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Motivation:

What is Homes’ law?

Why is Homes’ law interesting?
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Homes’ law: ps(T =0) = Copc(T)T.
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History for finding universality: Uemura’s law

1986: Discovery of cuprate, Bednorz, et al. (Z. Phys. B)

* 3years

1989: Uemura et al (PRL) 2004: Homes et al (Nature)
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[Sachdev, Keimer:

Another universality: resistivity 2011, Physics foday]

' Resistivity: p ~ pg + AT ’
a
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Universal properties in cuprates

Cuprate phase diagram

A DC resistivity |[p ~ T
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Homes’ law in Holographic context

arXiv.org > hep-th > arXiv:1002.1722

High Energy Physics - Theory

Introduction to Holographic Superconductors

Gary T. Horowitz
8.1 Open problems

We close with a list of open problems'>. They are roughly ordered in difficulty with
the easier problems listed first. (Of course, this 1s my subjective impression. With
the right approach, an apparently difficult problem may become easy!)

1. In the probe limit below the critical temperature, there is an infinite discrete set

10. The high temperature cuprate superconductors satisfy a simple scaling law re-
lating the superfluid density, the normal state (DC) conductivity and the critical
temperature [36]. Can this be given a dual gravitational interpretation?




Homes’ law in Holographic context

Homes’ relation for g =6 & k =0
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Homes’ law in Holographic context

Homes’ relation for g =6 & k =0
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' Goals and method I

Goals

o Homes’ law  ps(T'=0) = Copc (1)1
o Uemura’s law p (T = 0) = BT,

Holographer’s tool box

1. Need a holographic superconductor ~ hairy black hole (0803.3295: Hartnoll, Herzog, Horowitz)
2. Conductivity?

Linear response theory Holography
B G?(] (Cd) R Son and Starinets, hep-th/0205051
U(W) — : G Herzog and Son, hep-th/0212072
(e Skenderis and van Rees, 0805.0150

The model and method are well established.
Why is the progress slow?



[Hartnoll, Herzog, Horowitz:

Original holographic superconductor: HHH 0803.3295]

The first holographic superconductor > Homes’ law
ps(I'=0) = Copc(Te)T.

4

O =0
AdS-RN-black brane \/

1
Sign = /d4:c\/—g [R+ 6— -~ F*—|(0—iqA)®|* — m?bm*]

Charged
condensate

=+

+ 4
1106.4324: Hartnoll

O +£ 0

Holographic superconductor




Optical conductivity I

Conductivity: normal phase = [Hartnoll: 0903.3234]

© Homes’ law
ps(T =0)=Copc(T,)T.

Imo ~1/w < Reo(w)~dw)

Kramers-Kronig relation

X(w) = xr(w) + 73><l(w)

-t $hae -t [
w—w w—w

Translation invariance + finite density| Gauntlett’ talk on Monday




[Horowitz and Santos:

Holographic superconductor with momentum relaxation 1302.6586]

The first holographic superconductor + momentum relaxation ,
© Homes’ law

ps(T'=0)=Copc(T.)T:

1
Sign = /d4:c\/—g [R+ 6 — ZF2 — (0 — iqA)®|* — m% PP
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Optical conductivity
Conductivity: normal phase

momentum relaxation

d \

[Horowitz, Santos, Tong:
1204.0512, 1209.1098]

© Homes’ law
ps(T =0)=Copc(T,)T.




Horowitz and Santos

Optical conductivity (1302.6586)

Conductivity: normal and superconducting phase ~ Homes’ law

ps(T =0) = Cope(T.)Ts

normal phase




Holographic superconductor with momentum relaxation

1

SHuHE = /d4x\/—g [R +6 — ZF2 — (0 — iqA)®|* — m?bq@*]

[Andrade, Gentle: 1412.6521]

qusless chlqr [Andrade, Wl'rhers: ]3] 1.51 57] e [KYK, Kim, Park: ]501 00446]

Sirs = / day=g |5 3 (@) ¥ = (Bz, By)

I=1,2

[Ling, Liu, Niu, Wu, Xian: 1410.6761]

Q-lattice :
[Donos, Gauntlett: 1311.3292] [Andrade, Gentle: 1412.6521]

U = e 21)(2)

So= [ dav=g [-owr —myr] O

y

Helical lattice: [Erdmenger, Herwerth, Klug, Meyer, Schalm: 1501.07615] Erdmenger’s talk on Tuesdqy

Massive gI‘CIViT)’: [Zeng, Wu: 1404.532] [Baggioli and Goykhman: 1504.05561]

More on momentum relaxation: Gauntlett’ talk on Monday

-~ Homes’ law We want to check if C is universal
ps(T = 0) = Copc(T:)T. (independent of momentum relaxation parameters)
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[KYK, Kim, Park: 1501.00446]
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Critical temperature [KYK, Kim, Park: 1501.0044¢]

© Homes' law ps(T'=0) = CODO(T@




Optical electric conductivities: superconducting phase [KYK, Kim, Park: 1501.0044¢]

B/ =1 ~ Homes’ law
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Conductivities [KYK, Kim, Park: 1501.00446]
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° ° ° [K i ki,L dT i ,M ,Sh k,T i :2009]
Numerical method for multi fields RN . S Seo 2014]
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Entrance: Four quick Digressions



[KYK, Kim,

Digression1: thermoelectric conductivities and DC limits Sin, Seo: 1409.8346]

Electric conductivity pu/T =6

DC result: Im[o]
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. . . [KYK, Kim,
Digression2: coherent vs incoherent e G T AAREEA
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Digression3: FGT sum rule [KYK, Kim, Park: 1501.00446]

Sum rule worksl

+
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Digression3: FGT sum rule [KYK, Kim, Park: 1501.00446]
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Digression4: Ward identities [KYK, Kim, Park: 1604.06205]

Derivation from field theory

o < >
Ward 4 :
ar o+ T 0,
. pwo (@S) | p{JS)
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SS
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W
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Digression4: Ward identities [KYK, Kim, Park: 1604.06203]
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Exit: Four quick Digressions



Homes’ law and Uemura’s law I

Are we ready?

© Homes’ law  ps(T'=0) = Copc(T.)T-.

o Uemura’s law p (T = 0) = BT, o(w) ~ i
w
T/T. = 3.2
T/T. =1
T/T, = 0.89 |
T/T,. = 0.66 0.51
T/Te = 02T — 0! e wlp
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Im[o]

- wl
5 Y




MCISSleSS SC(]lCI [KYK, Kim, Park: 1604.06205]

o Homes' law  ps(T =0) = Copc(T,)T.

C ]
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[Erdmenger, Herwerth, Klug,

Helical lattice case Meyer, Schalm: 1501.07615]

Homes’ law  ps(T' =0) = Cope (1)1,

Homes’ relation for ¢ =6 & k =0 plw: 1~2
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Homes’ law: Q-lattice

[KYK, Niu: 1605.XXXXX]

1F2—

Action S = /d4x\/_—g [R +6— 7 (0 — iqA)D|> — miPD* — |0V|* — m%I,\xpP]

Apu=50 & T/T.=0.1

3.0F

1 dz? 25
Ansatz  ds® = = |—(1 —2)U(2)dt* + + Vi (2)da? + Vo (z)dy? g
2 ( ) ( ) (1 . Z)U(Z 1( ) 2( ) Y 2.0
. ZW 15-
A=p(l-2a(2)dt  ©=z0()  ¥=e(z) w0 -
Two parameters 0.5¢
0.0f —_—
00 02 04 06 08 10
Phase diagram (& = 0) i
_Ap=508kiy=8
Helical latti :
elical iairrice Q lattice 40~
. - . L p30 (I) =
80 * 200 T 5
5 Insulator : S —
| ; O A£0 z
| 1] S S Y SR S ]
I Insulator 60 _ 0.00 0.05 0.10 0.15 0.20
| T/u
4\:1 3 Ay |
40 1
Metal T Np=50 8 k=12
2 I R ——
20 : i
6r 1 7
] » [ ® =0 i
/ f Insulator o4l ]
Ok, h x ; ; = 0 I i
0 1 7 3 4 5 6 0 5 10 15 20 2 - I 1
i kiu : A D #EO
. g——— — |
undetermined 0.00 0.05 0.10 0.15 0.20

There may be metal regime near k=0: numerical issue



Comparison: Helical lattice and Q-lattice [KYK, Niu: 1605.XXXXX]
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Comparison: Helical lattice and Q-lattice

[KYK, Niu: 1605.XXXXX]

Preliminary data
[KYK, Niu: in progress]
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Uemura’s law: Q-lattice [KYK, Niu: 1605.XXXXX]
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Summary and outlook I

© Homes' law  ps(IT'=0) = Copc (1)1
o Uemura’s law p (T =0) =

1
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Q-lattice model © Physical understanding
© Numerical issue near Zero T
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