r — ro)de? + 2dtdr + &;;dx’de’
= %(r — 1g)(r — Tk — %Eq,dz‘dzi +O(kY),

¢ = krg, I = Iy = T3 Loy ey I

k2
Ward Identity ~ &(T") +8pe =75 (T%) — ()i +--- . 75" = ‘hr(ijk)'
- _ 1 ATy L, R (£0)To k2
Thermal Conductivity  Ro=y—5——p— ™ 1= TTE [1 s ﬁo] +O(k")

S. Khimphun, B. H. Lee, C. Park and Y. L. Zhang, JHEP01(2018)058
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Cutoff AdS Fluid with Momentum Relaxation

Cutoff AdS/Fluid st ® AdS/CFT Fluid

Ward Identity

. 2
3 P =T — R B -, Tl
&(TH) + 8P = —77 (T} — Lk Gevi + T = mELD
Thermal Conductivity & Relaxation Rate
i 1 45T Al LT. k2 5
co b il = R e
Ty e B 4ng[ s | Pk

AdS Black Brane with a Cutoff
Sub-Leading Correction

" Eg —(p+1) [-E}(-:) = r{fl(?)) :

Near Rindler
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Running From Conformal Fluid to Rindler Fluid

Near Boundary

[N——— Y AdS/CFT Fluid

Jm e=t=-1, =t ) G - E&_trl.}) .=
entum Relaxation Rate Sub-leading C e
ancn
e e orrec
_/'_ - ‘ )
“ / — p=i -
' ; ==

—pe2

; = / S
- e f%a-f—-— =
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Application of Holographic Hydrodynamics

Quark Gluon Plasma Quantum Critical Liquid
RHIC 08) & LHC ['16) Graphene ['09] & Semi-Metal['16]
-9—-—“
Black Holos i
brane Fluid (k308 Ve -f/
o
T e
[2s &
=
P = 1T,
He 0 \ru\(zi A ”;"') 0~ ;smn,, - Qp)

Cosmological Fluid roo,17)
Dark Energy & Matter & Radiation

1 1 o
Ry 3 R = - (K~ K = W Ty l

Yun-Long Zhnng Holographic: Datrk Fluid
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Outline

@ Gravity/Fluid Duality on Cutoff
© Connection with AdS/CFT
© Holographic Dark Fluid in the Universe

e Appendix: More about Rindler Fluid
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L. Holographic Rindler Fluid
— Accelerating Screen

35% ,w% ,é,:é";"?f ii
— Relation to AdS/CFT

Y N
II. Holographic dS Fluid

— de-Sitter&FRW Screen_

Cutoff Fluid (@Hanoi)

igures from web)
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urface: Minkowski Bulk <=> de-Siter Universe

1) Holographic Stress Tensor — Dark Sectors PR =

By znguw = kgL + 54(Nper My T (K'_. Kg.w)

Modified Einstein equations

- X ~-

P = o B = 2 (K= KoY m T, i =, il KA
i = 5 R = 7 Ky = K) = KTy AN
2 L A-'_i‘, L-— / ,’ 4\')..9

Hamiltonian Constraint
0=26N N =2 -k, k" -R. m,.m"--—?,mm)
2) Brane World Models — Embedding into higher dimensions —

1
Ry — 3 Rap = T+,
1
T..'.I' = (Kgyo = Ko )X, + My = 5 (m = KooK") Gyt
M y,, R(d-ﬂ) = y,," Npg,’-" N9 R(MPNQ'

Graviton
TS

o C ,-».‘3‘-.3‘!

T
10.(2018) 0
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II. Emergent Dark Universe: Cutoff Flat Bulk <=> FRW Universe

The Total Action
1
Sii = /H.l‘.,-\./_,,(,_)“l/z ' c) + S5,

ey S A A b Y o L
b-,:L1xl J\/ ;(2“"7{") /;d v/ '/“"K.

v me d
Einstein Field Equations :(1,.,, I B I B Holographic Dark Fluid?

2 8(Sm) =] 2 4(Ss) L -

Stress Energy Tensors Ty =— =5 g " (Thaw =— T ™ = s (K — Kgpe)
1 K4 \m . ey

In the Bulk => Modified GR By = 5 R — (K — Kgpy) = KaTiy

Hamilton Constraint Equation s Qp x T x
q 4 !Vﬁ_-, = 3t :-{"_-l;’i{ﬂn(l — 3ip) - Q).

&Emergent de-Sitter Universe
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—

Cutoff Flét Bulk <=> Dark I;'Iuid in FRW Universe?

Induced Metric ds} =g,.detde” = —c*dt* + a(t)? [dr® + r2dSy] .

. i~ 2 -
(lsg = gapdz?dz® = dy® + Guvdadz”.

Bulk Metric

=dy? — n(y.1)? Adt* + a(y.t)? [(lr2 - 1'2(1(22]

‘}((L)Q :h?y\[a(f)'-’df‘;z)? +1.

a(y.t)? = a(t)® +°

da(y.t)

n(y.t) = )

. o o [HO? T
Holographic Stress energy Tensor | =%/ + i

H(g+as(e?
ST 01 Y, o St i
(D = TS R (Kwr = Kgyu) - fmipd m
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T rhmtry = -2 o).

" = —pputu” + (pruu” +pnh'“’ ) ’
(Y™ = —pag"” + (ppu"u” + pph*)
b= m-_{';—%ilﬁn(l - 3ip) = ppl, @

Wp-;;?.

H (l)’ Qp

;z‘)i

t
O =pa/oe M =pploe. Q= pploe 'ﬁg):‘"l\"';ﬁx ;(-)'s-fln+ﬂo+f
+n|,g II(C)’ R
-t

b = 57 gy (D001 ~ 3i0) ~ ] }
Late Time Evolution s =065, fp=0265. (g~ 0050,

a(l)‘

onelod
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Friedmann Equation

HEe?

-
A e
P

emmmmmm————
- ¥

casssnsessnanssnnes

10

Te
% Dl 42) + &‘/l + n—";[“.(lu)’f-ﬂ:(l +2]

20
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Lcmn HE? g
e A4 Dl +2)°

e %+ﬂ_(l+:)’+-‘;—*«l+—?(l+a)’
A
- 2
o ﬁ—-
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Friedmann Equations

o L L
> + 214 2%+ 2|1+ R 1+ + nA(H:)

LCDM REDU
T 0.7330 £ 00180 | 07310 = 0.0179
0.2060 40,0352 | 0.0209 % 0.0515
— 04352 £ 0.1317 *
01403 £ 00068 |T0.1400 £ 0.0068
31081 £0.0892 | 31144500806




Total Action St -/d‘zJ—_y —'—R+£_ + -l-lc) +/ d‘;‘/__g(z-i-‘g)

Effective Action 5, = [ dsy/=g 1R+ Lo — 3007 - V(o)

Vig(t)] = % [palt) — palt)] ‘ M0 = pey/Ma %): + :T’
A0 =~V 0 ) pul) =~ = e,

"
Friedmann Equotlon—y): —(—,s*'ﬂ"[”w R'!,F]
G 05 06 05 10

Polynomial fittings

Ecd
EORETET Y

S335383

o E DA
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i IM
terion | @ < dg, e, ~ O(1
Swampland Criteria i do, ¢y, 02 (1)
Criterion 2 : MPlVVIZqV or Mimin[V,V,V] < -V,
T W avie) v
18] __: ’4 A= M V'n%!-
i) 19 / = "VV' ye= 9V xa V(l)]
05}
H(:)P? [N i
BB N S LS oo (1 4 2)3 4+ (1 5 =)
10 05 00 05 10 15 zx-%r TJ ﬂn[ & ]
z
1= Q4+ /%0 +91)
of seeeeee 0GP
S Models] O | O
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o
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Summary: Holographic

Views of the Emergent Dark Universe

o2 Iu (8] ;)
T 1 h p = 55 {1
i kg
: H O o 8y
1 k2 7 \"‘(//.-f' )
=T,
Quark Critical Liquid

Cosmological Fluid
Heavy Ion ['00s] & Semi-metal [10s) Dark Matter ['70s] & Energy ['90s]

Thanks for all your attention!
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Summaries

© Gravity/Fluid Duality on Cutoff
© Connection with AdS/CFT
© Holographic Dark Fluid in the Universe

e Appendix: More about Rindler Fluid

Cutoff Fluid (@Hanoi) Aug 4, 2020
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Petrov type I condition

Obtain arecurrence relation

P, = n"hin"hiC,oq
P.=0 P.y=0
TO = Euguy + Phoy 25 T = o +... 25" TY =
Rindler-Fluid —» | AdS Cutoff-Fluid | —» AdS-CFT Fluid
How alij:g:: l?él?er:'zrrders? 10 R0 (6D aeder Up to to O order
Cai st al. 1401.7782 ﬂfﬁmm AdS/Rindler correspondence?

Cutoff Fluid (@Hanoi)

D0
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Appendix: More about Rindler Fluid

¢ Rindler Fluid up to second order
Ty =0+ phap,
T = (¢'DInp)uatiy — 20Kap,
T = 4{PJ;M?#+¢QwQ”+dﬁDmpV
+ dyDDInp + ds(Dy In p)2] Uatip + (C1KacKS,
+ 2K (22 + 32acQ% + cah5h§d04Inp

+C5lCabD|np+c6DaLInprLInp)}. (7)
e Coefficients from holographic calculation
¢’ =0, n=1,
dh=—2, dr=d3=ds=ds=0,
c=—2, GO=G=C=C=—Cc=—4. (8)
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More about Rindler Fluid

e The metric components

0
g;gb) =-

680 =20 ) (DInpuss + 24).

8% =2(r — 1) [(Ceak™)uautp — 205150k

p2(r - rc)Uan + Yab,

— K, Kb + 2K (20 — 2h5hE D/ccd}

1
+ p(r — rc)z{ (EICCdICCd + aca®) usup

+ 2u(h) [9aK7, — (Kea + Qea)a”] — Qe |
1
+p*(r - rc)3(§chQCd) U Up. 9)

where ICab = hghga(cud), Qab = hghg8[cud], D;‘ = hgé?c.
G. Compere, P. McFadden, K. Skenderis and M. Taylor, JHEP 1203, 076 (2012)
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2. Petrov type | condition

e The spacetime is at least Petrov type | , if there exists a frame
P=k=0, kt'=1m,m" =5, (10)

e Such that
Pj=0, Pj= Cuiwy;=mtm} Cuap. (11)

V. Lysov and A. Strominger, “From Petrov-Einstein to Navier-Stokes,” arXiv: 1104.5502 .
T.-Z. Huang, Y. Ling, W.-J. Pan, Y. Tian, and X.-N. Wu, JHEP 1110 (2011) 079

e For the Rindler spacetime, the Newman-Penrose-like vector
fields can be choosed as

m; = 8,', \f2€ = 80 — N, \/Ek = —80 — N, (12)
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Projections on the hypersurface

o Consider the following projections

7?757372 Ca,B'yé = Kadec - Kachda

Va ’YbPYVn COéB’Y(S = 83Kbc - 8bKam
’Y?”ﬁ’@” Ca,B’yé - KKac - abec 5 (13)

and the Brown-York stress tensor T,, = 2(K~a — Kap)-
e The Petrov type | condition turns out to be PP; = 0, where

2Py = T Ty+2rTT T —4rc V20, Ty — TuTH — 4r2%0,T7,

+ p2 [T(T —pT7,) + dpri M0, T] 5. (14)
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Petrov type | condition

A stress tensor T, on a (p + 1)-dimensional timelike
hypersurface has (p + 1)(p + 2)/2 arbitrary components,

Petrov type | condition P;; = 0 gives (p — 1)(p +2)/2 constraints.

(p+1)(p+2) _ (p=1)(p+2)

This leaves . - = (p + 2) independent

components.

Exactly the number of the physical quantities of fluid:
Local energy density e, pressure p, velocity v'.
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Non-relativistic hydrodynamic expansion parameter ¢

e The stress tensor can be expanded as

77 =T W4 778 4 o),
TTT — TT(O) + T7'5_2) + TT$—4) + 0(66),

0 2
Tj=TO+ TP+ T 1 0(e9),
T = 7O 4+ 7@ 4 7® 1 o). (15)

¢ Impose the Hamiltonian constraint and Petrov type | condition
HO —g = 77@ — _ 770 7r(gij
T i J )

0 2 — 3 2 T 1 - 1 - 1

PO 0= 7O = pi7@g; 4+ 22 T 0T _ o, 9, 77D

A
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Recover the dual fluid

e ldentify TT,.(l) =32y, T@ = 17%2pP, we can recover the
stress tensor

T, =+ r{3/2v,- alx 0(63),
T =— rcf3/2v2 + 0(e),
Ti=+ ret/? dj + re 3/ [PS;i + vivi — 2rcaj] + O(€3),

T :TTT—i—Ti;:prc_l/2+pr;3/2P—|—0(63),

e 0,T?% = 0 — incompressiable Navier-Stokes equations

8,'Vi = 0(64), O-vi + VjajVi + O;P — rcazvi = 0(65)7
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The next non-trivial order

o Hamiltonian constraint H(*) = 0 and Petrov type | condition
JP’E;‘) =0 lead to

T7'5_4) — _ rg/z TT,('l) TT§3)(5U

+ % (RPTOTE + AT @Y — TR, (21)

i (2
4) _ 5 3/2:(1) 7(3) _ PO 1 12 7(2) )
T =222 T P17 200, TP + 2P T7 AT
1
1
+§ p~t [p—lrcl/2(7-(2))2 _ rg/Q 7() TTS_2) + 40, 7@ 49 T(4)] djj.

But it fail to recover the holographic stress tensor.
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Check the Petrov type | condition

e Inserting the stress tensor into P;; and expanding in powers of
parameter ¢, one has

P = PE,JF)) + [PI(.J?) + Pff) + O(€°). (22)

¢ One can see that IP’E.;)) and ngz) vanish identically, but

]P’f,f) = rc_3 [—6rcvkv(,-wj)k - 2rc2 V(,-82 vj) + 4rc2 Vkﬁ(;wj)k 4 1?320’,']} .
(23)

Unless additional constraint, eg the irrotational condition
wijj ~ O(€*) R.-G. Cai, L. Li, Q. Yang and Y. -L. Zhang, JHEP 1304, 118 (2013)

See more recent discussions by C. Keeler, T. Manton and N. Monga,

“From Navier-Stokes to Maxwell via Einstein,” [arXiv:2005.04242 [hep-th]].
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Slightly change the frame

¢ In general, these basses can be written as

V20 =~(do + 5'0;) — n*d,,
V2k = —4(80 + B'0;) — 09,
m; =0; + B0 + (v — 1)8728:49;, (24)

e Only one term IP’E;‘) = 0% = 628(,-\/J-) is left,

Cutoff Fluid (@Hanoi) Aug 4, 2020 39 / 47



3. Relativistic Rindler fluid in derivative expansion

e Choose a covariant frame 2/ = —n + u, V2k =—n— u,
S = Luky + kyly + 6;m' v, (25)
o The Petrov type | condition becomes P;; = m?mP,, = 0,

2P =hShi [ (Tme Toa — Ton Ted) U™ 0" — Tem Ty
+ 4h§hg[ —u"Om Ty + umﬁ(c Td)m]
+p 2[T(T + p Tt u") + 4p u°Oc T hap.  (26)
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From Petrov type | condition to Relativistic Fluid

¢ Define the fluid velocity u? such that hab Tpcuc =0,
e Choose the isotropy gauge of the pressure p,
e The stress tensor can be decomposed as

Tap = euyup + Myp, (27)
with

e= Tpu’u®, M= hSh Tey. (28)
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e Then the Hamiltonian constraint becomes H = 0, where

H =2pep + (p — 1)e* + pM N — p°p®. (29)

e The covariant Petrov type | condition is P,, = 0, where

2P.p = — el ap — Macl — 4uDcM op — 41 Dyjuc
—4el.p+ [p(e+p)+4p uOcInp] hap. (30)

R. G. Cai, Q. Yang and Y. L. Zhang, Phys. Rev. D 90 (R)041901 (2014)
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Recover the stress tensor of dual fluid
e Expanding the stress tensor
e=0+ed +e@ 1 08,
_ (1) (2) 3
Map = phap + 13, + 15, + 0(07). (31)

e The first order

HY =0 = e =0,

P —0= N = 21, (32)

e The second order
H® =0 = e® = —2p71K,,K%,
PY) =0 = NG = p1[2KacKC, — 4Kc(:Q,) + 4h5hE D). (33)
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e Recover the stress tensor of dual fluid

Ty =0+ phap,

Ta([];) - — 2ICaba
(2 _ _ 5, -1 ab
Tab = 2p /CabIC
— (2UCackCTy + (a0 + 4020, + 4h5hE 00 In p
+ 4K DInp —4D; Inp Dy Inp). (34)

e With exactly the same holographic coefficients

=0, n=1,
dh=-2, do=ds=ds=ds=0,
C1:—27 C2:C3:C4:C5:—C6:—4. (35)
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4. Consider the Gauss-Bonnet correction

The action of vacuum Einstein gravity with Gauss-Bonnet

correction Lgg = R? — 4R, R* + R\ R*?,

SZ/derzX\/—g(R—i‘Oé/-:GB)a

The field equation
Gy + 2aH,, =0,

with the tensor

Huw = RRu — 2RAR%, — 2RO Rugux + R,7 Rygn,

1

Aug 4, 2020
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e The dual stress tensor,
0Tab = 0Tap + 6 Tap = —4ap (KacKS, +3p1022Q%,) . (38)

e We can recover the first and second order transport coefficients
from fluid /gravity calculation

C/:07 77:17 d1:_27 d2:d3:d4:d5:07
a =-—2(1+2ap?), c3=—4(1+3ap?),

=a=c=—c=—4. (39)

C. Eling, A. Meyer and Y. Oz, JHEP 1208, 088 (2012)
R. G. Cai, Q. Yang and Y. L. Zhang, JHEP 1412, 147 (2014)
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http://dx.doi.org/10.1007/JHEP08(2012)088

Conclusions on the Petrov type condition

A recursive relation of the fluid dual to Rindler spacetime.
4 dimensional as special case? Petrov type | .
Equivalent choice of the regularity condition on horizon?

Generalize to other holographic system?

Thanks for all your attention!
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