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Square lattice Hubbard model with electron density 1 — p.
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Needed: a theory for the onset
of charge order and
d-wave superconductivity
from the pseudogap metal.

Why are 1. and Tcpw
about the same?
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Quantum oscillations in the
CDW phase at low T’
show only a single
electron pocket of size p.

This cannot be obtained
in the theory of CDWs
in a Fermi liquid.
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Use the pseudogap metal
in place of the Fermi liquid
as the ‘parent’ to
conventional
d-wave superconductor,
charge density wave,
spin density wave,
palr density wave
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FL*: Spin liquid is required because
the Fermi surface does not enclose
the Luttinger volume (1 + p).
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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.

Spin liquid

D.P. Arovas and A. Auerbach, PRB 38, 316 (1988)
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Schwinger fermions

1
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m-flux mean-field theory
with gapless spinons at 2 Dirac points.

Spin liquid

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




Insulating $=1/2 antiferromagnet H=Y1,5"5,

1<)

Schwinger bosons

1
or Si = ib:ﬁraaaﬁbi57 Z bza o T
—

Mean-field spin liquid
with gapped bosonic spinons.

Higgs phase, (z,) # 0: | Confining phase, (z,) = 0: Low energy CP* U(1) gauge theory
Néel order VBS order

o ™ bAoz =+ 5045173[3

S

L = ‘(au — mu)za‘z + 3|Zoz‘2 + U‘Zozrl + Lmonopole

N. Read and S. S., PRL 62, 1694 (1989)
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Schwinger fermions
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m-flux mean-field theory

with gapless spinons at 2 Dirac points.

¢ Low energy theory of Ny = 2

Confining phase: Confining phase: Dirac termions W coupled to

Néel order VBS order an emergent SU(2)y gauge field.

Confining order parameters
are Néel and VBS states,
with a global SO(5); symmetry!

L=iVy, D,V +...

A. Tanaka and X. Hu, PRL 95, 036402 (2005); T. Senthil and M.P.A. Fisher PRB 74, 064405 (2006); Ying Ran and X.-G. Wen, cond-mat/0609620



Insulating $=1/2 antiferromagnet H=Y7,8 8

1<)

Schwinger fermions

1
or Si = §fja0'ozﬁfi57 Z f;afm =1
a=T,]
m-flux mean-field theory
with gapless spinons at 2 Dirac points.

€ Low energy theory of Ny = 2
Confining phase: Confining phase: Dirac fermions Wy coupled to
Néel order VBS order an emergent SU(2)y gauge field.

Confining order parameters
are Néel and VBS states,
with a global SO(5); symmetry!

L=iVy, D,V +...

Dual to CP* U(1) gauge theory.

A. Tanaka and X. Hu, PRL 95, 036402 (2005); T. Senthil and M.P.A. Fisher PRB 74, 064405 (2006); Ying Ran and X.-G. Wen, cond-mat/0609620
C. Wang, A. Nahum, M. A. Metlitski, C. Xu, and T. Senthil, Physical Review X 7,031051 (2017)
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Emergent SO(5) Symmetry at the Columnar Ordering Transition

in the Classical Cubic Dimer Model

PRL 122,080601 (2019)
G.J. Sreejith,1 Stephen Powell,” and Adam Nahum’

Using Monte Carlo simulations, we show that this
transition has emergent SO(5) symmetry relating
quantities characterizing the two phases. While the
low-temperature phase has a conventional order
parameter, the defining property of the Coulomb
liquid on the high-temperature side 1s
deconfinement of monomers, and so SO(5) relates
fundamentally different types of objects. Studying
linear system sizes up to L=96, we find that this
symmetry applies with an excellent precision,
consistently improving with system size over this
range. It 1s remarkable that SO(5) emerges 1n a
system as basic as the cubic dimer model, with
only simple discrete degrees of freedom. Our
results are important evidence for the generality of
the SO(5) symmetry that has been proposed for

the noncompact CP1 field theory.
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High Temperature Superconductivity in a Lightly Doped Quantum Spin Liquid

Hong-Chen Jiang '™ and Steven A. Kivelson®”
PHYSICAL REVIEW LETTERS 127, 097002 (2021)

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

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.




High Temperature Superconductivity in a Lightly Doped Quantum Spin Liquid
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Superconducting valence bond fluid in
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Ancilla theory of the Hubbard model
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Confinement of SU(2)n gauge theory by charge fluctuations

e Begin with the m-flux spin liquid in the fermionic spinon description.
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Hy is invariant under SU(2) rotations in spin and SU(2)y rotations in Nambu space; U;; is
the SU(2)y gauge field.



Confinement of SU(2)n gauge theory by charge fluctuations

e Begin with the m-flux spin liquid in the fermionic spinon description.

-

Hy = ijelj (f fia — f fm> — zJZeij (\IJZ-LUZ-J-\IJJ- — W;Uj¢Wi§; v, = ( ?ﬂ )

(i5) (i)

Hy is invariant under SU(2) rotations in spin and SU(2)y rotations in Nambu space; U;; is
the SU(2)y gauge field.

e The nearest-neighbor effective Hamiltonian for charge e, SU(2)y fundamental boson B; is
constrained by the fact that the composite of B; and WV, is an electron:
4 )

Hp=rY BB +iwy ey (BIU;B; - BlU;:B;) +

N 2 (27) y




Confinement of SU(2)n gauge theory by charge fluctuations

u 2
L(B) = Hg A 5 Zﬂf + Vi Zﬂi (Pita + Pitg) +QZ Asj

site charge density: <ciacm> ~ 0; = Bg B,

bond density: <C]L C. -+ c;.acm> ~ Qi; = @i = Im (BTe U, B )

100 J 119

100 J 7 117 1) ]

bond current: z’<cT C. — cTac > ~ Ji; = —Jj; = Re (B]Le U..B. )

Pairing: <5aBCz’aCj6> ~ A,,;j — Aj,,; — €abBaf,;€f,;jUiijj :
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Confinement of SU(2)n gauge theory by charge fluctuations
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Confinement of SU(2)n gauge theory by charge fluctuations
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Confinement of SU(2)n gauge theory by charge fluctuations
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Global phase diagram of SU(2)n gauge theory
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Can the underlying spin liquid help understand experimental observations of spin dynamics ?
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FIG. 1. (a) Schematic temperature-doping phase diagram of
(B1,Pb),(Sr,La),CuO¢,s. It shows the antiferromagnetic (AF), su-
perconducting (SC), and the pseudogap (PG) regions. Here we study

(0.25,0.25)  (0.5,0) (0, 0) (0.25, 0.25)
Momentum (r.l.u.)

four doping levels as indicated by the solid red squares. (b) 2D recip- FIG. 2. Energy/momentum intensity maps of RIXS spectra for
rocal lattice for the pseudotetragonal structure and the first Brillouin (a) AF (p =~ 0.03), (b) UDI15K (p >~ 0.11), (¢c) OP33K (p >~ 0.16),
zones (structural in light grey, magnetic in light blue). Coordinates and (d) ODI11K (p ~ 0.21) along the high-symmetry momentum
H and K are in r.L.u.. The path followed for the measurements is trajectory indicated in Fig. 1(b) and in the inset of (a). The intensity
indicated by the red arrows, starting at (0.25,0.25) and ending around is in unit of photons/s/eV. Data were taken with 7 -polarized incident

(0.30,0.30) via (0.5,0) and (0,0). light at 20 K. Elastic peaks were subtracted for a better visualization

of the low energy features.
Dispersion, damping, and intensity of spin excitations in
the monolayer (Bi,Pb)s(Sr,La),CuOg.s cuprate supercon-
ductor family, Y.Y. Peng et al., PRB 98, 144507 (2018)
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Square lattice Hubbard model with electron density 1 — p.
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Unified SU(2)xU(1) gauge theory of spinons, electrons and Higgs bosons:

uncanny similarities to the Salam-VVeinberg-Glashow theory of weak interactions

e The electromagnetic U(1) is effectively global, because o < 1.



Unified SU(2)xU(1) gauge theory of spinons, electrons and Higgs bosons:

uncanny similarities to the Salam-VVeinberg-Glashow theory of weak interactions

e The electromagnetic U(1) is effectively global, because o < 1.

e The fermionic spinons transform as a fundamental of gauge SU(2), with a massless Dirac spectrum

Hf — ZJZ&LJ (\IJIUZJ\I/] — \IJ;LUJZ\IL,) :
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where U, is the (lattice) SU(2) gauge field. The spinons are the analog of the neutrinos
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e The electromagnetic U(1) is effectively global, because o < 1.

e The fermionic spinons transform as a fundamental of gauge SU(2), with a massless Dirac spectrum
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where U, is the (lattice) SU(2) gauge field. The spinons are the analog of the neutrinos
e The Higgs sector has a boson B; which is fundamental of SU(2)

Hp = TZBZTB@ + 2w Zez‘j (B;LUiij - B;UjiBi) +O(B;)
? (13)



Unified SU(2)xU(1) gauge theory of spinons, electrons and Higgs bosons:

uncanny similarities to the Salam-VVeinberg-Glashow theory of weak interactions

The electromagnetic U(1) is effectively global, because a < 1.
The fermionic spinons transform as a fundamental of gauge SU(2), with a massless Dirac spectrum
Hf - ZJZQZ] (\IJIUZJ\I/] — \IJ;LU]Z\IJZ) :
(27)
where U, is the (lattice) SU(2) gauge field. The spinons are the analog of the neutrinos

The Higgs sector has a boson B; which is fundamental of SU(2)

Hp = TZBTB +iwy ey (BIU,B; — BiU;iB; ) + O(B})
(2J)

The hole pockets in the nodal region of the Brillouin zone are described by electron ¢;, which
have a Yukawa coupling to the spinons and the Higgs field B; = (Bi;, Bs;):

HY T th Cia ja Z ( fzoz Yo B2i€aﬁfia5i5) + H.c..

1




