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Pseudogap metal =
Kondo Lattice Heavy |FLx*) = |Projection onto rung singlets of S, .S5]
Fermi Liquid ] [Slater determinant of (¢, f1))
<5 ® |Spin liquid of Ss)
Spin Liquid

Replacement for “vanilla” Gutzwiller-projected Fermi liquid in the underdoped regime



The CP1/7T-flux spin liquid
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Insulating $=1/2 antiferromagnet H=Y1,5"5,
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Schwinger bosons
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Mean-field spin liquid
with gapped bosonic spinons.

(ba) # O: (ba) = 0:

Néel order Spin liquid

D.P. Arovas and A. Auerbach, Phys. Rev. B 38, 316 (1988)



Insulating $=1/2 antiferromagnet H=Y1,5"5,
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Schwinger bosons
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Spin liquid Mean-field spin liquid

with gapped bosonic spinons.
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Higgs phase, (z4) # 0: Confining phase, (24) = 0: Low energy CP' U(1) gauge theory
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N. Read and S. Sachdev, Phys. Rev. Lett. 62, 1694 (1989)
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S=1/2
square
SU(2) gauge theory of Ny = 2 : ti-

fundamental, massless, Dirac fermions.

Obtained from a saddle-point of /\
fermionic spinons moving in w-flux.

I. Affleck and J.B. Marston, Phys. Rev. B 37,3774 (1988))

lattice an
ferromagnet
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SO(5) non-linear o-model

of Néel/VBS orders
with £ =1 WZW term

~

A.Tanaka and X. Hu, Phys. Rev. Lett. 95,036402 (2005); T. Senthil and M.P.A. Fisher Phys. Rev. B 74, 064405 (2006);
Ying Ran and X.-G. Wen, cond-mat/0609620; C. Wang, A. Nahum, M. A. Metlitski, C. Xu, and T. Senthil, Phys. Rev. X 7,031051 (2017)
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) gauge theory
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SU(2) gauge theory of Ny = 2

fundamental, massless, Dirac fermions.

Obtained from a saddle-point of
fermionic spinons moving in w-flux.

v

J

o
square
lattice anti-

ferromagnet
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SO(5) non-linear o-model

of Néel/VBS orders
with £ =1 WZW term

~

Many numerical works show that deconfined critical theory applies over a
substantial length scale, but ultimately confines at the longest distances.

Anders W. Sandvik Phys. Rev. Lett. 98, 227202 (2007)

Adam Nahum, P. Serna, J. T. Chalker, M. Ortuno, and A. M. Somoza, Phys. Rev. Lett. 115, 267203 (2015)
Z..7Zhou, L. Hu, W. Zhu, and Yin-Chen He, arXiv:2306.16435



High Temperature Superconductivity in a Lightly Doped Quantum Spin Liquid

Hong-Chen Jiang " and Steven A. Kivelson
Phys. Rev. Lett. 127, 097002 (2021)
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Superconducting valence bond fluid in
lightly doped 8-leg t-| cylinders
Hong-Chen Jiang, Steven A. Kivelson, and
Dung-Hai Lee, arXiv:2302.1 1633
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Upon increasing the cylinder width from
4 to 8, we observed a significant
strengthening of the quasi-long-range
superconducting correlations, and a
dramatic suppression of any “competing”
charge-density-wave order. Extrapolating
from the observed behavior of the width 8
cylinders, we speculate that the system
has a nodeless d-wave superconducting
ground-state in the 2D limit.
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FL* in a
one-band model

Broadening by second ancilla

layer is needed to describe
MDC and EDC

He, Hashimoto, Karapetyan, Koralek, Hinton, Testaud, Nathan,
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d-wave superconductor
obtained by condensing

FL* charge-e, SU(2) fundamental

boson.

Electron
spectral |
density in
hole-
doped
cuprates
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Spinons of the w-flux state
annihilate the extra nodes
in the d-wave superconductor.

Shubhayu Chatterjee and S.S., PRB 94,2051 17 (2016)
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obtained by condensing
charge-e, SU(2) fundamental
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Spinons of the w-flux state
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in the d-wave superconductor.

Shubhayu Chatterjee and S.S., PRB 94,2051 17 (2016)

0.150 -
0.125 -
=" 0.100 -
L
0075

0.050

0.025 -

0.000

1.5 2.0 2.5 3.0



d-wave superconductor
obtained by condensing

FL* charge-e, SU(2) fundamental

boson.

Nodes of the d-wave
superconductor are remnants
of the spinons of the m-flux state.
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Keimer, Kivelson, Norman, Uchida, and Zaanen, Nature 518, 179 (2015)
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Observable by neutron scattering in pseudogap !
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Ancilla theory of the Hubbard model

Kondo lattice
heavy Fermi liquid.

Size 1 +p+1
= p (mod 2).
Small Fermi surface!

Spin liquid {

Pseudogap metal =
Kondo Lattice Heavy |FLx) = |Projection onto rung singlets of Sy, S5

Fermi Liquid > |Slater determinant of (¢, f1))
S¥ ® |Spin liquid of S5)
Spin Liquid

Replacement for “vanilla” Gutzwiller-projected Fermi liquid in the underdoped regime



Results for Connected Correlators: Comparison with experiment
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*Test different spin-liquid ansatze for second ancilla layer
*Improve sampling of wave-functions

*Better statistics to obtain more reliable error-bars




Ancilla theory of the Hubbard model

Hole-induced correlations
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Ancilla theory of pseudogap metal with hole pockets and
underlying m-flux spin liquid yields:

Theory for Fermi arcs in hole-doped pseudogap metal.
ADMR in pseudogap.
Anti-nodal and nodal electronic dispersion.

d-wave superconductor with 4 nodal points in both electron-
and hole-doped cuprates.

Near-equality of dSC and charge order onset temperatures
Multipoint correlators measured by cold atom experiments

Theory for strange metal in the crossover from FL* to FL



