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Abstract: <p>The Kovtun-Son-Starinets conjecture that the ratio of the viscosity to the entropy density was bounded from below by fundamental
constants has inspired over a decade of conjectures about fundamental bounds on the hydrodynamic and transport coefficients of strongly interacting
guantum systems.& nbsp; | will present two complementary and (relatively) rigorous approaches to proving bounds on the transport coefficients of
strongly interacting systems.&nbsp;&nbsp; Firstly, | will discuss lower bounds on the conductivities (and thus, diffusion constants) of
inhomogeneous fluids, based around the principle that transport minimizes the production of entropy.& nbsp;&nbsp; | will show explicitly how to
use this principle in classical theories, and in theories with a holographic dual. Secondly, | will derive lower bounds on sound velocities and
diffusion constants arising from the consistency of hydrodynamics with quantum decoherence and chaos, in large N theories.& nbsp;&nbsp; | will
discuss the possible tension of such bounds with (some) holographic theories, and discuss resolutions to some existing puzzles.</p>
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» hydrodynamics: effective field theory of relaxing to
thermal equilibrium:
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L]

» hydrodynamics: effective field theory of relaxing to
thermal equilibrium:

» small parameter: €,,q,V!

» degrees of freedom: conserved quantities:
p+NV-J=0.

» many-body limit, gradient expansion:

@) = ~D(P)V{p) — -

Op=V-(DVp)
» local second law of thermodynamics:

D >0, (dissipation only)
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» hydrodynamics in quantum systems:
» cold atomic gases
» quark-gluon plasma

» electrons in metals

» diffusion constants measurable via static response:

viscosity: (incoherent) conductivity:
I.J'U = _’}i-).r"’;; .],' (T/’j,'
7 (e P bsermsntoin = \l-)rlmu';w

» these hydrodynamic coefficients are very hard to compute

in interesting, interacting quantum systems:

D ~ (llllf])ﬂ
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» from AdS/CFT, a conjecture:

/N h
s = Itk

» a heuristic motivation (speed ¢ = 1):

D ~ ('Imfp g AZL't‘h.r:.mm.l E:

Ui )
—‘ ~ T['””'P ;’3 ]
s
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» bound consistent with experiment: [Adams et al; 1205.518¢
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» theoretically, bound has been violated

» by O(1) constant: higher derivative gravity

» parametrically: broken translation invariance
(but how to define 7?) 01.0275°

\ 1| i 3 { e tatit ) i 1 rdl rdt
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» can all prior bounds be recast as

h
D P 1‘2 T = f') ?
™~ kT
» resistivity upper bound:
1 1T Ou

[)N—w-—}(—

YD v? On
(in a metal, dp/On, v are T-independent?)

» viscosity bound (v = ¢ =17):

N e+ P >(+P

—=—D =
3 s T's
» but, holographic observation: extremal charged RN black
hole |
1) |
s dx
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challenges for the diffusion bound D 2 v</T"

[
.

what is v7

N

what physical principle underlies this bound?

3. when is such a bound valid? (insulators where D = 0 exist...)

the punchlines of this talk:

1. lower bounds on DD can come from minimizing entropy
. . . Ll 2 1
production (but not written in the form D 2 v</T)

N

(at least in large N theories) quantum consistency requires
upper bounds on diffusion constants:

D S vdr

(&8

vp is the butterfly velocity (“speed of quantum chaos™)

4. 7 is the time beyond which Fick’s law of diffusion holds
(sometimes 7 > 1/T)
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» Thomson’s principle: resistance of resistor network obeys
ERg < I°R
L0 4teff = edle
edges ¢

for arbitrary conserved currents Z,:

» Thomson’s principle in the continuum limit:

1 | . ,lrf. .]2
./“ v UI()('?(X)

Tr,avg
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» in (homogeneous) kinetic theory: if

df(n rE IS B
{1—(:) == W(p.p)fi),

P’
Ji = E (./""pf,u = E .j;)jp
p P
then the resistivity obeys
/.' ll' }['
g NI J " . *
p < P (index sum implied)

(.fp.jp)g

» p arises from minimizing dissipation:

f;; 4 .r-pq .fq =1T's
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» a ‘general’ semiclassical principle: [Lucas, Hartnoll, 1706.04621

(l"’)ng
72

Prr <
V-J=0, for all conserved currents

with variations taken over inversion-odd quantities
» hydrodynamic limit:

+ qd
Loal {1 X |/ qa a ryy—1yab,s 5b ) ; ;
(T'8)avg = / = [(-/, — 1) (Z7H (I — nPvi) + mijr O Okur

"'lf
/\‘/\
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Low
() =0
=
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Application 1. molograpnic viodels

» mathematical tricks Donos. Gauntlett. 1506.01360] allow us to

use this mathematics in holographic models
» for a certain 2 + 1D QFT (~ ABJM/M2 brane theory)

( Tzl aTie | d o

electrical conductivity: ¢ > 1

=1

2T
3

thermal conductivity: x >

disorder cannot cause metal-insulator transition

» other models: weaker bounds. but often o > 0
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Application 2: Do Interactions Increase or Decrease ranspoil

qualitative results are easy to find:

« qd

i d'x T, 7 a_ Ny yvi—lyaby 70 e ; :

(T8 g = / 2 [(-1.,- — n"u)(Z7H (I = n"vi) + nijudiv; Opo
. d

» if charge and momentum conserved: ansatz .J; = nuv;:

« 1d 2 )
d“x | Dmnm (t‘('
p o~ / % n|V— ~ ~
. i)

2 2
n EE E<

if £ is length scale of inhomogeneity

> but if we have an extra conservation law (energy):

“ddx |1 R A |
[)m/( .]"—LJI —f—‘i'] V—

Vi 22 nt nt

 ow]

and in the hydrodynamic limit, fee < &:
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Imbalance Diffusion

» quasiparticle 2-body collisions conserve momentum —
QPs on each pocket separately conserved

s : 0
o Eillll.\ e \inlhDimbn Ximb 7 T
» T-dependence of p from T-dep. of £..
» (weak?) higher order effects spoil this new conservation law

Lucas, Hartnoll, 1704.07384]
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I e o et e P = ~rnrard Racictivityv naar ( riviea i+
I h*fht:iﬂr—.'ﬂt.m);ﬁx.r Enhanced resistivity near Criticality

L]
» sample phase diagram:
T
» doping
» our theory: imbalance diffusion causes
1 T strange metal
Ppr~o— ~S o e
T 7<=  Fermi liquid
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» conjecture: in a large N QFT, out-of-time-ordered

correlators (OTOCs) obey

(A, ) [B(r. 1), CO)]D(O0)}5 < 2-exp [LH] o ( 5)

71, 1s the Lyapunov time; vg is the butterfly velocity

» quantum information is scrambled among DOF":

e o0 o0 XX 000000
o0 o0 000000 000000

..........................................

000000: 000000 000000

N >
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» in a large N QFT, hydrodynamic operators often take the

p= Z(Pid’/

7

schematic form

» 1if we define

Gy (1) = 10(t) [p(. 1), p(0,0)]) 5

then if there is hydrodynamic diffusion at late times:

3 DIk~
C'If,(l,'.w) — %
i " DE4 —iw

» if p instead couples to sound waves:

whk?

: ‘ . - — _I._ 5 Bis
v2k? — w? — iwk? I

- R (k, UJ) —

¥ Y
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» in a large N QFT, hydrodynamic operators often take the

pP = Z (I)I(I)!

I

schematic form

» if we define

Gh (. t) = i0(t){[p(x, 1), p(0,0)])5

then if there is hydrodynamic diffusion at late times:

L
(‘YH (A L:..’) - X DF- 4
PP DR — w
» if p instead couples to sound waves:
Y
R (k B whk
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Consistency or Chaos and varodyvnamics

» from the quantum butterfly effect, p = z(f)T(l),:

([o(x. 1), p(0,0)) 5] = > (B] (. t)[@ (), #1(0,0)],(0,0)) 5

[.J

+ 3 similar terms

PR Vg — | .

< 4PN exp —|| + 0O (N“)
UBTL

» 1if there 1s a sound wave,

(2] = vet)?
At

_}'Ep(.r. t) ~ 9% exp { ] . (a=1)

» these two equations are only consistent if

=

Us =~ URB
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e . . £ T
» diffusion exponentially suppressed when x= 2 Dt:

= VDt

/ Diffusion
4 allowed

L r = vt

Diffusion
disallowed

£

» if hydrodynamic diffusion is valid for t > 7

with v = vp (at leading order in 1/N)
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» in “scaling” holographic theories:

”;'_)_ A\ max (0,—A/z)

D | =
T NT

» v computed at horizon, because charge decouples from

oravity in linear response
» if A >0, then

T~TL N
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» in “scaling” holographic theories:

2 A max(0,—A/z)
D ~ B &
T AT

» vp computed at horizon, because charge decouples from

oravity in linear response
» if A >0, then
1
T ™~ TL ~ —
i

» but if A < 0, hydrodynamics fails unexpectedly early?

I AN
THTRT
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rigorous bounds on transport and hydrodynamics:
» semiclassical lower bounds on o (indirectly, D):

72

s -
— (Tl b ,
dhndi - V'J:[L f[)l' c'l-” (_'(_HIH(‘["\'(‘(I (_'lII'l'(‘IIT-H

» what is the quantum generalization?
» upper bounds on hydrodynamics from the quantum

butterfly effect:

-

5 8
vs < UR, D < vt

» we find that many strange metals have unexpectedly rapid
failure of hydrodynamics...why?
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