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Introduction

Four Points to take home

@ Conformal hydrodynamics admits a Weyl-covariant
formalism. (Will explain soon what that means.)

@ Blackholes (Large, AdS) dual to Hydrodynamic states in
the boundary.

@ Metric duals to general hydrodynamic states can be
constructed in a well-controlled expansion.

@ Novel phenomena/ Universal relations in the
hydrodynamics with gravitational duals.
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Hydrodynamics and Weyl Covariance

Hydrodynamics - A tractable description at finite T

@ Basic Variables : Velocity u*(Energy frame/Charge
frame), Temperature T
and Charge density n or Chemical potential f.

@ Energy/Momentum transport : T#* with vV, T# = Q.
@ Charge transport described by J* with V,J' = 0.
@ Inputs : Eqgn. of State, Constitutive relations . ..

@ Hydrodynamics : the first step from equilibrium towards
near equilibrium physics.

R. Loganayagam
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Hydrodynamics and Weyl Covariance

Scaling in Hydrodynamics

@ Scaling is a powerful concept in hydrodynamics -
especially if there is an underlying CFT, .

@ Weyl transformation in hydrodynamics : g, = €?g,, and
ut = e~ oM.

@ Energy scales scaleas T = e *T and i = e ?ji.

@ Densities transform as n = e~ (@-D¢p, Jr = @92 Ji and

T+, = e 9T+, 1+ Anomalous corrections

R. Loganayagam
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Weyl Covariance is useful

@ Introduce in CFT4 hydrodynamics

V)\U)‘

muu =A,+0,¢.

A, = U’V U, —
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A, = U’V U, —

R. Loganayagam . arXiv:0801.3701 [hep-th]
@ Helps in ‘Weyl-covariantly’ differentiating tensors
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Hydrodynamics and Weyl Covariance

Weyl Covariance is useful

@ Introduce in CFT4 hydrodynamics
V)\U)‘

muu =A,+0,¢.

A, = U’V U, —

R. Loganayagam . arXiv:0801.3701 [hep-th]
@ Helps in ‘Weyl-covariantly’ differentiating tensors

If Qi =e "*Ql then DyQl = e "D, QU
with Dy Q) =V QF +w AQ)
+ [gMA“ — 5§Aa - 55./4)\] Q- +...
—[gn A% — 05 A, — S0 AN Qe —

@ A, uniquely determined by D,g,, =0, u*D,u, = 0 and
D,ut =0.
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Hydrodynamics and Weyl Covariance

Weyl-Covariantised Curvature Tensors

Weyl covariantised Riemann tensor can be obtained from

[DW Dy] Vi=w f;w Vy + Ru,})\a V., with
Fuw =V, A -V, A,
R;W/\U = R,ul/)\a + f,ul/g)\o'

o A?
— 5[“g,j][)\(55] <VaAg + AQAI@ — 2ga5>

where B[W] = B, — B,,, indicates antisymmetrisation. Other
related tensors defined similarly - will later need

o R
Sw =575 (Rw - 2(d_1)>
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Hydrodynamics and Weyl Covariance

Weyl-covariant Hydrodynamics

@ By construction, D, u, is traceless and transverse to the
velocity.

@ Split D,u, = 0, + wy Where

@ 0, is the shear strain rate
(symmetric,traceless,transverse) tensor which in viscous
fluids leads to dissipation.

@ w,, is the vorticity (antisymmetric,transverse) tensor which
measures local rotation of the fluid element.

@ The hydrodynamic equations can be written in a manifestly
Weyl-covariant form()V is the Weyl anomaly)

DT =V, TH + A/(TH, — W) = 0
D' = Vit + (W — d) A" =0

R. Loganayagam
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Hydrodynamics and Weyl Covariance

Cute, But why should you be interested ?

@ AdS/CFT correspondence : Many CFT4s have dual
AdS,. 1 gravity models.

@ CFT4 Hydrodynamic states dual to Large AdS ., 1
Blackholes.

@ Coming Next : What is this duality and how does it work ?
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Ideas of Fluid-Gravity Correspondence

AdS Kerr Blackholes |

@ Take the AdSy. ¢ Kerr blackholes constructed by
G.W. Gibbons, H. Lu, D.N. Page, C.N. Pope [hep-th/0404008]

@ Goto Eddington Finkelstein like co-ordinates and recast the
metric in the form

ds? = —2u,dx" (dr +r A,dx")
+ [rzg;w + U(MSI,),\U/\ — w“)‘w)\l,} ax*dx”

2
reu,u,

W AV
 badet[r of — wig] X N

where b is related to the mass of the blackhole and u*
looks like a velocity field of a fluid rotating in S~ |
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Ideas of Fluid-Gravity Correspondence

AdS Kerr Blackholes Il

@ Calculate the dual stress tensor following AdS/CFT.
@ We get

T = p(gu + du,u,) + Anomalous terms
1

with p= 167 Gpash?

@ We identify the dual state as a hydrodynamic state with
pressure p.

R. Loganayagam
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Ideas of Fluid-Gravity Correspondence

Encoding hydrodynamics around Ingoing geodesics

@ How is the boundary hydrodynamic data encoded in the
bulk ?

@ To the zeroth approximation, hydrodynamic data on a
patch in the boundary determines the metric around an
ingoing null-geodesic.

@ This picture can be corrected successively in a boundary
derivative expansion (See Prof.Shiraz Minwalla’s talk

before).
S. Bhattacharyya, V. E. Hubeny, S. Minwalla and M. Rangamani. arXiv:0712.2456 [hep-th]

@ Next : will show you the metric dual to general
hydrodynamic state (constructed this way)

R. Loganayagam



Dual metric in d dimensions |

S.Bhattacharyya, R.Loganayagam,|.Mandal,S.Minwalla,A.Sharma. arxiv : 0809.4272[hep-th]
ds® = —2u,dx* (dr + rA,dx")
+ [rzg,w + UGS U — Wy wA,,} dx* ax”

1
MG

+ 2(br)2F (br) [ 50w+ F(bro, UAV} dx* dx”

Wasw™?) U, U, dxH dx”

of of
B O’aﬂO' u,u, Uaga
2(bf) [K1(bf) 1 PV+K2(b)( ) 2(d 1)
br
(ér)g (HPIi\)DaU )\:| dx*dx”
af
— 2(br)?Hy(br) {UADAUW + J#AU,\V - %F’W

+Crawpll® uﬁ} dx*dx”

+ 2(br)2Ha(br) [U/\'D)\Um, Fwos +w, oy | dxtax”



Dual metric in d dimensions |l

1
Flbn = br }}’/(yd—1)
Hi(br) = | ;/(yd_”d

H(br)—fF(br /b T 1)/y(yd_1)

/br e / w yF W)
Ka(br) = /br Zg [1 —E(E—1)F(€) —2(d - 1)€d—1
+ (20 - 1)~ (d - 2)) / Ty yzF'(y)z]

L(br) = /br g 1d§/ ys(yd



Event Horizon dynamics

Find the event horizon by following the null generators from
future null infinity. (as described in the previous talk by
Prof.Shiraz Minwalla.)

S. Bhattacharyya, V.E.Hubeny, R. Loganayagam, G.Mandal, S.Minwalla, T.Morita, M.Rangamani, H.S. Reall arxiv:

0803.2526[hep-th]

1
r,=—+ b <h10ag0a6 + hgwaﬁwaﬁ + hg'R) + ...

b
_ 2(d*+d-4) Kon
where M @@ -2)  d(d-1)
d+2 1
I R C ) i)

+2((@= 17~ (@-2) [ ay 2P|

Matches with the event horizons of the AdS,, 1 Kerr metrics.



Entropy current from the event horizon

Pullback of the Horizon area form gives the entropy current.

4GAd3bd_1J§ =ut+ b2ut |:A1 Uaﬁaaﬂ + A wa@wo‘ﬁ + A3 R:|

+ B2 [31 Dyo + B, DWM] ¥

with
2 Kipd + K 1 1
A1:?(d+2)_¥a AZZ_Ea Bgzd—_
2
Br=—2h=Gd-2
0 o B
Kund + Ko = [ 33 [1 = €le = DF'(©) 20 = e

+2((d=1)¢?+1) /:O dy y2F’(y)2]

and TD,J = 21 [0, + § (A1bd + 7.,) 1’ Dro,]* + ... > 0.



Ideas of Fluid-Gravity Correspondence

Hydrodynamic energy - momentum tensor from gravity

T = p (G + du,u,) — 2no,,

— 201, [UAD)\O'W, + w“)‘a)\l, + wl,)‘aw\

af
+ 277b |:UA’D/\UMV + Jlt)\UAu - %Pl“’ + Cﬂal’ﬁuauﬁ]
with
d 1
b=z7  P= 167rGAdde
5 1 y
"= 4r T T6nGaggb T O b/1 ydfn

Universal relations between transport coefficients - how
universal are they ?
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true in any two derivative theory with scalars and abelian
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Universalities and Novelties in AdSy, 1 - Hydroy

Universal forms

@ Some universal relations among transport coefficients hold
true in any two derivative theory with scalars and abelian
vectors.

M.Haack and A.Yarom arXiv:0811.1794 [hep-th]
@ What other universal relations lie behind gravity and what
do they imply ?
@ Can we construct an effective mesoscopic model with

some degrees of freedom at the boundary which
reproduces these forms for energy momentum transport ?

@ May be we should take cue from model building in
(non-relativistic) rheology ...

R. Loganayagam
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Novelties : Anomalous transport

@ Now, will turn to an interesting phenomena in
hydrodynamics with a global charge.
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@ Now, will turn to an interesting phenomena in
hydrodynamics with a global charge.

@ Focus on charged solutions with
Einstein-Maxwell-Chern-Simons theory in the bulk.

@ General AdSs dual is known : Solution too long to be

presented here

N. Banerjee, J. Bhattacharya, S. Bhattacharyya, S. Dutta, R. Loganayagam and P. Surowka
arXiv:0809.2596 [hep-th]

J. Erdmenger, M. Haack, M. Kaminski and A. Yarom arXiv:0809.2488 [hep-th]
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Universalities and Novelties in AdSy, 1 - Hydroy

Novelties : Anomalous transport

@ Now, will turn to an interesting phenomena in
hydrodynamics with a global charge.

@ Focus on charged solutions with
Einstein-Maxwell-Chern-Simons theory in the bulk.

@ General AdSs dual is known : Solution too long to be

presented here

N. Banerjee, J. Bhattacharya, S. Bhattacharyya, S. Dutta, R. Loganayagam and P. Surowka
arXiv:0809.2596 [hep-th]

J. Erdmenger, M. Haack, M. Kaminski and A. Yarom arXiv:0809.2488 [hep-th]

@ However, will tell you about the blackhole analysis

R. Loganayagam
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Universalities and Novelties in AdSy, 1 - Hydroy

Defining the gravity theory

@ Focus on two-derivative theory of gravity in five dimensions
with asymptotically AdS boundary conditions

@ Interested in matter content that allows consistent
truncation to Einstein-Maxwell Chern-Simons system

@ E.g. IIB SUGRA in AdSs xS® the equal R-charge sector.
@ Truncated action is

1

1 2K
= v/ —ags(R — —F F+ —AAFAF
S 167 Gags / [ g5( + 12) 5 N x5F + 3 VAL mAN

with x = (2v/3)~" for the IIB SUGRA.

R. Loganayagam



Universalities and Novelties in AdSy, 1 - Hydroy

R-charged Blackholes in hydrodynamic coordinates
(Charge frame velocity)

General Blackhole Solution with mass m, charge q , Angular
Velocities wq, wo

Z. W. Chong, M. Cvetic, H. Lu and C. N. Pope . arXiv:hep-th/0506029
ds® = —2u,dx* (dr +r A,dx")

+ |:rzg;w + U(#Sl,))\u — Wy w,\l,] ax*dx”

2am _9q 9 Hx”
+ [( e > U, U, + 5,2 u(ull,)] dx*dx

V3q

A=—u,ax" ; P =r’+ B
p?

_ v, Ao
~WapW i = €urol’w

2

Can be reproduced in order by order derivative expansion -
checked upto first order against the general solution.
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Universalities and Novelties in AdSy, 1 - Hydroy

The Anomolous transport

@ Calculate the stress tensor
n
ﬁ’(u“v)
1

R2
—— (R*"R — O
T 847 Gags ( oy~ 759 )

Jo=nu, where I, = e

m _ V3g
and n=

T = P(Guw +4uuuy) +
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@ Calculate the stress tensor
n
ﬁ’(u“v)
1

R?
[ R*"R -
T 847 Gags ( aupy 129“”)

Jo=nu, where I, = e

m _ V3g
and n=
87 Gags 87 Gads

T = P(Guw +4uuuy) +

@ Question : What is the new term in the stress tensor ?
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Universalities and Novelties in AdSy, 1 - Hydroy

The Anomolous transport

@ Calculate the stress tensor
n
\TSI(uUV)
1

R?
[ R*"R -
T 847 Gags ( aupy 129“”)

Jo=nu, where I, = e

m _ V3g
and n=
87 Gags 87 Gads

T = P(Guw +4uuuy) +

@ Question : What is the new term in the stress tensor ?

@ Suggests an additional anomalous transport of energy in
N =4 SYM hydrodynamics.

R. Loganayagam



Universalities and Novelties in AdSy, 1 - Hydroy

More about the anomalous transport

@ A rotating N' =4 SYM fluid (charged equally under all three
cartans of SO(6)) has an energy flow along the axis of
rotation !
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rotation !

@ This term can be traced back to the bulk Chern-Simons
coupling .

@ Is it related to the R-charge anomaly ?(Note that R-charge
field strength in this case is zero- so the anomaly is turned
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rotating blackholes
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Universalities and Novelties in AdSy, 1 - Hydroy

More about the anomalous transport

@ A rotating N' =4 SYM fluid (charged equally under all three
cartans of SO(6)) has an energy flow along the axis of
rotation !

@ This term can be traced back to the bulk Chern-Simons
coupling .
@ Is it related to the R-charge anomaly ?(Note that R-charge

field strength in this case is zero- so the anomaly is turned
off.)

@ This term is crucial for the correct thermodynamics of the

rotating blackholes
S. Bhattacharyya, S. Lahiri, R. Loganayagam and S. Minwalla arXiv:0708.1770 [hep-th]

@ How do we understand it directly from the boundary ?

R. Loganayagam
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Universalities and Novelties in AdSy, 1 - Hydroy

Conclusions

@ Most of the basic questions regarding AdS4, 1 -Hydrog
have cleared up by now

@ Metric dual to arbitrary fluid configurations(Uncharged,
Arbitrary dim.) known. Charged duals known for some
cases.

@ Many Large AdS Blackholes fit beautifully into this picture.

© New universal relations and hydrodynamics phenomena
have been uncovered.

@ Conventional condensed matter intuition of equilibrium
stat.mech. (e.g. Boltzmann entropy) works well in gravity
(at least for some special blackholes).

@ How does gravity fit into our intuitions about
non-equilibrium/near-equilibrium physics ?

R. Loganayagam
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