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Abstract: In 2014 Hartnoll proposed that the diffusion constants of incoherent metals should be bounded as $ D \geq \hbar v*2/ (k_B T)$, wherev is
acharacteristic velocity. In thistalk | will describe alarge class of holographic theories that saturate such a bound, with $v$ being the velocity of the
butterfly effect. Our results suggest a novel connection between transport at strong coupling and the field of quantum chaos.
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Universal timescale

Universal timescale governs transport in
many strongly correlated materials
h
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® E.g.in many materials with a linear resistivity
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Planckian dissipation

® 7 representsa shortest possible’
relaxation timescale.

Sachdev, Zaanen

® Saturated at strong coupling. For
relativistic theories

T rr —
S ;. kp
Kovtun, Son & Starinets

® c.f.weakly coupled gauge theory
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® Viscosity is equivalent to momentum
diffusion

~nc® he?

=~ T

® Hartnoll proposed analogous behaviour

Dy

could govern charge and energy diffusion

hu?

D”k,;:r

® These are related to conductivities o, x via
Einstein relations.
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Holography

® Holographic theories provide an opportunity
to test the existence of such a bound.

Strongly coupled Classical gravity in
large N gauge theory asymp-AdS spacetime.

® For a holographic CFT dual to an Einstein-
Maxwell theory

he? d+1

D, =
dmkpT d — 1

Kovtun
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The Butterfly velocity

Outside of a relativistic setting it’'s not clear
how to define a characteristic speed.

One natural candidate is provided by the
butterfly effect

(We (), V, (0)]2)5 ~ free(bute—la=vl/vm)

vB describes speed at which chaos/
quantum information propagates.

Can also be defined in non-holographic
theories.
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® Viscosity is equivalent to momentum
diffusion

_nc® he?

=7~ T

® Hartnoll proposed analogous behaviour

Dy

could govern charge and energy diffusion
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® These are related to conductivities o,k via
Einstein relations.
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Quantum chaos has recently been extensively
studied in holographic theories. Stanford and Shenker

etc

Both )\; and vp can be calculated from near-
horizon geometry of black hole.

Similarly "membrane paradigm’ ties DC

transport coefficients to the black hole horizon.

Therefore natural to propose

2
thB

DNkBT
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This talk: Test whether this relationship holds in
simple holographic models with a
particle-hole symmetry.

® Charge Diffusion
® Energy Diffusion

arXiv: 1603.08510 MAB (to appear in PRL)
arXiv: 1604.01754 MAB
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Charge diffusion

® At zero net charge density, the electrical
current decouples from momentum.

® Charge diffusion constant is finite even in
translationally invariant theories.

® We can provide an initial test of our
proposal by calculating D, for a general
family of ‘hyperscaling-violating’ geometries.
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® These are a class of holographic metrics that

capture many interesting aspects of strongly
correlated materials

o i} . dr?
ds*., = —U(r)dt*
Sd+4-2 (f') { LT(T.)
)
U(T‘) — Lr—z‘ru, ’.‘:) V(?) —_ ;2,.2!1

r

LV (r)dsy®

_22-20/d — 2-20/d
M= 00d M T 22 20/d

® (Can arise as infra-red solutions in Einstein-
Maxwell-Dilaton gravity.

Gouteraux et al

® Dual to theories with non-relativistic scaling
properties

[z] = -1, [T) = —[t] = 2 (fl=2+d—-0=12z+dg
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® These are a class of holographic metrics that

capture many interesting aspects of strongly
correlated materials

2:-20/d ,  2-26/d

— 2!_
= T0ga T 2 20/d

® (Can arise as infra-red solutions in Einstein-
Maxwell-Dilaton gravity.

Gouteraux et al

® Dual to theories with non-relativistic scaling
properties

(2] = -1, [T] = —[t] = 2 (fl=24+d—0=2+dg
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® Previous studies of chaos focused on CFTs

in which vB is just a constant. Roberts, Stanford
and Susskind

® Generalising these shock-wave calculations
to our more general metrics gives

47T

AL = 21T vh = V(o)

h=kp=1
® ). is universal, but vgis model-dependent.

® For hyperscaling-violating geometries this
characteristic velocity scales as

v ~ 22/ MAB
Roberts & Swingle
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® To calculate the diffusion constant, need to
consider a gauge field propagating on this
background metric

‘ 1
S = ]dff“x\/—g[— (2O F* | Z(r) = Zor”

® Extract diffusion constant from Einstein
relation D.=o/x

® Find two regimes depending on scaling
dimension of susceptibility A, /2
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If A,/z<0 then diffusion constant is
sensitive to UV physics

AL'V ~Ox/* 1-2
D.~ | =2~ T1-2/2
~(*F)

This is parametrically larger than v% /7

If A,/2>0 then diffusion constant is solely
tied to IR (horizon data) .

Find a universal result
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Energy diffusion

® . is infinite in a translationally invariant
theory. For weak momentum relaxation

D, xI'1

® Momentum relaxation rate I' is sensitive to

details of how translational symmetry is
broken.

® Hartnoll proposed that universality could

emerge at strong momentum relaxation
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Axion model

y 1 4. L T S P ‘
- 167G N fd zy/ g[h’.+ L2 462P 1 29 duXAduX.A]
® Simplest holographic theory with broken

translational symmetry.
Andrade &

® Exact black hole solution Withers

XA =kzp

o k2[4 k2[A\ 3 L
U(r) = L™*r? !1 -— - (1 - )’[;] V(r) = L™%?

2r2 2r3 ) r

® /T characterises strength of
momentum relaxation.
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® For this metric the velocity of the butterfly
effect is L2
ro

® Straightforward to extract both D. and D,
using Einstein relations

vg =

® |n the ‘incoherent’ regime k/7 > 1

L? . L2
— Den’“"’« —

D, =

2T0 -
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Q-lattices

More general family of incoherent black holes in
which a large lattice sources a hyperscaling-
violating geometry. Donos & Gauntlett,

Gouteraux

Charge diffusion is just as we discussed in our
earlier examples.

After using Einstein’s equations one can also
show

__ % Y
e = o oot
The geometry supported by the lattice is
precisely such that the diffusion constant is

related to vg.
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Conclusions

® |n simple holographic theories can use v to
formulate Hartnoll’s diffusion bound.

hv%
kT

® Generalisation to charged geometries?
Inhomogeneous models? Non-holographic
the0r|e5? Lucas & Steinberg

D

® Other connections between the butterfly effect
and transport?! c.f. chaos bound

Maldacena,

/\L < 27TkBT/ﬁ Shenker &

Stanford
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