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Motivation
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Motivation

» Homes relation cannot hold in "pure" holographic s-wave
superconductors, where transport is related to diffusion

» Momentum is intrinsically conserved in Holography

— Impossible to discern an ideal metal
from a superconductor

» How to incorporate momentum relaxation?

Q-Lattice
[Donos & Gauntlett '13]

Helical Lattice
[Donos & Hartnoll '12]

Massive Gravity
[Vegh '13]

Inhomogenous Background
[Hartnoll & Hofman '12]
[Horowitz, Santos &Tong '12]



» Holographic Setup

Thermodynamics of the Superfluid
Insulator Transition

» Optical Conductivity at Finite Temperature
» Homes' Relations of high Tc Superconductors

» Zero Temperature Solutions



Part I:
Holographic Setup



Holographic Setup

» Action

1 1
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Holographic Setup

» Bianchi VIl Ansatz for the metric

dr?

ds® = —U(r)dt? +U(r)

_I_ e2V1(I’) UJ% _|_ eQVQ(I’) w% _l_ e2V3(I’) w%

(,dl:dX

ws + w3 = ePX (dx+idy)

» Asymptotically AdS spacetime r — oo

U(r) = r? vi(r) =log(r) fori=1,2,3



Holographic Setup

» Ansatz for the gauge fields

—> encodes finite density <€/

A=a(r)dt a(oco) =
B = w(r)ws w(oo) = A
s generates helix

with "lattice strength" A ™

» Homogenous charged scalar field

x = x(r)



Equation of Motion

23 2.2
0=a"+a (v +vi+vi)— Zp + Kkpe 1T T ww/,
0= " ! g/ r ! ﬂ —vitvo—vz o 2 2 —2(vi—VotVv3)
=w +w U+v1 Vo 4 v3 +U/-cpe a—m-—pe ,
a’q® .
0 = 2p° (m% — TCI) + 3%+ w? (mze"2‘/2 + p2e"2("1+‘/3)) + 4p%e™2" sinh? (vo — v3)

+2U (v +va+v3) — U (207 + €220 — 4vivy — 4vivs — dvavy) — 24,

2 242 2 2
0 = 2;02 <% _ a q > _ i + W_ (m2e—2V2 o p2€—2(v1+v3))

U U? U U
2
+ 'DU <_2€_2V1 + 36—2(V1+V2—V3) _ e—2(V1—V2—|—V3)) + 2p/2 + 25//
U’ 24
+4 (U (Vi + Vb)) + v + vbv + vf) - +e 22w +4 (v + V),
2 2
0= Zi (p2€—2(V1+V3) _ m2e—2V2) + 4L (e—Q(Vl—V2+V3) _ 6_2(V1+V2—V3))
U U
+ cd (V4 —Vh) —2e722w + 4 (V2 —vivb + Vi + Vi) +4 (V) — V)
U 3 2 2 1v2 3 1Y3 3 2/
0= 132 —2vi _ o—2(vitwv—w3) v I 12 2 P "
—U e e +U(V3 Vl) Vl +V3 V1V2+V2V3 Vl +V3,
U’ a2q2 m2
O:p”-}-p’(——i—v{-i—vé—i—vé)—i-p( __P)
U U? U

Only ODEs
as
promised

by
Bianchi VI



Numerical Solution

» Expansion at black hole horizon
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Part I:
Superfluid Phase Transition



Thermodynamics

» Free energy density evaluated at the boundary

eVl(FH)+V2(FH)—|—V3(I’/—/) U/ (rH)

Q 1
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V 2 N -
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at € A2 p?
RGBT Rl
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shift /2 4 <T a > anomaly
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» Physical parameters we can freely tune

(K, @, T/u, P, M) 9



Phase Transition

» Mean field insulator-superfluid transition
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Phase Diagram

normal phase
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Minimal Tc @ Fixed p
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Phase Diagram
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Variation of Tc with g
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» Tcis reduced when increasing backreaction controlled by q

> matches known behavior of holographic s-wave
superconductor in pure AdS-RN background
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Part II:
Optical Conductivity



Fluctuation Equations of Motion
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Transport Properties

» Horizon expansion of fluctuation equations

A = (r — ry)Fw/4rT) (Ag+ AT (r—r)+...)

A + AP w? log(r)/2
2 + ...

A=A+

» Photon propagator at zero momentum

R b 2
o= B a2 )
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Optical Conductivity

» Optical conductivity in normal and condensed phase
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Optical Conductivity

» Optical conductivity in normal and condensed phase
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Drude Model

» Drude model
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Optical Conductivity Superfluid/Insulator

B o) ~ @) Kramers-Kronig relations
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F-Sum Rule

Plasma frequency

g Superfluid strength
Was = 8/dw Reos(w)
0
2
= 47l'nse = >\E2 = Ps
m

» Ferrell-Glover-Tinkham sum rule

Re o

1]
spectral weight

1 transfer into
zero mode

w
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Oreg # 0 regular contribution due to soft gap
c.f high Tc superconductors

oo

Ps = /dOJ [Re Un(w) — Re Us(w)]

o+
assuming no residual regular

or high frequency contribution 20



Two Fluid Model

» Two fluid model

€ T
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» X is controlling the strength
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Part IV:
Homes' & Uemura's Relation



Homes Relation
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[Dordevic,Basov,Homes '12]

» Perfect fluids / "Planckian Dissipators

A n 1 h T holographic superconductors
Th(T) ~ — — = are
ke T Ts A kg T 4 Planckian dissipators
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Homes Relation

» Holographic Version of Homes' Relation

e . K =0.707107
Ps = C—*nn(TC)T(TC)TC -
m 110
all charge carrier condense Cosl | o
in zero mode [ SR IR NN NN A
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Part V:
Zero Temperature Solutions



Zero Temperature Solution

» Scaling solution in the deep IR (no horizon!)
9K |p|p e 2vo P\ 7%
— =3[ = Vio+Vv20
P = 5 (6K2 + 202 — 4) wo = V3 > ) €

L (M)zx K2qPpoe e (ﬂ)z V3 (q°p5 — 4) e
N2/ e rgg-a? T \2) 2(6k2+ 007 —4)

eVl — 3 e V10t Va0

p|

» Expansion about IR geometry

w=wy+wr*3(1+c,r®) p=po+0oir*3(1+c,r°) a=apr®*(1+ c.rd)
18
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Zero Temperature Thermodynamics
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Outlook

>

>

Check other relations such as
Uemura's or Tanner's relation

Scaling behavior of optical conductivity
with temperature and frequency

Zero temperature solutions deserve closer
iInvestigation

— Determine zero temperature quantities
e.g. p, ns, g,...

— Compute zero temperature

normal phase diagram ”
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