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UNIVERSAL PLANCKIAN SCATTERING TIME

[Bruin JA, Sakai H, Perry RS, Mackenzie AP., Science 2013]
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KSS BOUND

[Kovtun,Son, Starinets,Policastro, 2004]
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BOUNDS ON DIFFUSIVITIES

[Hartnoll, 2014]

[D} — [JQ] % [T] Diffusion can't be arbitrarily fast

(v=c)

U

Generically

Fast(est) dissipation
Strong coupling
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KSSstory  » Dp = T =

Charge and Energy
Diffusivities (??)
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COHERENT METALLIC TRANSPORT

electric current /7 + momentum P

They overlap because a finite charge density !!

Momentum relaxation : (P(t)) ~J E—VTH@

Weak momentum relaxation r & E ~ ;I. T
B

(long lived momentum)

Drude physics

Re[w]

/2 |
J(Lu.) _ )\-J'“P

1

XPP — W + Tpel




INCOHERENT METALLIC TRANSPORT

no long-lived quantities overlapping with the current operators.

Fast momentum relaxation FX/E ~ 'I'THT
Re[o]

Imic] Re[w]

No Drude form !
Physics is dominated
By diffusion !
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k’-BT

In this limit we should approach the minimum timescale

9
In this limit ) > 1" T, should be saturated !!




TRANSPORT WITHOUT QUASIPARTICLES

Cmmin ~ @.
Mott-loffe-Regel bound

Is brutally violated in
Bad metals

[Hussey, Takenaka, Takagi]

Wiedemann - Franz law
Is violated as well

[many authors ...]
I = K _ ﬂ‘z k}; :
ol J \ e

Concept of Landau quasiparticles
breaks down !!!

Strong coupling / correlations
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The butterfly velocity and quantum chaos

Who is the velocity v ??
It can't be the Fermi velocity !!

v IS THE BUTTERFLY VELOCITY = SPEED OF INFORMATION PROPAGATION

[Shenker, Stanford, Susskind, Swingle,
QUSP(«:T‘II:{TXJ“:\IH Bﬁ:}lféos Maldacena, Blake, Roberts, Douglas, ...]
OUT-OF-TIME (o)
'CORRELATOR | [V(x, 1) W(0,0)) g~ et T

PROPOSAL

’;l:
_ > 5016,
kT

U




PHYSICS AT STRONG COUPLING

We are verygood .(5’) — 0 (gﬂ) + O(g) i 0(92) +

at computing

Best exa;nple Q’O\Q 0 @ @\ S

=21 + — I(a) I(b) I(c) 1(d) () Ti(b) ()
Y el=Tele
Ge = 20023193043617(15) /C?I}ﬁ IV(a) IV(b) = 1IV(c) V() /\\

But what if

the coupling H y
15 hot small 77 .(ﬁ) o # t T T

TRON PLIN

Q‘ % 1 Standard (usually very efficient) methods
are not useful anymore !!




IDEA : DUALITY (AdS-CMT)

General
Relativity

Robert M. Wald

-Wl LEY
INTRODUCTION TO

SOLID STATE
PHYSICS

Use a dual description in terms of different d.o.f.

where the theory is weakly coupled
and the computations are doable




BOTTOM — UP HOLOGRAPHY

In some limits :

STRONGLY COUPLED = CLASSICAL GR
(LARGE N) QFT ~ +BULKFIELDS

@ |

Z(j FT [(."i?n (F)] - <Ef df{l‘dﬁg{:}:’)ﬁ(.ﬂ))( T = Ei_*(;.f;“-'*u-l.n-if,u‘ifl(:;r.",z:ﬂ]:qfr“(,i:'ﬂ

Everything !!
. ~ AdSy,
J,(Z) = A, (Z,2) -~
Iy (7 ) G (F Z)

O(F) 0 (1))

At strong coupling

IR = UV (z=0)



MOMENTUM DISSIPATION

[ =

T (T) 7= v 2,2)
Global symmetry S — Gauged symmetry

Translational symmetry <. Diffeomorphism invariance
of the CFT Of the bulk theory

In order to break translational invariance in the CFT
We need to break (spatial) diffeomorphisms in the bulk

[Vegh,'13]

Generic effective holographic theory MASSIVE
With momentum dissipation GRAVITY

[Vegh, Tong, Blake]
Translations broken

LORENTZ VIOLATING
Energy conserved MASSIVE GRAVITY




Massive gravity and phenomenology

€
[Davison]

) 1 1
T = ——T0 0 — ~ M, (T, k, ¢ 0,...)

TTEE TTEE

[ cf. MEMORY MATRIX FORMALISM , Andy's lectures ]

aq

M

h [Donos, Gauntlett, ]

. ,Mi — () in the case of translational invariance

. Mi Is the effective, model dependent, graviton mass !

. Mi — 0 . incoherent limit



Quantum chaos and shockwaves

v’

[Susskind, Maldacena,

Stanford, Douglas, ( [(V(.Y. T)(H/(U 0”2 )ﬁ N t,.fh (,T—I*—|I|[‘I’H){.

Shenker, Blake, ...]

Horizon shockwave  §T,, ~ Ee™ " §(u)d(7)
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THE SIMPLEST THEORY

[Andrade, Withers,'13]  LINEAR (A}IQI@) STUECKELBERGS

=1

' 1 1,
So="| V=g |R=20=2) (00} - -F*| d™s
Iy 26 4
Massless scalars with x-dependent sources : -‘{_,.ir‘r — .ﬁ ;;.r;f
Re|| Imo]
COHERENT METAL 4 s GRAVITON MASSIVE !
N oA $
pIT=: =0
4 3 [many people]

g/T=5 INCOHERENT METAL

BIT=1T




Checking the "bound"

: part |

In the simplest holographic theories
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HOW GENERAL IS IT ?

[M.B., Kiritsis, Gouteraux, Li ]

1
X”v = 5 Z a'“ﬂ":‘far;":'uf

=,y

HIGHER DERIVATIVES CHECKS

Example also where  p_r

The inequality is 2
reversed !

Ve
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me. s ANOTHER BOUND

R 1
| vy 2 2v7i v
S = /.ff.’t‘\/-_q —=N=-=Y(X)FF=mV(X)|
, 2 lef J
DGy Dra
4 [ see also
Kiritsis, Gouteraux, Li |
METAL
1 METAL
|
INMCOHMERENT METAL
. INCOHERENT METAL
i
INSULATOR
2 A i lﬂ 1 F i 2 i i -

The electric conductivity
0N (74
DC /Z mn Is not bounded !



STATUS AND (MY) INTUITION

2
Dﬂ :j Up T JDC > Tmin
Bye

2
Df. Maxwell sector @ Up Gravitational sector

The charge susceptibility is not IR data

Dr_f/ |

2 Cm-iﬂ.




Higher derivatives check part Il

Higher derivative couplings
Charge sector - Momentum = CHAR OUND
relaxing sector [MB, Gouteraux,

Kiritsis, Li, 2016]

What about Gravity — Momentum Relaxing sector ??

5:[&-@

1 1 L
- _ . 2__ T LY i
R=2A=F - (g TmZa“afa@]

— =]
Holographic Horndeski theories VB, Li 2017]
D, f .

vy — kT




More and more checks

Lifshitz — Hyperscaling FP ‘/ AdS2 horizons
(dilaton coupllng§) [Blake, Donos] \/
[Blake, Sachdev, Davison]

Gauss- Bonnet \/J> L* — L;; (AaB)
[Wu,Wang, Ge, Tian]

Charge and magnetic field - ‘/
[Blake, Sachdev, Davison] [Kim, Niu]

SYK ‘/N 2,
[Davison,Fu, Gu, Georges, Sachdev, Jensen] Dy = 0T

Weakly coupled Fermi Liquids Bose-Hubbard models ‘/
[Aleine, Faoro, loffe] [Bohrdt, Endrel, Mendes, Knap]
Diffusive metals Electron-Phonon bad metals ‘/
[Swingle, Chowdhury] [Werman, Kivelson, Berg]

Critical Fermi Surfaces 2 1-1
‘/J>DT ~ VBT
[Patel, Sachdev]



Beyond the incoherent limit : |

ENERGY BUTTERFLY [Blake, DO”‘ZSJ
{i.;....

DIFFUSION VELOCITY . : ‘
ds5,y = —f(r)dt* + — + h(r)dz?,

f(r)
@ h(r) = ho + ca(p)r + ...

/

SAME IRRELEVANT DEFORMATIONS OF AdS_2

/

,{,2 Where E is Related to the

_ B r < Conformal Dimension of

D= EQT(T 1/ 2< b < The (dilaton) Deformation
At the IR fixed point

No incoherent limit taken !!!
Just a property of the IR fixed point !!




Beyond the incoherent limit : |

[Blake, Davison, Sachdev]

dr? Generic theories :
dslé_l_? = —f(r) dt* + — + h("i“)dl‘fj Dilaton couplings, matter, magnetic field
f(r) (but Einstein gravity)
=4 f'h'=? Thermal conductivity just in
" (f'hd/2=1y| Terms of metric data at the horizon !
0
UNIVERSAL Qn
=¥
For generic 7
Hyperscaling - Lifshitz > DT = UgTL,

IR fixed points



Conclusions

UNIVERSAL RELATION VERY ROBUST
HOLOGRAPHY + CONDENSED MATTER

Just one possible violation (inhomogeneous SYK chain) [Lucas, Gu, Qi ]

[Gouteraux, Blake, Davison, Sachdev, [Hartnoll, Grozdanov, Lucas, Gentle,
Donos, Kiritsis,Patel,Li ,Kim, Ling,Wu, Shenker, Liu, Stanford, Phillips,

Jensen, Tian, Wang, Swingle] Ge,Niu, Amoretti, Jin-Sin Musso, Magnoli, ...

Holography, Condensed Matter, Quantum Chaos,
Hydrodynamics, Quantum Information,
Random matrix theories, Black Holes ....



Future

IS THIS BOUND REALLY UNIVERSAL ?7??

Higher derivative corrections
[ IN PROGRESS !! M.B. , A. Amoretti |

Gravity dual of inhomogeneous SYK chain ??
KSS bound with momentum dissipation ??

CAN WE PROVE IT ?? UNDERSTAND IT BETTER !!

vB? Strong coupling «— Chaos?

IF UNIVERSAL, CAN WE MEASURE IT ?? CAN WE TEST IT ?
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