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» Black strings hydrodynamics (Gregory-Laflamme < Plateau-Rayleigh)
»> Casadio-Fabbri-Mazzacurati CFM black strings
> Fluid/gravity correspondence

» Kubo formula for fluid viscosity: CFM-AdS black branes
» Shear viscosity-to-entropy density ratio: Kovtun-Son-Starinets

> Theoretical prediction of the PPN parameter bound.
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> “Low” energies: string action

Callan, Friedan, Martinec, Perry, Nucl. Phys. B (1985).



Black strings
> “Low” energies: string action

Callan, Friedan, Martinec, Perry, Nucl. Phys. B (1985).

> metric g,
dilaton ¢
Maxwell field F,.
Kalb-Ramond H,...,



Black strings
> “Low” energies: string action

Callan, Friedan, Martinec, Perry, Nucl. Phys. B (1985).

> metric g,
dilaton ¢
Maxwell field F,.
Kalb-Ramond H,...,

» H=dB—-AAF = dH=-FAF
> Action

S— / dPx\/~g & [N+ R+ 4(V)? — Fun F" — %HHWJHH”P]

e? is a coupling constant



Black strings

»> Equations of motion:

1
Ruv +2V .V — 2F, 5 F,> — ZHM(,HUAcr

1
VY(e 2*F,.,) + Ee*Z‘PHW,,F””

VH(e72? Hyuwp)
1
4v2p —4(Vo)2 + A+ R— F% — EH2



Black strings

Horowitz, Strominger, Nucl. Phys. B (1991)
Seahra, Clarkson, R. Maartens, Phys. Rev. Lett. (2005)
Chamblin, Reall, Hawking, Phys. Rev. D (2000)
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» Maartens, LRR (2003),
Casadio, PRD (2001)
RdR, Hoff, PRD (2012) (including variable brane tension)

> Taylor expansion along the extra dimension y

UK = Guw + LaGurly—o || + (Ln (LnGpr)) |y— o|y|
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Taylor expansion along the extra dimension y
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Maartens, LRR (2003),
Casadio, PRD (2001)
RdR, Hoff, PRD (2012) (including variable brane tension)

Taylor expansion along the extra dimension y

G = G+ Laguuly-olyl + (En (Engu) oo U
k
+(En (En(Engu)) oo U -+ LGl o

To probe information about the bulk from the brane metric
In Gaussian coordinates:

0

Ln=— >
"T o (extra dimension)



> Vacuum on the brane: T, =0
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Bazeia, Hoff, RdR, PLB (2012)
Bazeia, Hoff, RdR, PRD (2013)
Anjos, Coimbra, RdR, JCAP (2016)
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> Vacuum on the brane: T, =0

" 12 1 402 1 2
Guv (X, y) = g;w*gNs)\guu lyl + |=Euv + £'€5>\ *EAS uv| ¥ +

lyl®
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Bazeia, Hoff, RdR, PLB (2012)
Bazeia, Hoff, RdR, PRD (2013)
Anjos, Coimbra, RdR, JCAP (2016)

> £9B is the electric part of the Weyl tensor.



> Vacuum on the brane: T, =0

" B 12 1 42 1 2
Iuv (X" y) = Guv — 51@5)\9‘“, lyl + |=Euv + g'ﬁs)\ - gAS uuv| ¥y +
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Bazeia, Hoff, RdR, PLB (2012)
Bazeia, Hoff, RdR, PRD (2013)
Anjos, Coimbra, RdR, JCAP (2016)

» g8 ig the electric part of the Weyl tensor.

> \/9ee(x*,0): black holes horizon

v/ 9eo(x*, y): black string warped horizon, when y equals a coordinate
singularity



PPN parameter: experimental/observational bounds

C. Will, Living Rev. Rel. 9, 3 (2006).

Very-long-baseline interferometry

Time Delay ©
Baseline B
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PPN parameter: experimental/observational bounds
C. Will, Living Rev. Rel. 9, 3 (2006):
“A light ray with passes the Sun at a distance d is deflected by an angle
AG— 14+ 354Ms 1 +cos®
2 d 2

where @ is the angle between the Earth-Sun line and the incoming direction of the
photon.”

Cassini probe




Black strings

> Casadio, Fabbri, Mazzacurati, “New black holes in the brane world?,” Phys.
Rev. D 65 (2002) 084040.



Black strings

> Casadio, Fabbri, Mazzacurati, “New black holes in the brane world?,” Phys.
Rev. D 65 (2002) 084040.

> ds? = —f(r)dt? + 5 dr? + r? dQ:

Why to take f(r) = A(r)?



Black strings

5D Einstein equations

(!
Shiromizu-Sasaki-Maeda, PRD (2000)

Effective 4D Einstein equations

A
Guv :BﬂGTMV—E“gW—l—

4
5
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[

Guv

2

(T2 - Taﬂraﬁ) 4T Tuw — T T"{,] »

ng =87Gs

G = k2 A\/48 7 is the Newton constant

(A = brane tension)

T energy-momentum tensor of brane matter

&, is the Weyl tensor term.




Casadio-Fabbri-Mazzacurati (CFM) black strings

Solution |

» vacuum energy density = cosmological constant of our (4D) Universe

_ 3GMm

ds? = — (1 2GM) d? + e dr? + r2dQ?
o (-2 (- Fws-0)

c2r

| B: (PPN) post-Newtonian parameter | (18] < 0.003).
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Solution |

» vacuum energy density = cosmological constant of our (4D) Universe

_ 3GMm

ds? = — (1 2GM) d? + ( e ) dr? + r2d0?
2GM
et (1-284) (1- 2L @s-1)
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Casadio-Fabbri-Mazzacurati (CFM) black strings

Solution |

» vacuum energy density = cosmological constant of our (4D) Universe

_ 3GMm

ds? = — (1 2GM) d? + ( e ) dr? + r2d0?
2GM
ot (1-284) (1- 2L @s-1)

| B: (PPN) post-Newtonian parameter | (18] < 0.003).
» limg_,y CFM = Schwarzschild.

» Hawking temperature
T — V1—-4(B-1)

N 81 M

> Forr=0and (for Ty ~ 0) r = $3: (physical singularities)
Kretschmann R, oo R#VP7 — 0o



Casadio-Fabbri-Mazzacurati (CFM) black strings
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Casadio-Fabbri-Mazzacurati (CFM) black strings

Solution |
| 4

o — <1 20M | 262 1)) o ( 1 3GM/2c%r > o2+ Rda?
T\ T e ) - 2GM GM
oot (1-237) (1 - Fws-)
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Casadio-Fabbri-Mazzacurati (CFM) black strings

Solution |
| 4

ds® = <1 s 2GE (8 1)) a? + ( 1 - 9GM/2cr ) a? + 2da?
I 42 - 2GM GM
oot (1-237) (1 - Fws-)

» limg_,y CFM = Schwarzschild.

> R=Rsand R=Rs(8—1/4). (Here Rs = 23M).



Casadio-Fabbri-Mazzacurati (CFM) black strings

Solution |
| 4

ds® = <1 s 26w (8 1)) a? + ( 1 - 9GM/2cr ) a? + 2da?
- ) - 2GM GM
oot (1-237) (1 - Fws-)

» limg_,y CFM = Schwarzschild.
> R=Rsand R=Rs(8—1/4). (Here Rs = 23M).
> Kretschmann scalar K = R0 R*YP? — oo, when r = 0 (and extra singularity

_ _5GMm
r=Gona)




Casadio-Fabbri-Mazzacurati (CFM) black strings

Solution I
>
2GM  2GPM? 1 — 3GM/2¢?r
d52:—<1—7+ (3—1)>dt2+< >dr2+r2d§22
R (2 (o)

» limg_,y CFM = Schwarzschild.
> R=Rsand R=Rs(8—1/4). (Here Rs = 23M).

> Kretschmann scalar K = R0 R*YP? — oo, when r = 0 (and extra singularity
_ _5GM
'=Gone)

> GR — Newtonian potential (~ weak field)
(4D) _ 2GM
oo =~ (1 + T) :




Casadio-Fabbri-Mazzacurati (CFM) black strings

Solution I
>
2GM  2GPM? 1 — 3GM/2¢?r
ds® = — <1 -+ (B - 1)) o + a? + 2da?
R (2 (o)

» limg_,y CFM = Schwarzschild.
> R=Rsand R=Rs(8—1/4). (Here Rs = 23M).
> Kretschmann scalar K = R0 R*YP? — oo, when r = 0 (and extra singularity
_ _5GM
'=Gone)
> GR — Newtonian potential (~ weak field)
(4D) _ 2GM
oo =~ (1 + T) :
> Post-Newtonian approximation:
D 2
o =~ (142904 1) (281)°) +--
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> Classical black string is unstable: (Gregory, Laflamme, PRL (1993))
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Classical Perturbation

> Classical black string is unstable: (Gregory, Laflamme, PRL (1993))
> (at weak gravity:) corrections

2GM 1
Py = === (‘ + W) Suv

»> 5D Einstein equations:

Ahyy + 2R, 5,,M" =0




Classical Perturbation

> Classical black string is unstable: (Gregory, Laflamme, PRL (1993))
> (at weak gravity:) corrections

2GM 1
P = === (‘ * W) Onv
»> 5D Einstein equations:
Ahpy + 2R, 0,0 =0

» Event horizon instability (Chamblin, Reall, Hawking Phys. Rev. D (2000))

s
TSNy
IR
H e e e

¥ gt




Black Strings (in the Kitchen)

Plateau-Rayleigh instability (1873): Jet of water pinches into drops when the
wavelength is 3.18 times its diameter

a) simulation b) experiment
) ) expel st




Plateau-Rayleigh instability

What is the final state of a black string, after perturbations? It depends on the black
string viscosity.

e Lehner, Pretorius, PRL (2010)
e Wiseman, Class. Quant. Grav. (2003)



Black string perturbations

Gregory-Laflamme instability

— perturbation —

e Lehner, Pretorius, PRL (2010)



Final state of CFM (MGD) black strings

» Kuerten, RdR, Class. Quant. Grav. (2013)
Casadio, Ovalle, RdR, Class. Quant. Grav. (2014)
Casadio, Ovalle, RdR, Class. Quant. Grav. (2015):




Final state of CFM (MGD) black strings

» Kuerten, RdR, Class. Quant. Grav. (2013)
Casadio, Ovalle, RdR, Class. Quant. Grav. (2014)
Casadio, Ovalle, RdR, Class. Quant. Grav. (2015):

> Droplets black holes: Black Strings Hydrodynamics; High viscosity fluids <>
(high tension black strings): one throat forms, before drops formation




Final state of CFM black strings

Transition regime occurs when |3 — 1] <3 x 10~

—

(preliminaries): Casadio, Ovalle, RdR, Class. Quant. Grav. (2014)
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Fluid/Gravity Correspondence

> Black strings: temperature and entropy.. .

> ...and hydrodynamic features: viscosity, diffusion rates, diffusion constants and
other transport coefficients.

» Bulk dynamics: specified by Einstein equations

1
Run — ERQMN + Asgun = 0.
» Boundary dynamics: specified by stress tensor conservation
VuTH =0

> Black strings hydrodynamics features = hydrodynamic behaviour of a dual theory.



Fluid/Gravity Correspondence

bulk
” Bulk ” Boundary ”

Collapse to black hole in gravity thermalization in CFT

Stationary black hole thermal equilibrium (at same T)

Quasinormal modes approach to thermal equilibrium [Horowitz, Hubeny]
* Horizon response properties * transport coefficients in CFT [Kovtun, Son, Starinets]

Long-wavelength, small frequency deformations fluid flows
Einstein equations relativistic Navier-Stokes equations (boundary conformal fluid).




KSS Bound

KSS bound

> Bulk supergravity, A" = 4 supersymmetric SU(N;) Yang-Mills theory, in the
regime Ne — oo and large 't Hooft coupling g2 N

(Buchel, Liu, Starinets, Nucl. Phys. B (2005)).

no1 135¢(3)
T 4 ] S AT
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(¢(3) is the Apéry constant).
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KSS Bound

KSS bound

> Bulk supergravity, A" = 4 supersymmetric SU(N;) Yang-Mills theory, in the
regime Ne — oo and large 't Hooft coupling g2 N

(Buchel, Liu, Starinets, Nucl. Phys. B (2005)).

no 1 135¢(3)
D L gy 225%
s an| T 8(2g2N;)3/2 + ’

(¢(3) is the Apéry constant).

shear viscosity 7

> ~6.08 x 1073 ks

entropy density s~ 4rnkg
(Kovtun, Son, Starinets, PRL (2005).)

» Hereon, KSS bound

1
e
y

w3

>

> KSS: universal for a large class of strongly coupled plasmas.
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PPN parameter: experimental/observational bounds

» CFM: Hawking temperature
V4B 1)
TH=Y——-—2>0
" 8rM
= 1 < 8 < 1.25 (Strongest theoretical bound).
2
> Post-Newtonian approximation: g(()?)D) =— (1 + ZGfM +(B-1) ("’Gf’v’) )

»> Observational bound: |5| < 1.003
Experimental bound: |3| < 1.00023.
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PPN parameter: experimental/observational bounds

» CFM: Hawking temperature

AR CER)

N 81 M =

= 1 < 8 < 1.25 (Strongest theoretical bound).

2
> Post-Newtonian approximation: g(()?)D) =— (1 + ZGfM +(B-1) ("’Gf’v’) )

»> Observational bound: |5| < 1.003
Experimental bound: |3| < 1.00023.

» KSS bound: a stronger bound on 5?
» CFM-AdS black branes:

shear viscosity __ n(8 1
entropy density — s(B3) = 4w

= theoretical bound matching experimental/observational bounds.



Kubo formula

Green-Kubo formula
> Sources J2, coupled to operators O S +— S+ [ d*x Ja(x) O3(x)

(0%(x)) = / dy GAP(x: y) s(y) .

Gaﬁlb(x;y) = —ig(x° — y0)([0?3(x), OP(y)]) retarded Green function of O2.



Kubo formula

Green-Kubo formula
> Sources J2, coupled to operators O S +— S+ [ d*x Ja(x) O3(x)

(0%(x)) = / dy GAP(x: y) s(y) .

Gaﬁlb(x;y) = —if(x% — y0)([03(x), OP(y)]) retarded Green function of O2.
> interaction picture in QFT = 6(0?(q)) = —Gaﬁlb(q) Jp(q)



Kubo formula

f
-9 90
W\

” Bulk ” Boundary
Guv = Guw + huvs Il | <1 (THY) = (Tl ) +(THY ) + -
Gravitational perturbations Fluid energy-momentum tensor response
Horizon response properties transport coefficients in CFT [Kovtun, Son, Starinets]
Long-wavelength, small frequency deformations fluid flows
Einstein equations relativistic Navier-Stokes equations (boundary conformal fluid).

(Natsuume, Lect. Notes Phys. 903 (2015))



Fluid response

Energy-momentum tensor

(T()) = (TH)po— 3 / @y G177 (x: y) o (¥)

+%/d4y /d“zGﬁ"‘f""TC(X;y,z) oo () hec(2) + - ..
(THE) 4 (TE) 4 (T + oo

G:¥!: retarded n-point correlators.



Fluid response

Energy-momentum tensor

(T00) = (T~ [ ' GE7(xiy) By ()
+%/d4y /d“zG{{""""TC(X;y,Z) oo () hec(2) + - ..

= (TE) 4 (TE) + (T 4+
G:¥!: retarded n-point correlators.

> Fluid response:
— stress tensor conservation law V,, T#¥ = 0;

— fluid describes a conformal theory T#, = 0.



Fluid response

Energy-momentum tensor
15t order formalism = 0™ order in derivatives:

T(%)“ =(e+P)utu” +PgH,

ut: fluid 4-velocity;

e: energy density;

P: pressure

Gyt 4D boundary unperturbed metric



Fluid response

Energy-momentum tensor: 1st-order

e Son, Starinets, Ann. Rev. Nucl. Part. Sci. (2007).
(T 00) ~ [ dy G106 1) as ()

for retarded Green function Gﬁ”'aﬁ = (TH(x) T*B(y)).



Fluid response

Energy-momentum tensor: 1st-order

e Son, Starinets, Ann. Rev. Nucl. Part. Sci. (2007).
(T 00) ~ [ dy G106 1) as ()

for retarded Green function Gﬁ”'a'g = (TH(x) T*B(y)).

= 1" order in derivatives: dissipative terms, shear and bulk viscosities.

HY _ _ ppo PUB 2 _ A _ N
T(1) - n Vauﬁ'i'vﬂua_ggaﬂvAU +(apVau| ,
7. shear viscosity,

¢: bulk viscosity,
PHV — gHVY 4+ yty¥: projection.



Kubo formula

For

f
-9 9@
W

Bulk

” Boundary

Juv = Guv + hpw, [huo |l <1

(TH) = (Tfoy') + Ty + -

Gravitational perturbations

Fluid energy-momentum tensor response

g% = (

OOOI

0 0 0
1 hyxy(t) 0O
hxy (’) 1 0
0 0 1
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> Fluctuations around thermal equilibrium are small = the fluid has uniform
temperature 7 (x*) = T
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Fluid response

Energy-momentum tensor: 1st-order

> Fluctuations around thermal equilibrium are small = the fluid has uniform
temperature 7 (x*) = T
> Kubo formula derivation (rest frame u* = (1, v’ = 0).)
> V)(Uy = a)(Uy — I—%,Ua = —r%, Up = —% 80h)(y
> = 5(Tayxy) ~ —n (Vxly + Vyux) = —nOohxy
> Fourier transform: (T (1), (w,k =0)) = iwnhyy .

> A perturbed fluid Lagrangian is correspondingly given by
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Fluid response

Energy-momentum tensor: 1st-order

>

Fluctuations around thermal equilibrium are small = the fluid has uniform
temperature 7 (x*) = T
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Energy-momentum tensor: 1st-order

>

Fluctuations around thermal equilibrium are small = the fluid has uniform
temperature 7 (x*) = T
Kubo formula derivation (rest frame u* = (1, v’ = 0).)
> V)(Uy = 8)(Uy — I—%,Ua = —r%, Up = —% 80h)(y
> = 5<T(1)xy> ~ —n(Vxuy + Vyux) = —n dohxy
> Fourier transform: (T (1), (w,k =0)) = iwnhyy .
A perturbed fluid Lagrangian is correspondingly given by

8L = hyuy (X0) THY (x) = hyy(t) T (x®), for which
5(0%(q)) = —GA*(@) d(q) <= &(T¥)=—GF"?(q) hy

Here GY (q) = —i [ d*x e=/ax 6(x®) (T (x) T (0)).

16y Y(w,0)
» Green-Kubo formula: | p = — lim ——————
w—0 w




Fluid response

Energy-momentum tensor: 1st-order
»> Emparan, Reall, Living Rev. Rel. 11 (2008) 6
“It is expected that the Schwarzschild-AdS black hole is the unique, static,

asymptotically AdS, black-hole solution of vacuum gravity with a negative
cosmological constant, but this has not been proven.”
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Black branes

> At strong coupling gsN > 1, the branes curve the spacetime substantially,
sourcing the black 3-brane geometry (Maldacena, (1997, 1998, 1999).)

» Schwarzschild-AdS black brane:

3

; ar? r4

ds? =2 [ —f(naP + > (dx')? | + 5~ | f(N=1-=% is th t horizon.
s f< (r +i:1(X) + =1 (r ry. is the event horizon

> Casadio, Fabbri, Mazzacurati, PRD (2002)
Casadio, Ovalle, RdR, Class. Quant. Grav. (2014)
Casadio, Cavalcanti, RdR [arXiv:1601.03222 [hep-th]]

vacuum energy density = cosmological constant of our (4D) Universe

ar?
r2A(r)

3
CFM-AdS black brane: | ds? = r? <N(r)dt2 +> (X )2> +

i=1
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CFM-AdS black branes

» Schwarzschild-AdS black brane (see Nastase’s book!): g =L

ds? = r? <—f(r)dt2 + i:(dx[)2> Lar f(ry=1-
i=1

r#
r2f(r) "

» Casadio, Ovalle, RdR, Class. Quant. Grav. (2014)
Casadio, Cavalcanti, RdR [arXiv:1601.03222 [hep-th]]

ar?
r2A(r)

3
CFM-AdS black brane: | ds? = r? (N(r)dt2 + Z(dX’)2> +

i=1

2
TN 1 (N INA 1 (NAY 2 _
Yes,wecan,wheneverQW—z(—) _ZWT_T(WT) 5(A-1)=0



CFM-AdS black branes

> Schwarzschild-AdS black brane (see Nastase’s book!): 7 = L

8 i ar? ré
2 _ 2 _ 2 i2 _q_
ds® =r < f(r)dt= + i§:1(dx) > + 210 f(ry=1 P

» Casadio, Ovalle, RdR, Class. Quant. Grav. (2014)
Casadio, Cavalcanti, RdR [arXiv:1601.03222 [hep-th]]

3
i ar?
CFM-AdS black brane: | ds? = r? | —N(r)df? ax’)?
( (4218 + et
1 !’ 2 ! ’ ! ’
Yes, we can, whenever § - — 1 (NW) -4 1 (NW%) r%(A_ 1)=0
. r 8 1 %
> Solutions | N(r) = 1 — = + (8 — 1) |and| A(r) = . 27 .
r r (1_%) [(1—(45—1)2%)]




CFM-AdS black branes

> Schwarzschild-AdS black brane (see Nastase’s book!): 7 = L

3 ; dr?
ds? = r? <—f(r)dt2 + Z(dx‘)2> +
i=1

raf(r)

» Casadio, Ovalle, RdR, Class. Quant. Grav. (2014)
Casadio, Cavalcanti, RdR [arXiv:1601.03222 [hep-th]]

r4
f(r):1—r—:.

CFM-AdS black brane: | ds® = r?

LR ar?
(N(r)dt2 + Z(dx’)2> +

i=1

r2A(r)

1IN A
Yes, we can, whenever 5 - — 7

4

8
> Solutions | N(r) =1~ & 1+ (5 - 1)%

r4

P Here 3 is a free parameter! However, Blim1 A(r) = N(r) | (New solutions? New hope!)
—




KSS bound: a controller Sheriff

eta/s=1/4pi

CFM-AdS

Figure: Shear viscosity-to-entropy density ratio x CFM-AdS solution.
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CFM-AdS black branes

2
» New variable u ~ ’r—“g
CFM-AdS black brane metric:

v

3
; ar? y
ds? = r? <—N(r)dt2 + g(dx’f) + AT = Guu dUP + gy dx* dx
Perturbations gag — gas + has
hag = ¢ = ¢(xH, u)
= mode equation 9y (v/—g 9" du®) + /=g g"* 8,0, =0
Fourier transform ¢ ~ e/« ! &(u) implies

By (\/—gg““8u¢) —/=9g"w? o =0

vvyyy
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KSS bound

CFM black branes

> Lo S+ iy (1 1 u) w? ® = 0, where V is some potential.

> Green function Gg(w,0; 8) = —/—g g" &* 9¢ .

. n(B) _ \an(w k=0:8)
> KSS bound: S5 = S(ﬁ) J@o > 4=
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Figure: PPN parameter 8 x mass M, for CFM-AdS black branes: 1st-order
corrections.
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Figure: PPN parameter 8 x mass M, for CFM-AdS black branes: 1st-order
corrections.

...However, this is out of the observational bound |3 — 1| < 0.00023



Kubo formula: 2nd order improvements

f
-9 9@
W

|

=) 4

Casadio, Cavalcanti, RdR [arXiv:1601.03222 [hep-th]]

1 Bulk I Boundary ]
v = G + hu I | <1 [ (TH) = (T2 + (T ) + (T ) -+
Gravitational perturbations Fluid energy-momentum tensor response




2nd order improvements

> Bhattacharyya, Hubeny, Minwalla, Rangamani, JHEP (2008).
Arnold, Vaman, Wu, Xiao, JHEP (2011).
Bu, Lublinsky, JHEP (2014).
Grozdanov, Starinets, JHEP (2015).
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» 2nd-order (dissipative) stress-energy tensor

1
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x: contributes to the 2-point Green’s function,
o8 = PaRPAYY U,y — PP PV, u,: shear tensor,
Qo8 = parpAvY |, u,,: vorticity tensor.
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» Bhattacharyya, Hubeny, Minwalla, Rangamani, JHEP (2008).
Arnold, Vaman, Wu, Xiao, JHEP (2011).
Bu, Lublinsky, JHEP (2014).
Grozdanov, Starinets, JHEP (2015).
» 2nd-order (dissipative) stress-energy tensor

1
T(‘g;’ = nm u<pvpa‘“') + 50’””(V-U):| + kK (RWV} — ZUPUTRp(“”>T)

+)\1 O,7<_H« o_u)‘r + AZ U7<_IJ« QIJ>‘I’ + A3 QS_,U« QV)T ,

x: contributes to the 2-point Green’s function,
o8 = PaRPAYY U,y — PP PV, u,: shear tensor,
Qo8 = parpAvY |, u,,: vorticity tensor.
» How to calculate the (further) transport coefficients?
(Arnold, Vaman, Wu, Xiao, JHEP (2011).
Critelli, Finazzo, Zaniboni, J. Noronha, Phys. Rev. D (2014)).
For example,
M= —4 i 9 9 xy|0x|0y
3=—-4Ilm —— Ilim G .

ki —0 ki Ok w1 —0
ko —0 wpy—0



KSS bound: 2nd order improvements
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Figure: PPN parameter 8 x mass M, for CFM-AdS black branes: 2nd-order
corrections.
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»> KSS bound = PPN parameter bound, from fluid/gravity.

» KSS bound g > 417: shortcut/laboratory for experimental/observational
quantities. (optimism/realism)

» Other black string/black brane solutions:
Bazeia, Hoff, RdR, PLB (2012)
Bazeia, Hoff, RdR, PRD (2013)

brane tension bound X > 1.19 x 10% MeV* (Kapner et al, PRL (2007)).



Final remarks

1st claim proved!

» KSS bound = PPN parameter bound |3 — 1| < 0.00023
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3
; dr?
> i . 2 _ 2 2 2
CFM-AdS black brane: | ds® = r ( N(r)dt +§(dx) ) + 2am

4
3ry

N(r):1—%-&-(5—”%“[’"93/‘(’): <1 ¢>{<:2(r:6 1)4)}
. —(4p-1) 5
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>

“It is expected that the Schwarzschild-AdS black hole is the unique, static,
asymptotically AdS, black-hole solution of gravity with a negative cosmological
constant, but this has not been proven.”

3 ) 2
CFM-AdS black brane: | ds? = r? (N(r)dz‘2 +> (dx’)2> + ri\r(r)
=

4
3ry

4 8 8
N(r) =1~ "% + (8 —1)% implies A(r) = 2

(%) | (o)
KSS bound = CFM-AdS black brane:

a2z [~ (125 ) a4 Soa?) + ort
w2 =1 ey |+ D (A )+ (140 =
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» Emparan, Reall, Living Rev. Rel. 11 (2008) 6
“It is expected that the Schwarzschild-AdS black hole is the unique, static,

asymptotically AdS, black-hole solution of gravity with a negative cosmological
constant, but this has not been proven.”

3
: ar?
. 2 _ 2 2 2
> CFM-AdS black brane: | ds* = r <N(r)dt +2H(dxl) > n A
rt n. . 1_£
N(r)=1— % + (8 — 1) implies A(r) = 2r

» KSS bound = CFM-AdS black brane:

aexr (o (100 dt2+23:(dX")2 F(1+9—2
= 3 6,—8 € r4

i=1 r2(177\1)

» CFM-AdS is (effectively) the Schwarzschild-AdS if KSS bound is imposed!

le| ~10—4



f
-9 90
\

VU= 4

” Bulk ” Boundary ”

Guv = Guw + Puw b | <1 || (TH) = (TEE + (TEY) + (T + (T -

Gravitational perturbations Fluid energy-momentum tensor response
4 8 3
r r i ar?
af =P (= (1— S et ) a3 (@) ) + (1) ——— | ] S107°
r 8 i=1 2 ( ol )
= re (1 — =

CFM-AdS is (even more effectively) the Schwarzschild-AdS if KSS bound is imposed!



Final remarks

Thanks



2nd order improvements

» Arnold, Vaman, Wu, Xiao, JHEP (2011).

|n2+3757

T = —

n 2T AnT

A N 74
N2

Ao = 7—2[2 IN2+5(97 +54 In2)y +.. ]
25N27'2

o= ot

where v = (g% N;)~3/2¢(3)/8.



