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Fractionalized Fermi liquids and the cuprate phase diagram
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Lectures on insulating and conducting quantum spin liquids



Superconductors
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Nd-Fe-B magnets, YBaCuO superconductor

Julian Hetel and Nandini1 Trivedi, Ohio State University



H1S Magnets: Enabling Technology

I'he surest path to limitless,

clean, fusion energy

YBCO magnets allow for smaller,
faster, and less expensive
tokamaks for plasma fusion
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Insulating antiferromagnet with one electron per site



High
temperature
superconductor
obtained upon

doping the
B + antiferromagnet

2 < with density p

holes.
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Doping an insulating antiferromagnet with holes of density p

FL*

Low energy of this state,
and of its transition to
superconductivity, has
striking similarities to

the Weinberg-Salam
SU(2) gauge theory of
weak iInteractions.

Recent observations in
high magnetic fields
agree with our
predictions
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The Sachdev-Ye-Kitaev model
of entanglement of mobile fermions
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The Sachdev-Ye-Kitaev (SYK) model
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A solvable model of multi-particle
quantum entanglement with mobile fermions.



The Sachdev-Ye-Kitaev (SYK) model

Sachdey, Ye (1993); Kitaev (2015)

A solvable model of multi-particle
quantum entanglement with mobile fermions.

Yields a quantum state whose excitations are not
particle-like i.e. no bosons, fermions, anyons....

Current is carried by an “entangled quantum soup”



Quantum entanglement,
the SYK model,
and black holes




Quantum Entanglement across a black hole horizon

By computations outside
the black hole,

O — Tl> - lT> the black hole entropy

Ac’
4G h

S =

where A i1s area of the
black hole horizon.

All other systems have
entropy proportional to
their volume.

¢ Black hole
\e horizon




Quantum Entanglement across a black hole horizon

'Quantum entanglement]
on the surface

By computations outside
the black hole,

Hawking obtained

the black hole entropy

Ac’

> = 1Gh

where A i1s area of the
black hole horizon.

All other systems have
entropy proportional to
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Maxwell’s electromagnetism
and Einstein’s general relativity
allow black hole solutions with a net charge

The quantum versions of
Maxwell’s and Einstein’s
equations In

C space and time are
also the equations describing

electron entanglement
in the SYK model!

Black hole
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D(E) of charged black holes
from the SYK model

e For generic charged black holes in 3+1 di-
mensions with horizon area Ag at T' = 0 and

fixed charge Q (Ag = 2GQ?%/c?*), the density

of quantum states at small energy AE}(Bekenstein-Hawking)
~
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) / | D(E)
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(Developments from the SYK modeD

Similar remarks apply to rotating neutral black holes.

D. Chowdhury, A. Georges, O. Parcollet, and S. S., Rev. Mod. Phys. 94, 035004 (2022)



The Sachdev-Ye-Kitaev (SYK) model

The SYK model describes multi-particle
quantum entanglement resulting in the
loss of identity of the particles
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quantum entanglement resulting in the
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| In one set of variables, it helps describe

. Strange

\ Meul | the strange electrical properties of YBCO

Sachdev, Ye (1993)
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The Sachdev-Ye-Kitaev (SYK) model

The SYK model describes multi-particle
quantum entanglement resulting in the
loss of identity of the particles

| In one set of variables, it helps describe
Y h e strange electrical properties of YBCO

. Sachdev, Ye (1993)

In a dual set of variables it describes
the interior of charged black holes

Sachdev (2010), Kitaev (2015), Maldacena Stanford (2015)
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