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Motivation - Holographics Hydrodynamics

@ hydrodynamics: system characterised by a few transport coefficients

@ strongly interacting systems: transport properties inaccessible from
underlying microscopic theories by standard methods

examples: Quark-Gluon-Plasma, high T, superconductors
e Gauge/Gravity duality can help!

= Holographic Hydrodynamics
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Motivation - Gauge/Gravity Duality and Anisotropic

Systems

@ anisotropic systems: more transport coefficients in systems with lower
symmetry

e Gauge/Gravity Duality + Anisotropy

= holographic p-wave superfluid
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© Gauge/Gravity Duality
© Hydrodynamics & Shear Viscosity
© P-Wave Superfluid with Backreaction

@ Perturbations about the Background
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Gauge/Gravity Duality — brief reminder

@ Maldacena in 1997:

N = 4 SU(N.) Super-Yang- o type [IB Superstring theory in
Mills theory in D=4 AdSs xS

@ Generalisation:

Classical gravitational theory
in asymptotically AdSpii
spacetime

Large N gauge theory in D
spacetime dimensions

(ef 42xO%bay) et — Zopav[® = dbayl
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Gauge/Gravity Duality — extensions

o finite temperature < Black Hole solution

@ chemical potential (= finite density)
=
Einstein-Maxwell theory with A; # 0 at the AdS boundary

@ holographic superfluid (arXiv:0810.1563)
SSB global U(1) + condensate
=
SSB gauged U(1) + condensate hovering over black hole horizon
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Hydrodynamics — Overview

long wavelength, small frequency fluctuations

effective theory: macroscopic behaviour of the system

response of system: transport coefficients
e.g. shear viscosity, bulk viscosity, diffusion coefficient, conductivity

@ constitutive equations

TH = T4 4 ™ and J* = Ji +TH
with |_|,'j ~7 ((9,'Uj + 8ju,-)
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What is the Shear Viscosity?

@ momentum diffusion transverse
to the momentum

y dimension

boundary plate 0
(2D, moving) | velocity u

shear stress, T

@ viscosity tensor 7,4+

@ anisotropic systems:

21 components fluid >gradient, %;

@ isotropic systems:

H H boundary plate (2D, stationar
1 shear viscosity y plate ( y)

@ transversely isotropic systems:
2 shear viscosities
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What is the Shear Viscosity?

Nyz: MxL -




Shear Viscosity of Weakly Coupled Theories

@ shear vicosity 1 ~ €lnfp

@ mean free path /¢ ~ %

e in \¢* theory:
nw;,:, with A <1
@ using s~ T3
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Shear Viscosity from Gauge/Gravity Duality

@ universal property of strongly coupled isotropic field theories with
classical, two-derivative gravity dual:

1 =21 ~0.079

s 4r —
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Shear Viscosity from Gauge/Gravity Duality
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Shear Viscosity from Gauge/Gravity Duality

@ universal property of strongly coupled isotropic field theories with
classical, two-derivative gravity dual:

1 =21 ~0.079

s 4r —

@ conjecture by Kovtun, Son and Starinets (arXiv:hep-th/0405231):

g > ﬁ for substances found in Nature
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Shear Viscosity from Gauge/Gravity Duality
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Shear Viscosity from Gauge/Gravity Duality

@ universal property of strongly coupled isotropic field theories with
classical, two-derivative gravity dual:

— 1
1= 4 ~0.079
@ conjecture by Kovtun, Son and Starinets (arXiv:hep-th/0405231):
g > ﬁ for substances found in Nature
@ RHIC experiment:
Quark-Gluon-Plasma 2 ~ [0 — 0.2]
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Gravitational Setup for holographic p-wave Superfluid

e SU(2) Einstein-Yang-Mills theory in (441)-dimensional
asymptotically AdS Space

a2
S = 2}{ 5.2 d5X\/ |: — N - 2F/€/]NF3MN:| + dey
@ with
_ ks
o= ——
8YM

@ « measures the backreaction
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Hairy Black Hole Ansatz

@ metric ansatz

1 r?

2 21,2 2 2 ,2000\2 (402 2
ds® = —=N(r)o(r)°dt +N(r)dr + f(r)4dx + r*f(r)? (dy* + dz°)
with 2m(r)

m(r 5
N(r):—Tqu

AdS boundary r = r,q, — 00 & black hole horizon r = rj,

@ gauge field ansatz

A = ¢(r)r3dt + w(r)rtdx
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Motivation for the Ansatz

Field Theory &< Gravity

chemical potential p Ad=og(r)#0

SU(2) — U(1)s3 SU(2) = U(1)3

(Jr) #0 AL =w(r)#0

U(1)3 — Z,, SO(3) — SO(2) U(1)3 — Zp, SO(3) — SO(2)

o w(ray) =0 = SSB U(1)5 — Zy & SO(3) — SO(2)

= holographic p-wave superfluid with backreaction
(Ammon, Erdmenger, Grass, Kerner, O'Bannon: arXiv:0912.3515)
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Hairy Black Hole Solution

@ w(r) =0: AdS Reissner-Nordstrom black hole solution

@ w(r) # 0: numerical solution (shooting method)
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The w(r) # 0 Solution

e 5 fields: {¢(r),w(r),o(r),f(r),m(r)}
@ 4 independent parameter at the horizon

@ expansion of fields at the boundary:

2

r
¢(f—>rbdy)ﬁu+r%¢f+---

b
W(r—)rbdy):O—i-ﬁWl + ...

T b
f(r—)rbdy):l—i—ﬁfz + ..
U(f—)fbdy)ﬁlﬁ‘(f)(riﬁ)

m(r — rody) =~ mg + 0 (r—z)
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Thermodynamics in the Field Theory

o fix chemical potential y = grand canonical ensemble
e Gauge/Gravity dictionary:

= Hawking temperature < temperature in field theory
T x rn
= black hole entropy density < entropy density of field theory

s<><rh3o<T3
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Thermodynamics in the Field Theory

variation of on-shell action at AdS boundary + GGD dictionary:

@ energy-momentum tensor

(Tips) o T Func(mg, fzb)a with: (Tyy) = (Tzz) # (Txx)
(Tww) =0 for p #v

@ density current

(J3) < T3¢7

@ condensate
(T o< TPy
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Thermodynamics in the Field Theory

properties of the energy-momentum tensor:
o traceless (<= CFT)
@ zero net momentum

(Tex) = <Tty> =(Tez) =0

@ grand canonical potential

Q= lim TSonshet = =V (Tyy)

rbdy%OO
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Thermodynamics in the Field Theory

40—
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273 T3 a2
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arXiv:0912.3515

Hansjorg Zeller Transport in Anisotropic Superfluids: A Holographic Description 06/12/2011 19/47



Q) and s for « = 0.316
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Q) and s for a = 0.447
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Order of the Phase transition

o
»
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w
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=9

preferred ground state:
blue: broken phase, w(r) # 0; white: Reissner-Nordstrom black hole
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Phase Transition

@ a < ac=0.36540.001: second order
@ o > a: first order

@ o < amax = 0.628

arXiv:0912.3515
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Interpretation of o in the Field Theory

1
(TuH) o i # of total degrees of freedom
5

1
(J) o< —— oc # of charged degrees of freedom

&ym

2 I{% # of charged degrees of freedom

= o = o
g%M # of total degrees of freedom
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Perturbations about the Thermodynamical Equillibrium

small perturbations:

e metric gy = gun(r) + hyn(x*, r)
@ gauge field Ajﬂ = A2, (r) + a,(x", r)
@ xM-spacetime translational invariance still unbroken

= Fourier decomposition of fluctuations possible:

m d4k ik, xH m
hvn(x*, r) = (27r)4€ W hmn (K5 r)
d*k .
W) = [ e Sk )

@ SO(2) symmetry = two distinct momenta needed: kj and k_
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Classification of Perturbations

@setk =0

= classification under SO(2) rotational symmetry around x-axis possible:

dynamical fields constraints # physical modes
helicity 2 hyz, hyy — hz, none 2
helicity 1 hty, hxy; a5 hy, 4
htz; hxz; a; hzr 4
helicity 0 | hyr, hxx, hyy + hezy bty her, By B af 4
ai,al
tr “x

gauge choice hp, = 0 and a2 = 0 = 14 physical modes
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How to get transport coefficients:

@ find numerical solution to equations of motions and constraints using
incoming boundary conditions at horizon

@ determine on-shell action at AdS boundary

o determine Green's functions using Son's and Starinets’ recipe
(arXiv:hep-th/0205051)

@ determine transport coefficients using Kubo formula
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Green's function

G0 (1, R = / d*x o= (£) ([T (¢, %), T* (0)])
G b (w, k) = / dhx e g(t) ([T#(£,%), J5O)])
GO (w, k) = /d4X e Mg (e) ([J5(t, %), T*(0)])

Gy R = [ e e 000) (U2 2), SO

in the following set k=0
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Helicity 2 Mode

@ only 1 non-trivial helicity 2 mode

@ minimal coupled scalar = = g"h,,

=b w
2@ (T, + O(w?)

yz,yz L _ 2
o G > (w,k—O)—?g_O(w)
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Hydrodynamics from the Helicity 2 Mode

e from isotropic case: (TY*) = —(P + iwny,)hy,, with P = (T,)

@ Kubo formula:

1 12r} =5(w)
— — lim =1 YZYZY — _ |ijm = 2oh =2
yz wILnOw m(G ) 'm w K% Eg(w)

@ from numerics:
myz _ 1

+0.59
s 47 %
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Hydrodynamics from the Helicity 2 Mode

@ = minimally coupled scalar
e with 9,1 =0+ O(w) and 9,(w=) =0+ O(w)

= lIqgbal et. al. (arXiv:0809.3808):

Mz _ 1
s 4m
@ using:
= lim —
lyz w—0 lw= r=rp
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Helicity 1 Modes

e in k — 0 limit additional symmetry:
Zo: X — —X, W — —W

= helicity 1 modes decouple in 2 blocks:
even parity: {V; = g h;, af_, hey}

odd parity: {W, =g"hy ,al,a?}
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Helicity 1 Modes with odd Parity Block

3 equations of motion + 0 constraint

= 3 independent fields: \IJX,alL,azl

= Green's function: 3 x 3 matrix
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Hydrodynamics from the Helicity 1 Modes with odd Parity

o choose basis: a= = a} +ia%

= transform in fundamental repr. of unbroken U(1)3

o field theory:

1,1 1,1 1xL
(Jﬁ Gy G- Gx 31
(J}) — Gi—:i— Gi—:i— GLXL aI
1L
(T4 Gy G (o) —iwner ) \eL
@ with 1
el = — lim —Im (Gxivﬂ>
w—0 W
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Non-universal 2+ for a < a.

0.0 0.5 1.0 1.5

T
T

vz and L: a0 > a1 > an > o3

colour coding: = = - <
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Non-universal 2+ for a < a.

47

® |3
o
T
|

0.0 0.5 1.0 1.5

T
Te

« T\’
1—47r7“'o<<1—) with 8 = 1.00 + 3%
s Tc

confirmed analytically by Basu, Oh (arXiv:1109.4592)
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Non-universal - for a > a.
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Flexoelectric effect

@ strain leads to effective polarization

@ electric field leads to stress

r=n (a)

de Gennes

@ our system: coupling between flavour fields and strain

Hansjorg Zeller Transport in Anisotropic Superfluids: A Holographic Description 06/12/2011 39/47



Zeller

¢l il

+,+ +
1,1 11
i e

1
GXL GXL
+ .

Transport in Anisotropic Superfluids: A Holographic Description

GLXL

GLXL

- < Txx> - iWT/xL




30000
5000 T
25000
20000 F 0 —
o —
ol —_— i s -
2r52Re(GL") [ I 2ks2Im (G
g 1500 7T
~5000 1
10000 [+
S000F 100001 1
0 8 10 12 14 6 8 10 12 14
w W
T 2rT

colour coding:
T=00>T=302T,> T=100T.>T =088T.>T =050T,

Transport in Anisotropic Superfluids: A Holographic Description



Helicity 1 Modes - even Parity Block

2 equations of motion + 1 constraint
. . . 3
= 1 independent field: a7

= Green's function: 2 x 2 matrix with 1 independent component
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Hydrodynamics from the Helicity 1 Modes with even Parity

e Hartnoll (arXiv:0903.3246):
El =iw ((a3)§ + u(V:)E) and — V&L = iw(W,)§

o field theory (Thermoelectric effect):
<JL> B O_LL TO[LL EL
(Qt)) ~\Tat+ TrH)\—(VLT)/T
with (Q4) = (T*) — u(J*)

@ identification with gravity side in our system:

ALl £3\b
, 2, - 3 ~2
1l iG33 a‘rp 1 <2(a¢)1 w >

g = — = —
w K,5OJ

i
Totl — ;<j3t> _pett TR =
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Electrical conductivity at
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Conclusion

@ holographic hydrodynamics: useful tool to compute transport
coefficients

o p-wave superfluid with backreaction = two shear modes:

141 -
13F -
Myz _ 1
S 47 4D qaf \ ]
1
nXl ( T) 2 T L1F -
s 4
10f -
00 o5 o >




Open questions...

@ What are the bumps in the odd parity helicity 1 block?
@ What effects can we see in the helicity 0 modes?

@ What happens if we turn on momentum?
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Thank you!
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