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The AdS/CFT correspondence

What does the AdS/CFT correspondence 
 tell us about universal properties 

of strongly coupled fluids?

Strongly Coupled 
Quantum Theory 
(without gravity)

Gravity  
in Anti de Sitter 

Space-Time

Duality

Maldacena 1997



Which systems to test  AdS/CFT in experiment?

Quark-Gluon 
Plasma

Unitary Fermions

High Tc Superconductors 
Quantum Critical Phases Electronic Fluids

Strongly Coupled 
Hydrodynamics

The AdS/CFT correspondence



New Proposal for a strongly correlated Dirac material:

Motivation and Overview

1911.06810

Scandium-substituted Herbertsmithite: New Dirac material 
with stronger Coulomb coupling between electrons than in 
Graphene

• Enhanced applicability of hydrodynamic regime 
• Allows for smaller         

(shear viscosity to entropy density ratio) 
• Closer to AdS/CFT regime 
• Larger Reynolds numbers, turbulent flow regime

⌘/s
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Electron Hydrodynamics in Solids
Electrons first Coulomb interact with each other, before 
loosing energy or momentum to phonons, impurities, or 
walls.

Hydrodynamic electron flow
`ee < `imp, `phonon,W
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Poiseuille flow
Ku et. al. 1905.10791



New Transport from Electron Flow
• Decreasing differential resistance dV/dI with increasing 

current I (non-linear response) 
 

 

• Larger than ballistic conductances 
 
 

• Negative nonlocal resistance 
 

[Molenkamp+de Jong 1994,95]

[Falkovich et.al. Nat. Phys. 2016]  
[Geim et.al. Science 2016]

[Geim et.al. Nat. Phys. 2017]



Gurzhi Effect
• 2D Electrons in (Al)GaAs Heterostructures

[Molenkamp+de Jong 1994,95]

[Gurzhi 1968]

W

Knudsen flow 

`ee(T ) > W

W

Poiseuille flow 

`ee(T ) < W

Weakly Coupled!



Graphene

[Geim, Novozelov Nature 2005, Nobel Prize 2010; Geim etal. Science 2016]

vF ⇡ c
300
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2x

Very clean:
Phonons decouple up to high T

⌫ = ⌘
mn ⇡ 0.1m2

s
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`ee < 0.1`mr
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Typical Values

⌫ ⇠ 10�6 m2/s
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Hydrodynamic Fluid in Graphene
• Graphene in the nonperturbative regime

[Fritz, Schmalian, Sachdev etal PRB, PRL 2008,09]
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Hydrodynamics

Theory of transport of (approx.) conserved quantities  
                                           (energy, momentum, charges)

Hydrodynamics: Long wavelength, low frequency 
perturbations of a fluid away from global equilibrium 

Black hole horizons show hydrodynamic response 
[T. Damour 1970s, AdS/CFT]



Charged Relativistic Fluid

Theory of Transport of (approx.)  
conserved quantities: 

rµTµ⌫ = F ⌫⇢J⇢ � T 0i�⌫i
⌧imp
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r⇢J⇢ = 0
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$ T (xµ)
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$ µ(xµ)
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Bulk viscosity can be neglected  
for conformal fluids or incompressible flows (               )

+ -
E

@µvµ = 0
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Hydrodynamics as EFT
Expand       and      in Tµ⌫ Jµ

`mfp
@

@xµ = `mfp

L
@

@⇠µ

Tµ⌫ = Tµ⌫
ideal + Tµ⌫

(1) + . . . Jµ = ⇢(T, µ)uµ + Jµ
(1) + . . .

Jµ
(1) = �

�
Eµ � T�µ⌫r⌫(

µ
T )

�

Tµ⌫
ideal = ✏(T, µ)uµu⌫ + p(T, µ) (uµu⌫ + gµ⌫)| {z }

⌘�µ⌫

Tµ⌫
(1) = ⌘�µ⇢�⌫� (r⇢u� +r�u⇢ � g⇢�(ru))

| {z }
shear

�⇣�µ⌫(ru)



Hydrodynamics as EFT

Linear Response: 
(e.g. in 2+1D)

Tµ⌫
(1) = ⌘�µ⇢�⌫� (r⇢u� +r�u⇢ � g⇢�(ru))

| {z }
shear

�⇣�µ⌫(ru)

Jµ
(1) = �

�
Eµ � T�µ⌫r⌫(

µ
T )

�

Gi,j
R (!, 0) = hJ i(�!)Jj(!)iR

calculated from microscopic or other effective  
models (kinetic theory, AdS/CFT)



Hydrodynamics from Black Holes

Gij,kl
R = h�T ijiR

�h(0),kl

[Kovtun, Son, Starinets ’04]
• Universal in AdS/CFT at large N and coupling 
• Same in 2+1D and 3+1D, Rotational invariance
• Corrections can be systematically included 



Improving the hydrodynamic approximation 
to get closer to AdS/CFT

Electron-electron scattering length:

Effective fine structure constant:

`ee ⇠ 1
↵2

eff

<latexit sha1_base64="iSWLeGTEe2f23t0dl/1rIqKJyDY=">AAACIHicbVBNSwMxEJ312/q16tFLsBU8ld1S0GPRi0cFq4VuLdl01gazHyRZoYT9KV78K148KKI3/TWmWw/a+mDg8d5MMvPCTHClPe/TmZtfWFxaXlmtrK1vbG652ztXKs0lwzZLRSo7IVUoeIJtzbXATiaRxqHA6/DudOxf36NUPE0u9SjDXkxvEx5xRrWV+u6RCcpHjMRBQWoBCtE3iAUJFI9JEEnKjF+YgIpsSK0TRcVNo6gVfbfq1b0SZJb4P6TacqHEed/9CAYpy2NMNBNUqa7vZbpnqNScCSwqQa4wo+yO3mLX0oTGqHqm3K0gB1YZkCiVthJNSvX3hKGxUqM4tJ0x1UM17Y3F/7xurqPjnuFJlmtM2OSjKBdEp2ScFhlwiUyLkSWUSW53JWxIbSjaZlqxIfjTJ8+Sq0bdb9abF41q62SSBqzAHuzDIfhwBC04g3NoA4MHeIIXeHUenWfnzXmftM45PzO78AfO1zdoCKRm</latexit>

↵eff = e2

✏0✏r~vF

<latexit sha1_base64="/sI1g9qlKtwMpjKi8KBZTCzNhhk="></latexit>



Kagome Lattices

[Wikipedia]

Kagome: Basket weaving pattern from Japan

籠
目

(kago) Basket

(me)   Eye

Kagome lattice: Frustration prevents ordering phenomena



Kagome Materials
Herbertsmithite

ZnCu3(OH)6Cl2

<latexit sha1_base64="pUgfGRjeUHvL8SZqb5vHv4euqdM=">AAACFnicbVBNS8NAEJ34bf2KevQSbIV6sCRV1GOxF29WsCq2JWy227q42YTdiVhCfoUX/4oXD4p4FW/+G7cfglYfLLx5b4bZeUEsuEbX/bQmJqemZ2bn5nMLi0vLK/bq2rmOEkVZnUYiUpcB0UxwyerIUbDLWDESBoJdBDfVvn9xy5TmkTzDXsxaIelK3uGUoJF8e6fQRHaHKkyvZDXJ/N3vsnhyvJ35+99lVWR+ueDbebfkDuD8Jd6I5Cs2DFDz7Y9mO6JJyCRSQbRueG6MrZQo5FSwLNdMNIsJvSFd1jBUkpDpVjo4K3O2jNJ2OpEyT6IzUH9OpCTUuhcGpjMkeK3Hvb74n9dIsHPYSrmME2SSDhd1EuFg5PQzctpcMYqiZwihipu/OvSaKELRJJkzIXjjJ/8l5+WSt1faOy3nK0fDNGAONmATiuDBAVTgGGpQBwr38AjP8GI9WE/Wq/U2bJ2wRjPr8AvW+xe6iZ/B</latexit>

[Wikipedia]

[J. Mat. Sciences]



Scandium-Herbertsmithite
Herbertsmithite:              Fermi surface below Dirac point
Sc-Herbertsmithite:          Fermi surface at Dirac point

Zn2+

<latexit sha1_base64="yRl1jixTEdnUsS7uLLfxcym9wbg=">AAACCXicbVDLSitBEK3xba5XR126aYyCcCHMhIAug25cKhgVk9zQ06loY0/P0F0jhmG2bvwVNy4UcesfuPNv7Exc+DpQcDinqrvqRKmSloLgzZuYnJqemZ2br/xZ+Lu45C+vHNskMwJbIlGJOY24RSU1tkiSwtPUII8jhSfR5d7IP7lCY2Wij2iYYjfm51oOpODkpJ7PNvJO+UpusF+wDuE1mTg/08X/vP6vKDZ6fjWoBSXYTxJ+kGrThxIHPf+1009EFqMmobi17TBIqZtzQ1IoLCqdzGLKxSU/x7ajmsdou3m5Q8E2ndJng8S40sRK9fNEzmNrh3HkOmNOF/a7NxJ/89oZDXa6udRpRqjF+KNBphglbBQL60uDgtTQES6MdLsyccENF+TCq7gQwu8n/yTH9VrYqDUO69Xm7jgNmIM1WIctCGEbmrAPB9ACATdwBw/w6N16996T9zxunfA+ZlbhC7yXd01PmsE=</latexit>

Sc3+

<latexit sha1_base64="plPiy0ego3u+dsFsnnEVzBwWnFI=">AAACCXicbVDLSgNBEOz1bXytevQyGAVBCLtR0GPQi8eIJgpJDLOTjg7OPpjpFcOyVy/+ihcPinj1D7z5N042HnwVNBRV3TPdFSRKGvK8D2dsfGJyanpmtjQ3v7C45C6vNE2caoENEatYnwfcoJIRNkiSwvNEIw8DhWfB9eHQP7tBbWQcndIgwU7ILyPZl4KTlbou28jaxSuZxl7O2oS3pMPsROQX2c52nm903bJX8Qqwv8T/IuWaCwXqXfe93YtFGmJEQnFjWr6XUCfjmqRQmJfaqcGEi2t+iS1LIx6i6WTFDjnbtEqP9WNtKyJWqN8nMh4aMwgD2xlyujK/vaH4n9dKqb/fyWSUpISRGH3UTxWjmA1jYT2pUZAaWMKFlnZXJq645oJseCUbgv/75L+kWa34u5Xd42q5djBKA2ZgDdZhC3zYgxocQR0aIOAOHuAJnp1759F5cV5HrWPO18wq/IDz9gky+Jqw</latexit>

Sc3+

<latexit sha1_base64="plPiy0ego3u+dsFsnnEVzBwWnFI=">AAACCXicbVDLSgNBEOz1bXytevQyGAVBCLtR0GPQi8eIJgpJDLOTjg7OPpjpFcOyVy/+ihcPinj1D7z5N042HnwVNBRV3TPdFSRKGvK8D2dsfGJyanpmtjQ3v7C45C6vNE2caoENEatYnwfcoJIRNkiSwvNEIw8DhWfB9eHQP7tBbWQcndIgwU7ILyPZl4KTlbou28jaxSuZxl7O2oS3pMPsROQX2c52nm903bJX8Qqwv8T/IuWaCwXqXfe93YtFGmJEQnFjWr6XUCfjmqRQmJfaqcGEi2t+iS1LIx6i6WTFDjnbtEqP9WNtKyJWqN8nMh4aMwgD2xlyujK/vaH4n9dKqb/fyWSUpISRGH3UTxWjmA1jYT2pUZAaWMKFlnZXJq645oJseCUbgv/75L+kWa34u5Xd42q5djBKA2ZgDdZhC3zYgxocQR0aIOAOHuAJnp1759F5cV5HrWPO18wq/IDz9gky+Jqw</latexit>

2x

I.L. Mazin et. al. Nat. Comm. (2014)

Same low energy band structure as Graphene



Scandium-Herbertsmithite

Electronic Band Structure Phonon Dispersion
Tphon ⇠ 80K

<latexit sha1_base64="Ufb9iT50UY8y2HoBYVx407EhvaY=">AAACC3icbVC7SgNBFL0bXzG+Vi1thiSCVdgNAVMGbQSbCHkI2RBmJ5NkyOzsMjMrhGV7G3/FxkIRW3/Azr9xskmhiQcuHM65d+be40ecKe0431ZuY3Nreye/W9jbPzg8so9POiqMJaFtEvJQ3vtYUc4EbWumOb2PJMWBz2nXn17P/e4DlYqFoqVnEe0HeCzYiBGsjTSwi+XEy15JfB7TFLUGSTQJRYo8xQJUd27T8sAuORUnA1on7pKUGjZkaA7sL28YkjigQhOOleq5TqT7CZaaEU7TghcrGmEyxWPaM1TggKp+km2RonOjDNEolKaERpn6eyLBgVKzwDedAdYTterNxf+8XqxH9X7CRBRrKsjio1HMkQ7RPBg0ZJISzWeGYCKZ2RWRCZaYaBNfwYTgrp68TjrVilur1O6qpcbVIg3IwxkU4QJcuIQG3EAT2kDgEZ7hFd6sJ+vFerc+Fq05azlzCn9gff4Alr2axw==</latexit>

vF,Sc ⇡ 0.15vF,Gr

<latexit sha1_base64="4XjEvDGr6nwLq3vjwsm/buLDdj0=">AAACF3icbVDLSgMxFL1TX7W+Rl26CbaCCxlmSkWXRUFdVrQPaEvJpGkbmnmQZIplmL9w46+4caGIW935N6bTLrT1wIXDOfcm9x435Ewq2/42MkvLK6tr2fXcxubW9o65u1eTQSQIrZKAB6LhYkk582lVMcVpIxQUey6ndXd4OfHrIyokC/x7NQ5p28N9n/UYwUpLHdMqxK30lVjQboJGnfjq5I4kqIXDUAQPyLac06l6LZKk0DHztmWnQIvEmZF82YQUlY751eoGJPKorwjHUjYdO1TtGAvFCKdJrhVJGmIyxH3a1NTHHpXtON0oQUda6aJeIHT5CqXq74kYe1KOPVd3elgN5Lw3Ef/zmpHqnbdj5oeRoj6ZftSLOFIBmoSEukxQovhYE0wE07siMsACE6WjzOkQnPmTF0mtaDklq3RbzJcvpmlAFg7gEI7BgTMoww1UoAoEHuEZXuHNeDJejHfjY9qaMWYz+/AHxucPehae4Q==</latexit>

J.E., I.M, R.M., D.R-F., R. Thomale, D. Di Sante, E.  van Loon, T. Wehling 1911.06810



Scandium-Herbertsmithite

J.E., I.M, R.M., D.R-F., R. Thomale, D. Di Sante, E.  van Loon, T. Wehling 1911.06810

↵eff = e2

✏0✏r~vF

<latexit sha1_base64="/sI1g9qlKtwMpjKi8KBZTCzNhhk="></latexit>

Increase in fine structure constant driven by  
smaller Fermi velocity



Scandium-Herbertsmithite
• Kagome lattice formed by            plaquettes 

• Cu            orbitals form Dirac points 

• Fermi level at Dirac point (4/3 filling) 

• Orbital hybridization leads to larger Coulomb coupling 
 

• Enhanced hydrodynamic behavior:  

• Optical phonons activated above  

• Candidate to test universal predictions from AdS/CFT

CuO4

<latexit sha1_base64="bDJM18U3/ofYKVG3x9S5fixsdOc=">AAACCHicbVA9SwNBEJ3z2/h1amnhYhSswl0IaBlMY6eCUSEJYW8zMUv2PtidE8NxpY1/xcZCEVt/gp3/xs3Fwq8HA4/3ZnZnXpAoacjzPpyp6ZnZufmFxdLS8srqmru+cWHiVAtsiljF+irgBpWMsEmSFF4lGnkYKLwMho2xf3mD2sg4OqdRgp2QX0eyLwUnK3Xd7d2sXbySBSrFnLUJb0mHWSM9ybu1fLfrlr2KV4D9Jf4XKdddKHDadd/bvVikIUYkFDem5XsJdTKuSQqFeamdGky4GPJrbFka8RBNJytWyNmeVXqsH2tbEbFC/T6R8dCYURjYzpDTwPz2xuJ/Xiul/mEnk1GSEkZi8lE/VYxiNk6F9aRGQWpkCRda2l2ZGHDNBdnsSjYE//fJf8lFteLXKrWzarl+NEkDFmALdmAffDiAOhzDKTRBwB08wBM8O/fOo/PivE5ap5yvmU34AeftE2t+mkM=</latexit>

dx2�y2

<latexit sha1_base64="xKOnrETTTlMv1HueZFVsIogYQBk=">AAACBXicbVC7SgNBFL0bXzG+Vi21GEwEG8NuCGgZtLGMYB6QF7Ozs8mQ2Qczs2JYtrHxV2wsFLH1H+z8GyebFJp44MLhnHvnzj1OxJlUlvVt5FZW19Y38puFre2d3T1z/6Apw1gQ2iAhD0XbwZJyFtCGYorTdiQo9h1OW874euq37qmQLAzu1CSiPR8PA+YxgpWWBuZxKelmryQOj2mK3EHy0K+cT/qVNC0NzKJVtjKgZWLPSbFmQob6wPzquiGJfRoowrGUHduKVC/BQjHCaVroxpJGmIzxkHY0DbBPZS/J9qfoVCsu8kKhK1AoU39PJNiXcuI7utPHaiQXvan4n9eJlXfZS1gQxYoGZLbIizlSIZpGglwmKFF8ogkmgum/IjLCAhOlgyvoEOzFk5dJs1K2q+XqbaVYu5qlAXk4ghM4AxsuoAY3UIcGEHiEZ3iFN+PJeDHejY9Za86YzxzCHxifP2mJmIw=</latexit>

Tphon ⇠ 80K

<latexit sha1_base64="Ufb9iT50UY8y2HoBYVx407EhvaY=">AAACC3icbVC7SgNBFL0bXzG+Vi1thiSCVdgNAVMGbQSbCHkI2RBmJ5NkyOzsMjMrhGV7G3/FxkIRW3/Azr9xskmhiQcuHM65d+be40ecKe0431ZuY3Nreye/W9jbPzg8so9POiqMJaFtEvJQ3vtYUc4EbWumOb2PJMWBz2nXn17P/e4DlYqFoqVnEe0HeCzYiBGsjTSwi+XEy15JfB7TFLUGSTQJRYo8xQJUd27T8sAuORUnA1on7pKUGjZkaA7sL28YkjigQhOOleq5TqT7CZaaEU7TghcrGmEyxWPaM1TggKp+km2RonOjDNEolKaERpn6eyLBgVKzwDedAdYTterNxf+8XqxH9X7CRBRrKsjio1HMkQ7RPBg0ZJISzWeGYCKZ2RWRCZaYaBNfwYTgrp68TjrVilur1O6qpcbVIg3IwxkU4QJcuIQG3EAT2kDgEZ7hFd6sJ+vFerc+Fq05azlzCn9gff4Alr2axw==</latexit>

↵Sc�Hb = 2.9

<latexit sha1_base64="lQgFPk7fwqnx8lTn+yWW/hLQY9Y=">AAACDXicbVDLSgMxFL3js9bXqEs3wbbgxjJTCupCKLrpsqJ9QFuGTCZtQzMPkoxQhvkBN/6KGxeKuHXvzr8xnXahrQcCh3Nyb06OG3EmlWV9Gyura+sbm7mt/PbO7t6+eXDYkmEsCG2SkIei42JJOQtoUzHFaScSFPsup213fDP12w9USBYG92oS0b6PhwEbMIKVlhyzWEx62ZZEUC9FPcyjEXaSO3JWd1N0hSrly7TomAWrbGVAy8Sek0LNhAwNx/zqeSGJfRoowrGUXduKVD/BQjHCaZrvxZJGmIzxkHY1DbBPZT/JcqSopBUPDUKhT6BQpv6eSLAv5cTX8Uo+ViO56E3F/7xurAYX/YQFUaxoQGYPDWKOVIim1SCPCUoUn2iCiWA6KyIjLDBRusC8LsFe/PIyaVXKdrVcva0UatezNiAHx3ACp2DDOdSgDg1oAoFHeIZXeDOejBfj3fiYXV0x5jNH8AfG5w/nsZrS</latexit>

(↵Gr = 0.9)

<latexit sha1_base64="KYTwuSv0ChH2MSzJIrSLsjUrjlw=">AAACDXicbVC7SgNBFL0bXzG+Vi1tBhMhNmE3BNRCCFpoGcE8IBvC7GQ2GTL7YGZWCMv+gI2/YmOhiK29nX/jZJNCEw9cOJxz78y9x404k8qyvo3cyura+kZ+s7C1vbO7Z+4ftGQYC0KbJOSh6LhYUs4C2lRMcdqJBMW+y2nbHV9P/fYDFZKFwb2aRLTn42HAPEaw0lLfLJUSJ3slcXlMU1R2MI9GuJ/ciBRdIqtycZqW+mbRqlgZ0DKx56RYNyFDo29+OYOQxD4NFOFYyq5tRaqXYKEY4TQtOLGkESZjPKRdTQPsU9lLsj1SdKKVAfJCoStQKFN/TyTYl3Liu7rTx2okF72p+J/XjZV33ktYEMWKBmT2kRdzpEI0jQYNmKBE8YkmmAimd0VkhAUmSgdY0CHYiycvk1a1YtcqtbtqsX41SwPycATHUAYbzqAOt9CAJhB4hGd4hTfjyXgx3o2PWWvOmM8cwh8Ynz/BZpq6</latexit>

`ee,Sc =
1
6`ee,Gr

<latexit sha1_base64="lLFVA6+IdPVJyTIhwrSkxxmH+Ck=">AAACIXicbVDLSgNBEOz1bXytevQyGAUPEnaDqBch6EGPikaF7BJmJ706ZPbBzKwQhv0VL/6KFw+KeBN/xsnGg6+ChqKqe6a7olxwpT3v3Rkbn5icmp6Zrc3NLywuucsrlyorJMM2y0QmryOqUPAU25prgde5RJpEAq+i/tHQv7pDqXiWXuhBjmFCb1Iec0a1lbru/oYJqldMJAosSYBCdA3i9jkryQEJYkmZ8Uuz+806lmW50XXrXsOrQP4S/4vUWy5UOO26b0EvY0WCqWaCKtXxvVyHhkrNmcCyFhQKc8r69AY7lqY0QRWaareSbFqlR+JM2ko1qdTvE4YmSg2SyHYmVN+q395Q/M/rFDreDw1P80JjykYfxYUgOiPDuEiPS2RaDCyhTHK7K2G31Iaibag1G4L/++S/5LLZ8HcaO2fNeutwlAbMwBqswxb4sActOIFTaAODe3iEZ3hxHpwn59V5G7WOOV8zq/ADzscnnDyj0g==</latexit>



Estimate of Shear Viscosity over Entropy Density

⌘
s = ~

4⇡kB

�
1 + C

↵3/2

�

<latexit sha1_base64="NHw/3MBUvosqWK3k+WJfCUTJ/WE="></latexit>

Parametrize leading      correction by  R4

<latexit sha1_base64="ghp8OEgXKHGXhYxNpL4b7rTyC50=">AAAB/XicbVDLTgIxFL2DL8TX+Ni5aQQTV2SGkOiS6MYlGnkkMJJOKdDQ6UzajglOJv6KGxca49b/cOffWAYWCp7kJifn3Nvbe/yIM6Ud59vKrayurW/kNwtb2zu7e/b+QVOFsSS0QUIeyraPFeVM0IZmmtN2JCkOfE5b/vhq6rceqFQsFHd6ElEvwEPBBoxgbaSefVRKutkric9jmqLb+2pa6tlFp+xkQMvEnZNizYYM9Z791e2HJA6o0IRjpTquE2kvwVIzwmla6MaKRpiM8ZB2DBU4oMpLsr0pOjVKHw1CaUpolKm/JxIcKDUJfNMZYD1Si95U/M/rxHpw4SVMRLGmgswWDWKOdIimUaA+k5RoPjEEE8nMXxEZYYmJNoEVTAju4snLpFkpu9Vy9aZSrF3O0oA8HMMJnIEL51CDa6hDAwg8wjO8wpv1ZL1Y79bHrDVnzWcO4Q+szx9LSZUn</latexit>

C = 5 · 10�4 . . . 2

<latexit sha1_base64="vjpZ5hMAIIhJF1qgfiTP9cruLjY=">AAACGnicbVDLSgMxFL1TX7W+Rl26CbaCG8tMqehGKHbjsoJ9QGcsmTRtQzMPkoxQhvkON/6KGxeKuBM3/o3ptAttvRA4Oeeem5vjRZxJZVnfRm5ldW19I79Z2Nre2d0z9w9aMowFoU0S8lB0PCwpZwFtKqY47USCYt/jtO2N61O9/UCFZGFwpyYRdX08DNiAEaw01TPtUuJkUxKPxzRF+oY5qqfoCp07pB8qZFv3yVk1dTSWqJKWembRKltZoWVgz0GxZkJWjZ75qb0k9mmgCMdSdm0rUm6ChWKE07TgxJJGmIzxkHY1DLBPpZtkS6XoRDN9NAiFPoFCGfvbkWBfyonv6U4fq5Fc1Kbkf1o3VoNLN2FBFCsakNlDg5gjFaJpTqjPBCWKTzTARDC9KyIjLDBROs2CDsFe/PIyaFXKdrVcva0Ua9ezNCAPR3AMp2DDBdTgBhrQBAKP8Ayv8GY8GS/Gu/Exa80Zc88h/Cnj6wcOOp+k</latexit>

J.E., I.M, R.M., D.R-F., R. Thomale, D. Di Sante, E.  van Loon, T. Wehling 1911.06810



Reynolds number and Turbulence

J.E., I.M, R.M., D.R-F., R. Thomale, D. Di Sante, E.  van Loon, T. Wehling 1911.06810

•Low viscosity fluids easily become turbulent

Poiseuille flow
Enhancement of factor 100 in Sc-Hb  
compared to Graphene 

[Mendoza et.al. PRL 2016]



Differential Wire Resistance

⌘
s

<latexit sha1_base64="i24fgKeNBq8j+GPOHmwWUeJCci4=">AAAB9HicbVC7TgJBFJ3FF+ILtbSZCCZWZJdGS6KNJSYCJuyGzA53YcLs7Dpzl4Rs+A4bC42x9WPs/BuHR6HgSSY5Oefc3DsnTKUw6LrfTmFjc2t7p7hb2ts/ODwqH5+0TZJpDi2eyEQ/hsyAFApaKFDCY6qBxaGETji6nfmdMWgjEvWAkxSCmA2UiARnaKWg6gMyP7EJaqq9csWtuXPQdeItSYUs0eyVv/x+wrMYFHLJjOl6bopBzjQKLmFa8jMDKeMjNoCupYrFYIJ8fvSUXlilT6NE26eQztXfEzmLjZnEoU3GDIdm1ZuJ/3ndDKPrIBcqzRAUXyyKMkkxobMGaF9o4CgnljCuhb2V8iHTjKPtqWRL8Fa/vE7a9Zrn1rz7eqVxs6yjSM7IObkkHrkiDXJHmqRFOHkiz+SVvDlj58V5dz4W0YKznDklf+B8/gDmxJGD</latexit><latexit sha1_base64="i24fgKeNBq8j+GPOHmwWUeJCci4=">AAAB9HicbVC7TgJBFJ3FF+ILtbSZCCZWZJdGS6KNJSYCJuyGzA53YcLs7Dpzl4Rs+A4bC42x9WPs/BuHR6HgSSY5Oefc3DsnTKUw6LrfTmFjc2t7p7hb2ts/ODwqH5+0TZJpDi2eyEQ/hsyAFApaKFDCY6qBxaGETji6nfmdMWgjEvWAkxSCmA2UiARnaKWg6gMyP7EJaqq9csWtuXPQdeItSYUs0eyVv/x+wrMYFHLJjOl6bopBzjQKLmFa8jMDKeMjNoCupYrFYIJ8fvSUXlilT6NE26eQztXfEzmLjZnEoU3GDIdm1ZuJ/3ndDKPrIBcqzRAUXyyKMkkxobMGaF9o4CgnljCuhb2V8iHTjKPtqWRL8Fa/vE7a9Zrn1rz7eqVxs6yjSM7IObkkHrkiDXJHmqRFOHkiz+SVvDlj58V5dz4W0YKznDklf+B8/gDmxJGD</latexit><latexit sha1_base64="i24fgKeNBq8j+GPOHmwWUeJCci4=">AAAB9HicbVC7TgJBFJ3FF+ILtbSZCCZWZJdGS6KNJSYCJuyGzA53YcLs7Dpzl4Rs+A4bC42x9WPs/BuHR6HgSSY5Oefc3DsnTKUw6LrfTmFjc2t7p7hb2ts/ODwqH5+0TZJpDi2eyEQ/hsyAFApaKFDCY6qBxaGETji6nfmdMWgjEvWAkxSCmA2UiARnaKWg6gMyP7EJaqq9csWtuXPQdeItSYUs0eyVv/x+wrMYFHLJjOl6bopBzjQKLmFa8jMDKeMjNoCupYrFYIJ8fvSUXlilT6NE26eQztXfEzmLjZnEoU3GDIdm1ZuJ/3ndDKPrIBcqzRAUXyyKMkkxobMGaF9o4CgnljCuhb2V8iHTjKPtqWRL8Fa/vE7a9Zrn1rz7eqVxs6yjSM7IObkkHrkiDXJHmqRFOHkiz+SVvDlj58V5dz4W0YKznDklf+B8/gDmxJGD</latexit><latexit sha1_base64="i24fgKeNBq8j+GPOHmwWUeJCci4=">AAAB9HicbVC7TgJBFJ3FF+ILtbSZCCZWZJdGS6KNJSYCJuyGzA53YcLs7Dpzl4Rs+A4bC42x9WPs/BuHR6HgSSY5Oefc3DsnTKUw6LrfTmFjc2t7p7hb2ts/ODwqH5+0TZJpDi2eyEQ/hsyAFApaKFDCY6qBxaGETji6nfmdMWgjEvWAkxSCmA2UiARnaKWg6gMyP7EJaqq9csWtuXPQdeItSYUs0eyVv/x+wrMYFHLJjOl6bopBzjQKLmFa8jMDKeMjNoCupYrFYIJ8fvSUXlilT6NE26eQztXfEzmLjZnEoU3GDIdm1ZuJ/3ndDKPrIBcqzRAUXyyKMkkxobMGaF9o4CgnljCuhb2V8iHTjKPtqWRL8Fa/vE7a9Zrn1rz7eqVxs6yjSM7IObkkHrkiDXJHmqRFOHkiz+SVvDlj58V5dz4W0YKznDklf+B8/gDmxJGD</latexit>

J.E.,	I.	Ma)haiakakis,	R.M.,	D.	Rodríguez-Fernández	(PRB	2018)			



Holographic Poiseuille Flows

J.E.,	I.	Ma)haiakakis,	R.M.,	D.	Rodríguez-Fernández	(PRB	2018)			

Faster flow at stronger coupling (smaller viscosity over 
entropy density ratio)



Hall viscosity in Channel Flows

Poiseuille Flow

F y

visc
= 2⌘H@2

y
vx(y)

<latexit sha1_base64="l/Bu+TBRJF1YjR3w0urTJuWZuLw=">AAACH3icbVDLTgIxFO34RHyhLt00ggluyMxs0IUJ0cSwxESEhIFJp1ygofNI2yFOJnyKG3/FjQs1xh1/Y3ksFDxJk5Nz7qvHiziTyjQnxtr6xubWdmYnu7u3f3CYOzp+lGEsKNRpyEPR9IgEzgKoK6Y4NCMBxPc4NLzh7dRvjEBIFgYPKomg7ZN+wHqMEqUlN1cuOLMhqcdjGOM7Nx0xScedBF/b2AFF3Cp2IiIUI9xNOjYeuU/F5KLg5vJmyZwBrxJrQfJogZqb+3a6IY19CBTlRMqWZUaqnU4nUw7jrBNLiAgdkj60NA2ID7Kdzm4b43OtdHEvFPoFCs/U3x0p8aVMfE9X+kQN5LI3Ff/zWrHqXbZTFkSxgoDOF/VijlWIp2nhLhNAFU80IVQwfSumAyIIVTrTrA7BWv7yKqnbpauSdW/nKzeLNDLoFJ2hIrJQGVVQFdVQHVH0jF7RO/owXow349P4mpeuGYueE/QHxuQHwN6iQw==</latexit><latexit sha1_base64="l/Bu+TBRJF1YjR3w0urTJuWZuLw=">AAACH3icbVDLTgIxFO34RHyhLt00ggluyMxs0IUJ0cSwxESEhIFJp1ygofNI2yFOJnyKG3/FjQs1xh1/Y3ksFDxJk5Nz7qvHiziTyjQnxtr6xubWdmYnu7u3f3CYOzp+lGEsKNRpyEPR9IgEzgKoK6Y4NCMBxPc4NLzh7dRvjEBIFgYPKomg7ZN+wHqMEqUlN1cuOLMhqcdjGOM7Nx0xScedBF/b2AFF3Cp2IiIUI9xNOjYeuU/F5KLg5vJmyZwBrxJrQfJogZqb+3a6IY19CBTlRMqWZUaqnU4nUw7jrBNLiAgdkj60NA2ID7Kdzm4b43OtdHEvFPoFCs/U3x0p8aVMfE9X+kQN5LI3Ff/zWrHqXbZTFkSxgoDOF/VijlWIp2nhLhNAFU80IVQwfSumAyIIVTrTrA7BWv7yKqnbpauSdW/nKzeLNDLoFJ2hIrJQGVVQFdVQHVH0jF7RO/owXow349P4mpeuGYueE/QHxuQHwN6iQw==</latexit><latexit sha1_base64="l/Bu+TBRJF1YjR3w0urTJuWZuLw=">AAACH3icbVDLTgIxFO34RHyhLt00ggluyMxs0IUJ0cSwxESEhIFJp1ygofNI2yFOJnyKG3/FjQs1xh1/Y3ksFDxJk5Nz7qvHiziTyjQnxtr6xubWdmYnu7u3f3CYOzp+lGEsKNRpyEPR9IgEzgKoK6Y4NCMBxPc4NLzh7dRvjEBIFgYPKomg7ZN+wHqMEqUlN1cuOLMhqcdjGOM7Nx0xScedBF/b2AFF3Cp2IiIUI9xNOjYeuU/F5KLg5vJmyZwBrxJrQfJogZqb+3a6IY19CBTlRMqWZUaqnU4nUw7jrBNLiAgdkj60NA2ID7Kdzm4b43OtdHEvFPoFCs/U3x0p8aVMfE9X+kQN5LI3Ff/zWrHqXbZTFkSxgoDOF/VijlWIp2nhLhNAFU80IVQwfSumAyIIVTrTrA7BWv7yKqnbpauSdW/nKzeLNDLoFJ2hIrJQGVVQFdVQHVH0jF7RO/owXow349P4mpeuGYueE/QHxuQHwN6iQw==</latexit><latexit sha1_base64="l/Bu+TBRJF1YjR3w0urTJuWZuLw=">AAACH3icbVDLTgIxFO34RHyhLt00ggluyMxs0IUJ0cSwxESEhIFJp1ygofNI2yFOJnyKG3/FjQs1xh1/Y3ksFDxJk5Nz7qvHiziTyjQnxtr6xubWdmYnu7u3f3CYOzp+lGEsKNRpyEPR9IgEzgKoK6Y4NCMBxPc4NLzh7dRvjEBIFgYPKomg7ZN+wHqMEqUlN1cuOLMhqcdjGOM7Nx0xScedBF/b2AFF3Cp2IiIUI9xNOjYeuU/F5KLg5vJmyZwBrxJrQfJogZqb+3a6IY19CBTlRMqWZUaqnU4nUw7jrBNLiAgdkj60NA2ID7Kdzm4b43OtdHEvFPoFCs/U3x0p8aVMfE9X+kQN5LI3Ff/zWrHqXbZTFkSxgoDOF/VijlWIp2nhLhNAFU80IVQwfSumAyIIVTrTrA7BWv7yKqnbpauSdW/nKzeLNDLoFJ2hIrJQGVVQFdVQHVH0jF7RO/owXow349P4mpeuGYueE/QHxuQHwN6iQw==</latexit>

[Avron, Seiler, Zograf 1995]

J.E., Hankiewicz, Matthaiakakis, R.M., Rodríguez-Fernández, Tutschku PRB 2019

(✏+ P )v̇x + ⌘@2
yv

x = Ex⇢� (✏+P )vx

⌧imp
<latexit sha1_base64="D2BmfvuCVL+8RCUje26IKVu3RPo="></latexit>

Incompressible Flow: @µvµ = 0
<latexit sha1_base64="6njgccAGBfGPed4uvgPlXwCiPPM=">AAACDnicbVC7TsMwFL0pr1JeAUYWi7YSU5WUARakChbGItGH1ITIcd3WqvOQ7VSqon4BC7/CwgBCrMxs/A1O2gFajmTr6Jx7r6+PH3MmlWV9G4W19Y3NreJ2aWd3b//APDxqyygRhLZIxCPR9bGknIW0pZjitBsLigOf044/vsn8zoQKyaLwXk1j6gZ4GLIBI1hpyTOrTj4j9XlCZxUnxkIxzD0nSNDkIbuvkIUqnlm2alYOtErsBSk3TMjR9Mwvpx+RJKChIhxL2bOtWLlpNp1wOis5iaQxJmM8pD1NQxxQ6ab5KjNU1UofDSKhT6hQrv7uSHEg5TTwdWWA1Ugue5n4n9dL1ODSTVkYJ4qGZP7QIOFIRSjLBvWZoETxqSaYCKZ3RWSEBSZKJ1jSIdjLX14l7XrNPq/Zd/Vy43qeBhThBE7hDGy4gAbcQhNaQOARnuEV3own48V4Nz7mpQVj0XMMf2B8/gB3rZu2</latexit>

2⌘H@2
y
vx = @yP = ⇢@yV + s@yT

<latexit sha1_base64="BYSxAlGg/p2HteFlkPyRoialwdY="></latexit>



Hall Viscosity in a 2DEG

[Alekseev PRL 2016]

B

E = ~k2

2m
<latexit sha1_base64="uEEbTjGaSU+8Oya4PssMoR1upNA=">AAACAnicbVDLSsNAFL2pr1pfUVfiZrAVXJUkLnQjFEVwWcE+oKllMp20QycPZiZCCcGNv+LGhSJu/Qp3/o3TtAttPTBwOOdc7tzjxZxJZVnfRmFpeWV1rbhe2tjc2t4xd/eaMkoEoQ0S8Ui0PSwpZyFtKKY4bceC4sDjtOWNriZ+64EKyaLwTo1j2g3wIGQ+I1hpqWceVK4vUnfoYYFG944b6SxKnSDLKj2zbFWtHGiR2DNSrpmQo94zv9x+RJKAhopwLGXHtmLVTbFQjHCaldxE0hiTER7QjqYhDqjspvkJGTrWSh/5kdAvVChXf0+kOJByHHg6GWA1lPPeRPzP6yTKP++mLIwTRUMyXeQnHKkITfpAfSYoUXysCSaC6b8iMsQCE6VbK+kS7PmTF0nTqdqnVfvWKdcup21AEQ7hCE7AhjOowQ3UoQEEHuEZXuHNeDJejHfjYxotGLOZffgD4/MHDXqWmw==</latexit>

Weakly Coupled!



Transverse Hall Response
f i

⌘H
= ⌘H✏ij�vj

<latexit sha1_base64="Vs5HIetz37tUNqc1OVWPUgwH4Xw="></latexit>

~rP = en~rV + s~rT
<latexit sha1_base64="pcb4OdbO6Ax/7f4YNaPx8ajstl8=">AAACLHicbZDNSgMxFIXv1P/6N+rSTbAVBKHM1IVuhKIblxVsLXRKyaS3GprJDEmmUIY+kBtfRRAXirj1OUynLmzrhcDhO/cmNydMBNfG8z6cwtLyyura+kZxc2t7Z9fd22/qOFUMGywWsWqFVKPgEhuGG4GtRCGNQoH34eB64t8PUWkeyzszSrAT0QfJ+5xRY1HXvQ7yOzKFvXE5C4bIAklDQcekTi4JEklmYJOcEj2L7spdt+RVvLzIovB/RanmQl71rvsa9GKWRigNE1Trtu8lppNRZTgTOC4GqcaEsgF9wLaVkkaoO1m+6JgcW9Ij/VjZIw3J6d+JjEZaj6LQdkbUPOp5bwL/89qp6V90Mi6T1KBk04f6qSAmJpPkSI8rZEaMrKBMcbsrYY9UUWZsvkUbgj//5UXRrFb8s4p/Wy3VrqZpwDocwhGcgA/nUIMbqEMDGDzBC7zDh/PsvDmfzte0teD8zhzATDnfP63Vpzw=</latexit>

J.E., Hankiewicz, Matthaiakakis, R.M., Rodríguez-Fernández, Tutschku PRB 2019



Nonrelativistic UV terms and nondissipative response

C. Tutschku, J. Böttcher, R.M., E. Hankiewicz 2003.03146

Quantum Anomalous Hall Effect Model

[Bernevig, Hughes, Zhang Science 2006]



Conclusions and Outlook
• Materials with large Coulomb coupling good to test AdS/CFT 

• Scandium-substituted Herbertsmithite: 
Effective Coulomb coupling 3 times larger than Graphene 
Smaller shear viscosity to entropy density ratio 
More robustly in the electron hydrodynamics regime 
Turbulent flow regime seems to be at the doorstep 

• Strongly coupled holographic fluids may show distinct  
responses from weakly coupled ones in suitable geometries 
(e.g. Poiseuille flow) 

• Electron hydrodynamics provides a window to non dissipative 
anomaly-induced transport - mind the UV! 

• Interdisciplinary synergy between String theory and AdS/CFT, 
Condensed Matter Physics, QFT, and effective theories


