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Drude weight

Absence of interactions, _ Ballistic transport
impurities, lattice defects Infinite dc-conductivity
Ko (w)

Ideal transport not expected in interacting systems; exceptions:

1-dim systems:
Spln 1/0-XX7 chaln Zotos(99), Fujimoto etal. (03), Sirker et al. (11), Karrasch et al. (12)
Repulsive Hubbard Fujimoto et al. (98)

Existence of K is guaranteed by the Mazur-Suzuki bounds
Mazur (69), Suzuki (71)



In this talk

Mazur (classical) and Suzuki (quantum) bounds

How to compute MS-bound in holographic theories

MS bounds in translational invariant holographic theories

Saturation
Non-saturation

Application of MS bounds in theories with weak breaking of
translational invariance



Mazur .
Exact conservation laws Boundon A
4Qr — o Orthogonal Q; A= fim * dt' A(t")
dt t—oo 0
_ 1 /[t AQZ
t—oo ¢ 0 Z Q QZ Mazur 69




Mazur classical — Suzuki quantum

Mazur ,
Exact conservation laws Boundon A
dQr _ o Orthogonal Q; A= lim ! dt’ A(t")
dt t—oo 0
_ 1 /[t (AQq)7
(A%)5 = lim ~ [ (A( ))s =
t—o0 1 0 Z Q QZ 5 Mazur (69)
Suzuki
I — (AQi)3(BQi)s
lim — [ (A(0)B(t"))g =
t=oo 1 Jo ’ Z:Zl (QF)p |
Suzuki (71)

If nonzero then A and B are nonergodic

Re-derivation: 1-d quasi-local cons. quantities.
Infinite chain. Lieb-Robinson bounds. Illievski et al. (13)



Mazur-Suzuki bound in holography

K = 2 tim (J(0)J(0)) > Kypg = éz Q)"

o Vt—>oo

In holographic theories with translational invariance:

|

(Jo1lz) = 3 w_}(l)leéo G, ., (w,q) — G, .4, (0,9)]
|

<HCBHIE> — E w_}(ljrgl_)() [GHme (wa Q) - GHxHa; (07 Q)]






Universality in holographic models

Odc = 0Q + Kd(w)

- Einstein-Maxwell (EM)
- EM-dilaton (EMAd)
- Single R-charge background (d=5 N=2 U(1)* gauged SUGRA)

'"Universal' Drude weight: ,02
T>0, boundary is AdS, Ky = Davison et al. (15)
massless gauge field e+ P

- Multiple R-charges (STU) black holes

i+7 PiPj
Kij = (=1) +J€+—jp






Saturation of MS bound

Einstein Maxwell (EM): d+1 dim. Reissner-Nordstrom
(ILI1;) oc xo =€+ P (Jullz) o< p

p <JwH5L‘>2_ p°

Kns = = - K=K
M Va1 <H33H:1:> e+ P ( U)
1 R-charged black hole:
2
o~ 22/522(,01; +O(W) G, (w,q)=... Gnu(wq)...

Son et al. (06)

Q2
EM-dilaton: Kys = K = Ky

K = Ky — saturation






Deviation from universality: U(1) symmetry breaking

K = KU + KSuperﬂuid

EM+complex scalar

1 Gubser (08)
S = SEM — g /dd+1x‘aqj T ZA\P'Q + m2\‘I’|2 Hartnoll et al. (08)

<J$Hx> <Hx1‘[x> same as normal phase (RN) W = ()

2

P
Ky = < K
MS c+ P

EMd+A2 Franco et al. (09), Goutéraux et al. (13), Ren et al. (15)

SEMAW = 9.2 /dp+137\/_ [R — —((‘M) V() — @}ﬂ - @AMAM

2" order PT: Z'(¢p =0) =0
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T. —-T
K > KMS — IO— KSuperﬂuid X <O>2 X CT
Close to transition ¢
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Parameters: Z(¢) = cosh(y¢) , V(p) = —2A — 2m* sinh*(0¢) , W (¢) = Wy [—1 + cosh?(n¢/2)]

52
Sy=1,A=1/2 Wy=1






Deviation from universality: Lifshitz

Asymptotically Lifshitz Einstein-Procca

S = ! /ddﬂaz\/—g (R — 2\ — lF2 — 1m2A2>

167G 42 4 2

Korovin et al. (13)

m? =d—1+ (d—2)n

d 2
ds® = —c(r)b(r)?dt* + (L) + r?(dx? + dy?),
c(r

¢ ={co(r) - n?p2el (r) b=1+n*u’by(r)

1
AdS Schwarzschild

black brane
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'Universal' prediction: Ku N2772

MS-bound: Kns =04+ O(n?)






Weak breaking of translational invariance

EMd+axions
o . ?70 J] — OXg
EMd+A*+axions ) a1
(U(1) sym. breaking) Saxion = ~5.3 / e ;(3¢I>2dd+1x
Weak breaking: o <T 7> 1T
77 Dominant quasi-normal mode
.Tranglationally > Perturbed theory
invariant theory a<T

?
K > Kys Ode!



EMd EMd+axions

d—3 2
Kwus Cae = ZnChf + —2
MS-bound of translationally a?Ch® Yq

invariant theory Goutéraux (14)

Bound on K —> bound on 0," for a given 7 ?

d—3
reg
o8 = ZpC2 + Kyst
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Summary

N
5. 5 (JQs)?
K=—1 J(t)J(0)) > K = —
v i OJ0) 2 Kus =3 > 100
2
o MS bound saturated if K =Ky=-"
€+ P
o MS bound is not saturated in:
Asymptotically Lifshitz Kns =0
Spontaneous U(1) symmetry breaking
K o
° (transl. inv. controls the coherent part of (weak breaking
theory) transl. inv.)

Curiosities:

¢ Saturation of MS-bound: Generalized Gibbs Ensemble? Mierzejewski (14)

« Existence of Drude weight: nonergodicity. Quantum integrability?
Zotos et al. (97) Castella (95)



Deviation from universality: Lifshitz 2
Asymptotically Lifshitz EMd F=dA,G=dB

B 1
B 167TG4

S

1 €>\1¢ e>\2¢
/d4x\/_—g (R —2A — 50@0% - F? — 7 G2)

Bi(r — o©0) —

Tarrio et al., 11 2
A(r = o0) = o0 5l
16}
z =2 1.4}

= —twt _ p —iwt 1.2+
09zt = Jut€ "'y 0By = Bge ™

< 1}
0.8+
MS-bound: Zj 6
Kus = 0 < K oz| ke
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