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e The Luttinger theorem implies a FLL phase with ‘large’ Fermi surface of
size 1 + p holes (or 1 — p electrons) for all U and all p.

e Vanilla FL theory: Luttinger theorem applies as p — 0 with wavetunction
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e The Luttinger theorem implies a FLL phase with ‘large’ Fermi surface of
size 1 + p holes (or 1 — p electrons) for all U and all p.

e Vanilla FL theory: Luttinger theorem applies as p — 0 with wavetunction
'Vanilla) = [Project out sites with 2 ¢’s|] < |Slater determinant of c¢)

e The main effect of the projection is a ‘Brinkman-Rice’ enhancement of
the quasiparticle mass as p — 0, with m*/m ~ 1/p.
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Photoemission at large p
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]+p mobile holes in a filled band

M. Platé, J. D. F. Mottershead, I. S. Elfimov, D. C. Peets, Ruixing Liang, D. A. Bonn, W. N. Hardy,
S. Chiuzbaian, M. Falub, M. Shi, L. Patthey, and A. Damascelli, Phys. Rev. Lett. 95, 077001 (2005)
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Photoemission at small p

. CaZ—xNaxCu02C12
- . a

“Fermi arcs’”

Kyle M. Shen, F. Ronning, D. H. Lu, F. Baumberger, N. J. C. Ingle, W. S. Lee, W. Meevasana,
Y. Kohsaka, M. Azuma, M. Takano, H. Takagi, Z.-X. Shen, Science 307, 901 (2005)
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Fermi surface transformation at the pseudogap critical point of a cuprate superconductor

Yawen Fang, Gaé€l Grissonnanche, Anaélle Legros, Simon Verret, Francis Laliberté, Clément Collignon, Amirreza Ataei,
Maxime Dion, Jianshi Zhou, David Grat, M. J. Lawler, Paul Goddard, Louis Taillefer, and B. J. Ramshaw, arXiv:2004.01725

We use angle-dependent magnetoresistance (ADMR) to measure the Fermi surface of the cuprate Lal .6—xNd(Q 4SrxCuO4. Above the critical

doping p* —outside of the pseudogap phase—we find a Fermi surface that 1s in quantitative agreement with angle-resolved photoemission.
Below p*, however, the ADMR 1s qualitatively different, revealing a clear change in Fermui surface topology. We find that our data 1s most
consistent with a Fermi1 surface that has been reconstructed by a Q = (7t,7t) wavevector. While static Q = (7t,7t) antiferromagnetism 1is not found
at these dopings, our results suggest that this wavevector 1s a fundamental organizing principle of the pseudogap phase.
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The pseudogap metal ~ FL* (these papers fractionalize the mobile electron)
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The pseudogap metal = FL* (these papers fractionalize the mobile electron)
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Paramagnon theory of the Hubbard model
1 1
H = — ti-cT Cie +U n; n; — CJ-r Cio
Z]za]+ Z(T 2>(¢ 2) u;zg
We use the operator equation (valid on each site ):

1 1 2U o, U
U(nT 2) (n¢ 2)— 35 |4

Then we decouple the interaction via

oU - 3 S
EXP (SZ/CZTSZQ) :/D(I)Z(T)exp (Z/dT @@?—@ZCZO_TQ Cig’ )

This yields the ‘Hertz-Millis’ theory for a ‘paramagnon quantum rotor’ ®; coupled
to otherwise free fermions c;,.
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Paramagnon theory of the Hubbard model
density

1+p

° ® ® ® ® ® C, “——

Quantum
rotors

Hrotor = zp: EPCLOCPU -+ z@: _;L? | 8?] (I)?_ — Z C;,LO 7'020’ Cig' * P,

Key idea:
Fractionalize the ‘paramagnon rotor’ ®,
into 2 “ancilla qubits”,
S = 1/2 spins S7; and S5; on each site,
and don’t fractionalize the mobile electron c;,.
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Ancilla theory of the Hubbard model

density
1+p

° ® ® ® ® ® C, “——

Ancilla
A1
qubits

I Too! )
Hancilla = Zc’fpcpgcpa =+ Z JK C;;rg Cig’ * O1; + J1L S1i - Soi| + Z J1 51 - S5 + J2 52 - Saj]
' - (ig)

Performing a Schrieffer-Wolff transformation in powers of 1/.J,, we obtain

_ RPN o Toot [ Tep
1 — ngcljfwcpa + UZ CipCit | |CiyCit| T JZ Cic 5 Cio' | " |Cjp
- : -

i.e. we recover a Hubbard-Heisenberg model with no ancillas and

[ — SJ[Q( | 3]?( | 7 J%((J1—|—J2)
8J, 16J%2 T 4.J2




Ancilla theory of the Hubbard model
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Ancilla theory of the Hubbard model
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Ancilla theory of the Hubbard model
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Ancilla theory of the Hubbard model

( e Deconfined criticality of a (SU(2)s x U(1),)/Z2 gauge theory:. \

e ‘Hybridization-Higgs’ boson ~ CIW¥, which condenses on the FL*
side (in Kondo lattice, Higgs boson was condensed on the FL side).

e (Gauge-charged ‘ghost’ Fermi surface of ¥, fermions.

k e Large Fermi surface of ¢, gauge-neutral electrons. J

FL* /

J K 7

-

\_

FLx) = [Projection onto rung singlets of W, Wy

~

Small Fermi surface of size p

] |Slater determinant of (¢, ¥y))

® |Slater determinant of Wy)

/
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\

~
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FL* in 2 one=band model
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Zero frequency spectral density of electrons (red) and ghosts (blue)

Ya-Hui Zhang, S. Sachdev, PRR 2,023172; PRB 102, 155124 (2020)

“Fermi arc”
spectral functions
in the FL™ phase

Ya-Hui Zhang
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e Theory of FL™ model for the pseudogap metal of the cuprates: Lessons from the Kondo
lattice: Don’t tfractionalize the mobile electron, but fractionalize the ‘paramagnon
rotor’ into ‘ancilla qubits’. This achieves a ‘democratic’ localization of some of the
electrons into an insulator of spins, while the remainder form a Luttinger-volume-
violating Fermi surtface of size p.



FL*

Theory of FL-FL* transition on a Kondo lattice: Emergent U(1) gauge field coupled
to a hybridization boson and a gauge-neutral small Fermi surface of electrons.

Recent evidence for a FL* phase in a Kondo lattice: CeColns (Maksimovic et al.,
arXiv:2011.12951, and in CePdAl, Zhao et al., Nature Physics 15, 1261 (2019). And

perhaps YbBis (Liu et al. arXiv:2102.09545)7

Theory of FL™ model for the pseudogap metal of the cuprates: Lessons from the Kondo
lattice: Don’t tfractionalize the mobile electron, but fractionalize the ‘paramagnon
rotor’ into ‘ancilla qubits’. This achieves a ‘democratic’ localization of some of the
electrons into an insulator of spins, while the remainder form a Luttinger-volume-
violating Fermi surtface of size p.

Theory of FL-FL* transition on a single band Hubbard model: Emergent SU(2)xU(1)
cauge theory coupled to hybridization boson, a gauge-neutral large Fermi surface of
electrons, and a ‘ghost’ Fermi surface.

Prediction: critical ‘ehost’ Fermi surfaces near the transition.
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