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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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L3

» hydrodynamics: effective field theory of relaxing to
thermal equilibrium:
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L3
» hydrodynamics: effective field theory of relaxing to
thermal equilibrium:

» small parameter: £,,¢, V!

\ 4

degrees of freedom: conserved quantities:
Ohp+V-J=0.

» many-body limit, gradient expansion:

(J) ==D(p)V{p) — -

Ohp=V-(DVp)

local second law of thermodynamics:

v

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:
.-l.r‘r/ — _"}é-).r""‘;; -[,‘ (T[‘,w,'
7] (‘— f P)Dmnmvntum a = \/)rlmu;s;n

» these hydrodynamic coefficients are very hard to compute

in interesting, interacting quantum systems:

D ~ '(;lmﬂ)“
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» from AdS/CFT, a conjecture:
e h
s — Amnkp’
» a heuristic motivation (speed ¢ = 1):
n="TsD
D ~ 5'11|1f‘13 ~ Atthermal < AhE it AET

n 1
: ~ T{'mfp }3 .
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VISCOSIT ] \" L ep
L3
» bound consistent with experiment: s et al; 1205
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(T —T,)/T.
» theoretically, bound has been violated

» by O(1) constant: higher derivative gravity

» parametrically: broken translation invariance
(but how to define n?) )275'
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L3
» can all prior bounds be recast as [I1ar 1405 . 3651
) o ho
D 2 virp = v°—="
kT
» resistivity upper bound:
1 1T Ou

) A — N — O —
f v D v:  On

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

» viscosity bound (v = ¢ = 17):

n e+ P }erf’

—=—1D > ]
3 s Ts ™
» but, holographic observation: extremal charged RN black
hole _]
n
~=—, e+P~s~T"
s Adrm
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Summary of the [alk

L]
- .y . ~ oy
challenges for the diffusion bound D 2 v</T"

-

what is v7

2. what physical principle underlies this bound?
2

=

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

the punchlines of this talk:

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

2. (at least in large N theories) quantum consistency requires
upper bounds on diffusion constants:
‘)
D f& UpT
3. vp is the butterfly velocity (“speed of quantum chaos™)
4. 7 is the time beyvond which Fick’s law of diffusion holds

(sometimes 7 > 1/T)
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L]

» Thomson’s principle: resistance of resistor network obevs
9 ) 2
[() th" = E I,, Rc’
edges e

for arbitrary conserved currents Z,:

» Thomson’s principle in the continuum limit:

1 1 -,l(f. J‘.Z
—:piif._,—x/(.fx . V.I=o0.

a V O-]()(T(X)

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

df(p r NP
S0 S W) ).

4
]r — E .(./""-p.f'p — 5 .jpfp
p p
then the resistivity obeys
foWoof |
p < J’—W—,(’ (index sum implied)
(fp_]p ) -

» p arises from minimizing dissipation:

/ f,U "'.1'.'-;"1.}‘ Iq =1's
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» a ‘general’ semiclassical principle: [Lucas. Hartnoll, 1706.04621

(11";‘);1\-'}_;'

Lo =
Fres = J?2

V-J=0, for all conserved currents
with variations taken over inversion-odd quantities
» hydrodynamic limit:

v qd
F P . (1 X i (L 1 1 — a0 s jo 2} i i
(T8)avg = / [(./, —nu) (X7 ’(.lf — nPv;) + Mijkl iV Op vy

Vi
/\‘/\
£
-—>
[,

F 3
L J

a
%
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» 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)

electrical conductivity: o > 1
-
A=l
3

thermal conductivity: « >

disorder cannot cause metal-insulator transition

» other models: weaker bounds. but often o > 0
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Application £. O Interactions Increase or pLecrease | ranspol

qualitative results are easy to find:

7 . ‘ 1“" F F il \ 71— e nel }
(T'8)avg = / (‘___x {(.l,— —n ) (X h {(f( n 1,) + Mkt Qi Op vy
. il

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

1l 2 7
(1( X ] Dllmm '(f‘{'
\ n 2 ¢2

. d - < Q

if £ is length scale of inhomogeneity

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

' ddX l V ) '”-2 | . V l
P~ / ‘:1 5 .J — ”_l] + 1 V—

 ow]

and in the hydrodynamic limit, (e < &:
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Imbalance Diffusion

» quasiparticle 2-body collisions conserve momentum —
QPs on each pocket separately conserved
> imb ~ XimbDimb,  Ximb ~ TV
» 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 L ol Bt B e e S L el
Phenomenology: Enhanced Resistivity near Criticality

» sample phase diagram:

» doping

» our theory: imbalance diffusion causes

1 T strange metal

P ——

12 a B B N
Tas 7=  Fermi liquid
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Qut-of ] Ime=urdered @ orrelators

L]

» conjecture: in a large N QFT, out-of-time-ordered
correlators (OTOCs) obey

N VBT,

(A, )[B(a, 1), CO)]D(0))5 < - exp [H—H] O ( 5)

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

» quantum information is scrambled among DOF"

I LI I LI T L I L LT T Y R T -
. = L i i
H .
o W
> .

v

!
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L]

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

P — Z ‘PI‘P/

I

schematic form

» if we define

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

then if there is hydrodynamic diffusion at late times:

P
~R ()Z: u‘.) o \Dl‘ 4
T W) = = ...
e DEk? —iw
» if p instead couples to sound waves:
)
~R o U"!i-'-h
";Jp(;‘ﬂw) - SR

v2k? — w? — iwk?T;
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L]

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

p=> do,

I

schematic form

» if we define

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

"pp

then if there is hydrodynamic diffusion at late times:

2
R XDE”
Cpplhw) = DEk? —iw *
» if p instead couples to sound waves:
)
R (L ) — wk?
(.:N!)(Aju_/) — + .-

27.2 3 - 719
vk — w? — iwk4T;
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( oncistency of ( haos and Hvdrodvnamiece

» from the quantum butterfly effect, p = z(f’T(I’;:

(o, 1), p(0,0)])5] = S (@] (. £)[b; (. 1), &(0,0)]b5(0,0)) 5

[J

+ 3 similar terms

P vt — | 7
< 4PN exp [—H] + 0 (_J\f“)
UBTL, ‘
» if there 1s a sound wave.,

(|z| — vst)?
A0t

;Ep(.l'. t) ~ 0% exp { ] . (d=1)

» these two equations are only consistent if

Vg < .’,B
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s . . ‘)
» diffusion exponentially suppressed when x= 2 Dt:

W L= VDt

/ Diffusion
g allowed

Diffusion
disallowed

xr
» 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:

ne A max(0,—A/z2)
D~ -B[Z
T T

» vp computed at horizon, because charge decouples from

oravity in linear response
» if A >0, then

T ™~ TL ~

|
T
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» in “scaling” holographic theories:

2 41 max(0,—A/z)

D~ B[
T \T

» vp computed at horizon, because charge decouples from
oravity in linear response

» if A >0, then
1
T

T ™~ TL ~

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

-l ‘\ *-_\/:?.
TUTAT
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rigorous bounds on transport and hydrodynamics:

» semiclassical lower bounds on o (indirectly, D):

J>4
o > e

ove |
( avE V- J=0, for all conserved currents

» what i1s the quantum generalization?
» upper bounds on hydrodynamics from the quantum
butterfly effect:
) ~ 2
?’g-.‘, i “Ba D E “BT

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