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I Whatis AdS/CFT correspondencece

Original AdS(Anfti De Sitter spacetime)/CFT(Conformal field theory):

N=4SYM  4ammm)p  Type B on Ad55><35

Finite temperature case:

ot finite temp 4@ Type IB on AdS black holes

e sirongly coupled gauge theory is described by Classical
neral Relativity in asymptotically AdS spacetimel



poplication fo Quark gluon plasma(QGP)

RHIC: Relativistic Heavy lon Collider at Brookhaven(2005)

» Au-Au collision ‘ Quark-gluon plasma

QGP
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cprrespondence S 47Zk n : she’ viscosity
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S: enfropy density

{ The possibility of a connection between string theory and RHIC collisions is }
N unexpected and exhilarating (2005,, Press release)
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Dissipation and AdS black holes
ow to describe dissipation in QGP by AdS BHs ?

A
O j) )) j) The relaxation fime is
described by Quasi-

Normal modes
Perturbed energy is absorbed by BHs } of BHs
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liquid
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Ripples dissipate by viscosity




Bulk field vs Boundary field

Bulk field fluctuations act as source term in Boundary theory }

/

~ drc . 02 Y M
bin.f ~ /d;lf (OC) FJLLIJ + h.f-”f T#U ) 4+ ...

dilaton é6¢p




GKP-Witten relation Ny o
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O(x) :BD operator
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Scalar field case
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Can we apply AdS/CFT correspondence to
Condensed matter physics(CMP) ?

Motivation: Conventional approach to strongly correlated High Tc
Superconductor or guantum phase transitions is difficult

Our Hope: Strongly coupled gauge theory or GR in AdS (via AdS/CFT)
could describe some aspect of strongly correlated CMP, just as QGP.

AdS/CFT




I Recent progress on AdS/CMP
correspondence

Holographic superconductor model (Hartnoll, Herzog, Horowitz (2008))
L=R+~ _Lp, v _v(g)) - [V — igAvP
=Rt 5 = 7B F = V([9]) = VU —ig Ay
- . y s 2 At o
Metric Ansatz:  ds* = —f(r)e dt™ + m +7(da” + dy”)
,

Field Ansatz: U =(r), A= (I)(.-;rw)(dlf),u



Non-Normalizable mode

Asymptotic behavi f: 4
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Normalizable mode (Order parameter)

Superconducting state
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< () Effective mass is arbitrary negative

{ Many hairly BHs could exist in AdS spacetfimel ]




Maxwell perturbations and the conductivity
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Perturbation of A; ~e ™ current
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e Delfa function appears
ingtead of Drude peak

ue to no dissipation 0 - e - —

Large energy gap suggests

Strong'y coupled effect of PRLIO1.031601 Hartnoll, Herzog, Horowitz
oundary theory



http://arxiv.org/ct?url=http://dx.doi.org/10.1103/PhysRevLett.101.031601&v=f860a11c

owevel...

elta function d#(w) always appears even in RN-AdS BH!

-

Momentum conservation is always satisfied in translationally invariant
(planar) BHs!

e need to explore holographic superconductor model in some
broken franslationally system

~ s - 3
) Laffice structure . DD

IN condensed maftter system e




Perturbative model:

» M., T. Okamuraq, J. Koga (2011) AdS BH solutions with spatially
modulated chemical potential In Einstein Maxwell System
e N. lizuka, K. M. (2012) Confirmation of Delta function 5((0 of conductivity

}n’r(’r]' superconducting state in a massive U(1) gauge toy model with
atfices

Non-perturbative model:

e G.T. Horowitz, J. E. Santos, D. Tong (2012, 2013) The construction of
spatiglly modulated charged AdS BHs and confirmation of Delta function

ii ((0) of conductivity in a superconducting state oy

f Need to solve Nonlinearly PD Egs!

Within linear response theory, strongly correlated superconducfor model
is well described by the holographic model

‘("7 estion
Ano’rher simple model ? !
hat happens beyond linear response theory ?




lll. Superfluid flow and rotating AdS Black Holes

Hairly rotating lumpy BH ?
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CMP: Persistent current
8¢ # Kiling vector
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= 27
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AdS/CMP ?




Bianchi type Vil space —-Helical structure-

ee Killing vectors:

=0y, =0, §=0-20y+y0,

53 Invariant one-form:
L= cos(x) dy +sin(z) dz, = —sin(z) dy + cos(x) dz
1 WS = dz

Translationally invariance is violated along x direction!

Z I

Helical structure is naturally incorporated in the

ro-

L/ Y  Bianchi Vllo space!




Holographic superconductor model:

2 1o 1.9 02212

F =dA. W =dB, A, B 1 U(1) gauge field

Metric ansatz;

. 0 203(r), 3 2, 2vr), 12 2m(r) 22
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Einstein Eqs. 7
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Ordinary differential equations // /
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Asymptoftic behavior of Q

P @&ammmm  Momentum of superconducting persistent current
2 =
I

Q. Pis carried by BH or matters outside of BH ?

4

A. P 'cannol be'cdrried by BH dccording o regularity:condifion di‘the horizon ]

Complex scalar field gy carry the whole angular momentum P

No coniradiction with BH
rigidity theoreg

N. lizuka, A. Ishibashi, K. M. PRL(2014)

P — — 1 X J ‘ u: chemical potential
J : Supercurrent




Landau and Tisza's two fluid model r ~
Ly = (64 Puyuy, + Py + ppsv,vy
Ju = Paliy+ Psty \_ 0, 1" =0 y

uﬂ : Velocity of normal component V,, . Velocity of superfluid component

son Eq.
Ho_
vV, u” = 1

u, =0

Il ty-1 _ Precise agreement with
We find - _Vt__(u) =-1 . '
e 1n u . numerical calculation



IV. Critical phenomena on the superfluid flow

otating AdS black hole is unstable ?

o Some AdS BHs is unstable against superradiant instability

V. Cardoso, O. J. C. Dias, J. P.S. Lemos, S.Yoshida (2004)

® Possible final state should be less symmetric BHs with only one Killing vector

all (2003)
® Maony less symmefric AdS BH soluions:

O/ J. C. Dias, G. T. Horowitz, and J. E. Santos(2011); C. A. R. Herdeiro and E. Radu (2014)
. lizuka, A. Ishibashi, K. M.(2015); |O. J. C. Dias, J. E. Santos, B. Way (2015) |

\ Metric possesses only one Killing vecfor/

[ High frequency modes are continued to be generated (Cascade behavior,

— BH
jurbulence!:




Q. Under what conditions BH turbulence occurs?

Maybe, AdS/CMP correspondence predicts the conditions and help to
understand the nature of turbulence based on the knowledge of condensed

AdS/CMP




Normal fluid case

vL

% Y,

Re ~ IR
7]

n: shear viscosity —_—

High Re == turbulence

Superfluid case
perfluid velocity v> V. (Critical velocity) ) turbulence

<V, V =V, V >V,
. > .

: @\ , \[ N
" / - J g

Vortex tangle
Vortex appears! ST

S.R. Green, F. Carrasco, L. Lehner (2014) 2-dim. Relativistic hydrodynamics shows turbulence



As a starting point, it may be interesting to know how superfiuid steady
flow state is broken

The simplest model: 1-dim. Non-linear Schrodinger model

10.p~1V0,0=-0,0-0+|0| p+U(X)p

Weakly interacting Bose-Einstein superfluid model

Hakim (1997)  wesmmh U (X) =g S5(X), g>0 repulsive potential

~T(V X+A ) ei(V X+A,)




Hakim (1997)

C
tions are created by

obstacle.

Gray Soliton

When g<g. two steady tlow solutions appear

When g= (., the two solutions coalesce and disappear.

1 &
Saddle node bifurcation

Hakim PRES5S5
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What happens in holographic model ?

A. Ishibashi, K. M., T. Okamura( work in progress)

| o 1
L=~V —iAb|* = m*of = V(w,u)]* - EF#-HFW

We analyfically solve the equations and confirmed that saddle node
bifurcation always occurs.

' In detail, we give a talk in Vil BH workshop!

a7 0,

Onset of turbulencel




Rotating AdS BHs with momentum

Superradiance instability Obstacle instability

flow of condensed matter

R | Gray Soliton
O11Z0
| CFT

Obstacle

Rotating BH turbulence! Thank you!



