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

• Vanilla FL theory: Luttinger theorem applies as p ! 0 with wavefunction
|Vanillai = [Project out sites with 2 c’s] ./ |Slater determinant of ci

• The main e↵ect of the projection is a ‘Brinkman-Rice’ enhancement of
the quasiparticle mass as p ! 0, with m⇤/m ⇠ 1/p.
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• The Luttinger theorem implies a FL phase with ‘large’ Fermi surface of
size 1 + p holes (or 1� p electrons) for all U and all p.

• Vanilla FL theory: Luttinger theorem applies as p ! 0 with wavefunction
|Vanillai = [Project out sites with 2 c’s] ./ |Slater determinant of ci

• The main e↵ect of the projection is a ‘Brinkman-Rice’ enhancement of
the quasiparticle mass as p ! 0, with m⇤/m ⇠ 1/p.
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• The Luttinger theorem implies a FL phase with ‘large’ Fermi surface of
size 1 + p holes (or 1� p electrons) for all U and all p.

• Vanilla FL theory: Luttinger theorem applies as p ! 0 with wavefunction
|Vanillai = [Project out sites with 2 c’s] ./ |Slater determinant of ci

• The main e↵ect of the projection is a ‘Brinkman-Rice’ enhancement of
the quasiparticle mass as p ! 0, with m⇤/m ⇠ 1/p.

P. W. Anderson, P. A. Lee, M. Randeria, T. M. Rice, N. Trivedi, and F. C. Zhang,  
Journal of Physics Condensed Matter 16, R755 (2004) 
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Photoemission at large p

1+p mobile holes in a filled band

tion (LDA), which are in good agreement with previous
calculations [11,12], and a tight-binding fit of the experi-
mentally determined FS. The spectra in Figs. 1(b) and 1(c)
were measured along momentum space directions near the
nodal and antinodal regions of the BZ, as indicated by the
arrows in Fig. 1(a). Dispersive features are clearly observ-
able, with a behavior which is ubiquitous among the cup-
rates [1]. Close to the nodal direction the QP peak exhibits
a pronounced dispersion that can be followed over
!250 meV below EF; near "!; 0#, on the other hand, the
band is much shallower with a van Hove singularity
!39 meV below EF. By integrating over a $5 meV win-
dow about EF the ARPES spectra normalized at high
binding energies, one obtains an estimate for the normal-
state FS [Fig. 1(d); the EF-intensity map across two BZs
was downfolded to the reduced zone scheme and symme-
trized with respect to the BZ diagonal, taking an average
for equivalent k points, and then fourfolded]. As discussed
later, at T % 10 K a d-wave SC gap is open along the FS;
thus this procedure returns the loci of minimum excitation
energy across the gap, which, however, still correspond to
the underlying normal-state FS crossings [1].

The FS of Tl2201-OD30 [Fig. 1(d)] consists of a large
hole-pocket centered at "!;!#, which, as suggested by the
low binding energy of the van Hove singularity [Fig. 1(c)],
appears to be approaching a topological transition from
hole to electronlike. The FS volume, counting holes, is
63$ 2% of the BZ corresponding to a carrier concentra-
tion of 1:26$ 0:04 hole=Cu atom, in very good agreement
with Hall-coefficient [13] and AMRO [6] experiments,
which found 1.30 and 1.24 itinerant holes, respectively,
in slightly more overdoped samples. These measurements
all indicate that the low-energy electronic structure of very

overdoped Tl2201 is dominated by a single CuO band. In
both ARPES and AMRO data there is no evidence for the
TlO band that in LDA calculations crosses EF and gives
rise to a small electron pocket centered at k % "0; 0# for
nonoxygenated (i.e., " % 0) Tl2201 [Fig. 1(a), dashed FS].
This, however, is no surprise even within the indepen-
dent particle picture. In fact, adjusting the chemical po-
tential in the calculations in a rigid-band-like fashion to
match the doping level of our Tl2201-OD30 sample (as
determined by the total FS volume), the TlO band is
emptied of its electrons and the LDA FS reduces to the
single CuO pocket [Fig. 1(a), solid FS]. Since full deple-
tion of the TlO band takes place for !EF ’ &0:159 eV,
corresponding to the removal of 0.024 electrons from
the TlO band (as well as 0.109 from the CuO band), already
the deviation of the Tl3' and Cu2' content of our samples
from the stoichiometric ratio 2:1, which contributes
!0:14 hole=formula unit, would be sufficient to empty
the TlO band even in the nonoxygenated " % 0 case. In
this sense, the Tl-Cu nonstoichiometry and the presence of
the TlO band cooperate in pushing the " % 0 system away
from half filling, which may help explain why nonoxygen-
ated Tl2201 is not a charge transfer insulator like undoped
(i.e., x % 0) LSCO [12]. As for the detailed shape of the
FS, which in LDA calculations is more square than in
ARPES and AMRO results, better agreement would re-
quire the inclusion in the calculations of correlation ef-
fects and/or O-doping beyond a rigid-band picture. Alter-
natively, the ARPES data can be modeled by the tight-
binding dispersion #k%$' t1

2 "coskx'cosky#' t2 coskx(
cosky ' t3

2 "cos2kx ' cos2ky# ' t4
2 "cos2kxcosky ' coskx(

cos2ky#' t5 cos2kxcos2ky, as in Ref. [14] (setting a % 1
for the lattice constant). With parameters $ % 0:2438,
t1 % &0:725, t2 % 0:302, t3 % 0:0159, t4 % &0:0805,
and t5 % 0:0034, all expressed in eV, this dispersion re-
produces both the FS shape [Fig. 1(d)] and the QP energy
at "0; 0# and especially near "!; 0# [Figs. 2(f) and 2(g)].

The analysis of the ARPES spectra in Fig. 2 indicates a
SC gap consistent with a dx2&y2 form. Because of the lack
of normal-state data, the opening of the gap for this
Tl2201-OD30 sample could not be followed via the shift
of the leading edge midpoint (LEM) across Tc, as is
commonly done (this was, however, possible in subsequent
temperature dependent experiments on a less overdoped
Tc % 74 K sample). In the present case, the existence of a
gap can be most easily visualized by the comparison of
nodal and antinodal symmetrized spectra [15], in particu-
lar, by the presence of a peak at EF along the nodal di-
rection [signature of a FS crossing; bold line in Fig. 2(a)]
and by the lack thereof along the antinodal [Fig. 2(b)]. For
a more quantitative analysis, we performed a fit of the
spectra along different k-space cuts intersecting the under-
lying normal-state FS [Fig. 2(d); as line shape we used a
Lorentzian QP peak plus a steplike background identified
by the ARPES intensity at k ) kF, all multiplied by a
Fermi function and convoluted with the instrumental en-

(a)

(π,π)

I

II

(b)

-200 0

I

-200 0

II

Binding Energy (meV)

Tl2201-OD30 T=10 K hν=59 eV

(c)(d)

(π,π)

(0,0)

VFS=50%
VFS=63%

FIG. 1 (color online). (a) LDA FS for two different doping
levels corresponding to a volume, counting holes, of 50% (cyan,
dashed line) and 63% (blue, solid line) of the BZ. (b),(c) ARPES
spectra taken at T % 10 K on Tl2201-OD30 along the directions
marked by arrows in (a). (d) ARPES FS of Tl2201-OD30 along
with a tight-binding fit of the data (black lines).

PRL 95, 077001 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
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1-p electrons

1+p holes

M. Platé, J. D. F. Mottershead, I. S. Elfimov, D. C. Peets, Ruixing Liang, D. A. Bonn, W. N. Hardy,
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Overdoped Tl2Ba2CuO6+�

Tc = 30K
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“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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Ca2-xNaxCuO2Cl2 
at x = 0.10

Photoemission at small p



Yawen Fang, Gaël Grissonnanche, Anaëlle Legros, Simon Verret, Francis Laliberté, Clément Collignon, Amirreza Ataei, 
Maxime Dion, Jianshi Zhou, David Graf,  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 La1.6−xNd0.4SrxCuO4. Above the critical 
doping p*—outside of the pseudogap phase—we find a Fermi surface that is in quantitative agreement with angle-resolved photoemission. 
Below p*, however, the ADMR is qualitatively different, revealing a clear change in Fermi surface topology. We find that our data is most 
consistent with a Fermi surface that has been reconstructed by a Q = (π,π) wavevector. While static Q = (π,π) antiferromagnetism is not found 
at these dopings, our results suggest that this wavevector is a fundamental organizing principle of the pseudogap phase. 
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FIG. 2. Fermi surface of Nd-LSCO at p = 0.24p = 0.24p = 0.24. (a) Left panels: The angle-dependent mag-

netoresistance of Nd-LSCO at p = 0.24 as a function of ✓ for four di↵erent temperatures, T = 25,

20, 12, 6 K, and at B = 45 T. The grey bar near ✓ = 90� for T = 6 K and 12 K indicates the

presence of superconductivity. Right panels: simulations obtained from the Chambers formula,

using the tight-binding parameters from ARPES measurements [12], and in which the relaxation

time ⌧(k) is the only free parameter. (b) The Fermi surface used for the calculation in panel (a),

shown as cuts at kz = 0, ⇡/c, and 2⇡/c, where c is the height of the body-centered-tetragonal unit

cell (and c/2 is the distance between copper oxide layers). (c) The full 3D Fermi surface obtained

from ADMR at p = 0.24. The coloring corresponds to the vz component of the Fermi velocity,

with positive vz in teal, negative vz in purple, and vz = 0 in magenta. A single cyclotron orbit,

perpendicular to the magnetic field, is drawn in black, with the Fermi velocity at di↵erent points

around the orbit shown as gray arrows. The strong variation in vz around the cyclotron orbits is

what leads to ADMR.

!c is the cyclotron frequency, m? is the cyclotron e↵ective mass, e is the electron charge, and

12

FIG. 4. Fermi surface reconstruction in Nd-LSCO at p = 0.21p = 0.21p = 0.21. The top three panels show the

Fermi surface for three di↵erent scenarios, and the bottom three panels show the resulting ADMR

simulations. (b) Calculated ADMR using the same tight-binding and scattering rate parameters

as in Figure 2a, but with the chemical potential shifted past the van Hove singularity (p ⇡ 0.23) to

p = 0.21, for which the Fermi surface is shown in panel (a). (d) Calculated ADMR for a period-3

CDW reconstructed Fermi surface; the section of reconstructed Fermi surface used to calculate the

ADMR is highlighted in orange in panel (c), the unreconstructed Fermi surface is shown with a

blue dashed line. These are the small nodal electron pockets believed to result from CDW order in

YBa2Cu3O6+x and are able to account for the ADMR in YBa2Cu3O6+x at p = 0.11. (f) Calculated

ADMR for reconstruction of the Fermi surface caused by a (⇡,⇡) order parameter, using the same

tight-binding parameters as Figure 2, a gap of 58 kelvin, and a constant scattering rate; (e) The

hole pockets used to simulate the ADMR in (f) are highlighted in orange.

weakest along � = 45�. The gap magnitude (the strength of the potential associated with

the FSR) that best reproduces the data is 58 kelvin — comparable to the onset temperature

T
? of the pseudogap phase at this doping [11, 29]. We find that a momentum-independent

p > pc Large Fermi surface
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p < pc Reconstructed Fermi surface
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Fermi surface transformation at the pseudogap critical point of a cuprate superconductor 




Fermi 
liquid

pc

Strange 
MetalPseudogap 

Metal

FL



Fermi 
liquid

pc

Strange 
MetalPseudogap 

Metal

FL
FL*

(with Fermi surface 
of size p)



[34] K.-Y. Yang, T. M. Rice, and F.-C. Zhang, “Phenomenological theory of the pseudogap state,” Phys.

Rev. B 73, 174501 (2006), arXiv:cond-mat/0602164 [cond-mat.supr-con].

[35] N. J. Robinson, P. D. Johnson, T. M. Rice, and A. M. Tsvelik, “Anomalies in the pseudogap phase

of the cuprates: competing ground states and the role of umklapp scattering,” Reports on Progress

in Physics 82, 126501 (2019), arXiv:1906.09005 [cond-mat.supr-con].

[36] R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, “Algebraic charge liquids,” Nature Physics 4, 28

(2008), arXiv:0706.2187 [cond-mat.str-el].

[37] Y. Qi and S. Sachdev, “E↵ective theory of Fermi pockets in fluctuating antiferromagnets,” Phys. Rev.

B 81, 115129 (2010), arXiv:0912.0943 [cond-mat.str-el].

[38] E. G. Moon and S. Sachdev, “Underdoped cuprates as fractionalized Fermi liquids: Transition to

superconductivity,” Phys. Rev. B 83, 224508 (2011), arXiv:1010.4567 [cond-mat.str-el].

[39] J.-W. Mei, S. Kawasaki, G.-Q. Zheng, Z.-Y. Weng, and X.-G. Wen, “Luttinger-volume violating

Fermi liquid in the pseudogap phase of the cuprate superconductors,” Phys. Rev. B 85, 134519 (2012),

arXiv:1109.0406 [cond-mat.supr-con].

[40] M. Punk and S. Sachdev, “Fermi surface reconstruction in hole-doped t-J models without long-range

antiferromagnetic order,” Phys. Rev. B 85, 195123 (2012), arXiv:1202.4023 [cond-mat.str-el].

[41] M. Punk, A. Allais, and S. Sachdev, “A quantum dimer model for the pseudogap metal,” Proc. Nat.

Acad. Sci. 112, 9552 (2015), arXiv:1501.00978 [cond-mat.str-el].

[42] M. S. Scheurer, S. Chatterjee, W. Wu, M. Ferrero, A. Georges, and S. Sachdev, “Topological order in

the pseudogap metal,” Proc. Nat. Acad. Sci. 115, E3665 (2018), arXiv:1711.09925 [cond-mat.str-el].

[43] J. Feldmeier, S. Huber, and M. Punk, “Exact solution of a two-species quantum dimer model for

pseudogap metals,” Phys. Rev. Lett. 120, 187001 (2018), arXiv:1712.01854 [cond-mat.str-el].

[44] B. Verheijden, Y. Zhao, and M. Punk, “Solvable lattice models for metals with Z2 topological order,”

SciPost Physics 7, 074 (2019), arXiv:1908.00103 [cond-mat.str-el].

[45] J. Brunkert and M. Punk, “Slave-boson description of pseudogap metals in t-J models,” Physical

Review Research 2, 043019 (2020), arXiv:2002.04041 [cond-mat.str-el].

[46] S. Sachdev, H. D. Scammell, M. S. Scheurer, and G. Tarnopolsky, “Gauge theory for the cuprates

near optimal doping,” Phys. Rev. B 99, 054516 (2019), arXiv:1811.04930 [cond-mat.str-el].

[47] Y.-H. Zhang and S. Sachdev, “From the pseudogap metal to the Fermi liquid using ancilla qubits,”

Phys. Rev. Research 2, 023172 (2020), arXiv:2001.09159 [cond-mat.str-el].

[48] Y.-H. Zhang and S. Sachdev, “Deconfined criticality and ghost Fermi surfaces at the onset of antifer-

romagnetism in a metal,” Phys. Rev. B 102, 155124 (2020), arXiv:2006.01140 [cond-mat.str-el].

[49] S. Sachdev and J. Ye, “Gapless spin-fluid ground state in a random quantum Heisenberg magnet,”

Phys. Rev. Lett. 70, 3339 (1993), cond-mat/9212030.

[50] A. Y. Kitaev, “Talks at KITP, University of California, Santa Barbara,” Entanglement in Strongly-

40

4041 (2000), arXiv:cond-mat/9707316 [cond-mat.str-el].

[20] Q. Si, S. Rabello, K. Ingersent, and J. L. Smith, “Locally critical quantum phase transitions in

strongly correlated metals,” Nature 413, 804 (2001), arXiv:cond-mat/0011477 [cond-mat.str-el].

[21] A. Cai, H. Hu, K. Ingersent, S. Paschen, and Q. Si, “Dynamical Kondo e↵ect and Kondo destruction in

e↵ective models for quantum-critical heavy fermion metals,” (2019), arXiv:1904.11471 [cond-mat.str-

el].

[22] H. Hu, A. Cai, and Q. Si, “Quantum Criticality and Dynamical Kondo E↵ect in an SU(2) Anderson

Lattice Model,” (2020), arXiv:2004.04679 [cond-mat.str-el].

[23] H. Zhao, J. Zhang, M. Lyu, S. Bachus, Y. Tokiwa, P. Gegenwart, S. Zhang, J. Cheng, Y.-f. Yang,

G. Chen, Y. Isikawa, Q. Si, F. Steglich, and P. Sun, “Quantum-critical phase from frustrated mag-

netism in a strongly correlated metal,” Nature Physics 15, 1261 (2019), arXiv:1907.04255 [cond-

mat.str-el].

[24] N. Maksimovic, T. Cookmeyer, J. Rusz, V. Nagarajan, A. Gong, F. Wan, S. Faubel, I. M. Hayes,

S. Jang, Y. Werman, P. M. Oppeneer, E. Altman, and J. G. Analytis, “Evidence for freezing of charge

degrees of freedom across a critical point in CeCoIn5,” (2020), arXiv:2011.12951 [cond-mat.str-el].

[25] V. I. Anisimov, I. A. Nekrasov, D. E. Kondakov, T. M. Rice, and M. Sigrist, “Orbital-selective

Mott-insulator transition in Ca2�xSrxRuO4,” Eur. Phys. J. B 25, 191 (2002).

[26] L. de’Medici, A. Georges, and S. Biermann, “Orbital-selective Mott transition in multiband sys-

tems: Slave-spin representation and dynamical mean-field theory,” Phys. Rev. B 72, 205124 (2005),

arXiv:cond-mat/0503764 [cond-mat.str-el].

[27] L. F. Tocchio, F. Arrigoni, S. Sorella, and F. Becca, “Assessing the orbital selective Mott tran-

sition with variational wave functions,” Journal of Physics Condensed Matter 28, 105602 (2016),

arXiv:1505.07006 [cond-mat.str-el].

[28] R. Yu and Q. Si, “Orbital-selective Mott phase in multiorbital models for iron pnictides and chalco-

genides,” Phys. Rev. B 96, 125110 (2017), arXiv:1705.04541 [cond-mat.str-el].

[29] R. Yu, J.-X. Zhu, and Q. Si, “Orbital Selectivity Enhanced by Nematic Order in FeSe,” Phys. Rev.

Lett. 121, 227003 (2018), arXiv:1803.01733 [cond-mat.supr-con].

[30] S. L. Skornyakov, V. I. Anisimov, and I. Leonov, “Orbital-selective coherence-incoherence crossover

and metal-insulator transition in Cu-doped NaFeAs,” (2021), arXiv:2101.03776 [cond-mat.str-el].

[31] H. Lin, R. Yu, J.-X. Zhu, and Q. Si, “Orbital-selective correlations and renormalized electronic

structure in LiFeAs,” (2021), arXiv:2101.05598 [cond-mat.supr-con].

[32] S. Sachdev, “Topological order, emergent gauge fields, and Fermi surface reconstruction,” Rep. Prog.

Phys. 82, 014001 (2019), arXiv:1801.01125 [cond-mat.str-el].

[33] X.-G. Wen and P. A. Lee, “Theory of Underdoped Cuprates,” Phys. Rev. Lett. 76, 503 (1996),

arXiv:cond-mat/9506065 [cond-mat].

39

[34] K.-Y. Yang, T. M. Rice, and F.-C. Zhang, “Phenomenological theory of the pseudogap state,” Phys.

Rev. B 73, 174501 (2006), arXiv:cond-mat/0602164 [cond-mat.supr-con].

[35] N. J. Robinson, P. D. Johnson, T. M. Rice, and A. M. Tsvelik, “Anomalies in the pseudogap phase

of the cuprates: competing ground states and the role of umklapp scattering,” Reports on Progress

in Physics 82, 126501 (2019), arXiv:1906.09005 [cond-mat.supr-con].

[36] R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, “Algebraic charge liquids,” Nature Physics 4, 28

(2008), arXiv:0706.2187 [cond-mat.str-el].

[37] Y. Qi and S. Sachdev, “E↵ective theory of Fermi pockets in fluctuating antiferromagnets,” Phys. Rev.

B 81, 115129 (2010), arXiv:0912.0943 [cond-mat.str-el].

[38] E. G. Moon and S. Sachdev, “Underdoped cuprates as fractionalized Fermi liquids: Transition to

superconductivity,” Phys. Rev. B 83, 224508 (2011), arXiv:1010.4567 [cond-mat.str-el].

[39] J.-W. Mei, S. Kawasaki, G.-Q. Zheng, Z.-Y. Weng, and X.-G. Wen, “Luttinger-volume violating

Fermi liquid in the pseudogap phase of the cuprate superconductors,” Phys. Rev. B 85, 134519 (2012),

arXiv:1109.0406 [cond-mat.supr-con].

[40] M. Punk and S. Sachdev, “Fermi surface reconstruction in hole-doped t-J models without long-range

antiferromagnetic order,” Phys. Rev. B 85, 195123 (2012), arXiv:1202.4023 [cond-mat.str-el].

[41] M. Punk, A. Allais, and S. Sachdev, “A quantum dimer model for the pseudogap metal,” Proc. Nat.

Acad. Sci. 112, 9552 (2015), arXiv:1501.00978 [cond-mat.str-el].

[42] M. S. Scheurer, S. Chatterjee, W. Wu, M. Ferrero, A. Georges, and S. Sachdev, “Topological order in

the pseudogap metal,” Proc. Nat. Acad. Sci. 115, E3665 (2018), arXiv:1711.09925 [cond-mat.str-el].

[43] J. Feldmeier, S. Huber, and M. Punk, “Exact solution of a two-species quantum dimer model for

pseudogap metals,” Phys. Rev. Lett. 120, 187001 (2018), arXiv:1712.01854 [cond-mat.str-el].

[44] B. Verheijden, Y. Zhao, and M. Punk, “Solvable lattice models for metals with Z2 topological order,”

SciPost Physics 7, 074 (2019), arXiv:1908.00103 [cond-mat.str-el].

[45] J. Brunkert and M. Punk, “Slave-boson description of pseudogap metals in t-J models,” Physical

Review Research 2, 043019 (2020), arXiv:2002.04041 [cond-mat.str-el].

[46] S. Sachdev, H. D. Scammell, M. S. Scheurer, and G. Tarnopolsky, “Gauge theory for the cuprates

near optimal doping,” Phys. Rev. B 99, 054516 (2019), arXiv:1811.04930 [cond-mat.str-el].

[47] Y.-H. Zhang and S. Sachdev, “From the pseudogap metal to the Fermi liquid using ancilla qubits,”

Phys. Rev. Research 2, 023172 (2020), arXiv:2001.09159 [cond-mat.str-el].

[48] Y.-H. Zhang and S. Sachdev, “Deconfined criticality and ghost Fermi surfaces at the onset of antifer-

romagnetism in a metal,” Phys. Rev. B 102, 155124 (2020), arXiv:2006.01140 [cond-mat.str-el].

[49] S. Sachdev and J. Ye, “Gapless spin-fluid ground state in a random quantum Heisenberg magnet,”

Phys. Rev. Lett. 70, 3339 (1993), cond-mat/9212030.

[50] A. Y. Kitaev, “Talks at KITP, University of California, Santa Barbara,” Entanglement in Strongly-

40

[34] K.-Y. Yang, T. M. Rice, and F.-C. Zhang, “Phenomenological theory of the pseudogap state,” Phys.

Rev. B 73, 174501 (2006), arXiv:cond-mat/0602164 [cond-mat.supr-con].

[35] N. J. Robinson, P. D. Johnson, T. M. Rice, and A. M. Tsvelik, “Anomalies in the pseudogap phase

of the cuprates: competing ground states and the role of umklapp scattering,” Reports on Progress

in Physics 82, 126501 (2019), arXiv:1906.09005 [cond-mat.supr-con].

[36] R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, “Algebraic charge liquids,” Nature Physics 4, 28

(2008), arXiv:0706.2187 [cond-mat.str-el].

[37] Y. Qi and S. Sachdev, “E↵ective theory of Fermi pockets in fluctuating antiferromagnets,” Phys. Rev.

B 81, 115129 (2010), arXiv:0912.0943 [cond-mat.str-el].

[38] E. G. Moon and S. Sachdev, “Underdoped cuprates as fractionalized Fermi liquids: Transition to

superconductivity,” Phys. Rev. B 83, 224508 (2011), arXiv:1010.4567 [cond-mat.str-el].

[39] J.-W. Mei, S. Kawasaki, G.-Q. Zheng, Z.-Y. Weng, and X.-G. Wen, “Luttinger-volume violating

Fermi liquid in the pseudogap phase of the cuprate superconductors,” Phys. Rev. B 85, 134519 (2012),

arXiv:1109.0406 [cond-mat.supr-con].

[40] M. Punk and S. Sachdev, “Fermi surface reconstruction in hole-doped t-J models without long-range

antiferromagnetic order,” Phys. Rev. B 85, 195123 (2012), arXiv:1202.4023 [cond-mat.str-el].

[41] M. Punk, A. Allais, and S. Sachdev, “A quantum dimer model for the pseudogap metal,” Proc. Nat.

Acad. Sci. 112, 9552 (2015), arXiv:1501.00978 [cond-mat.str-el].

[42] M. S. Scheurer, S. Chatterjee, W. Wu, M. Ferrero, A. Georges, and S. Sachdev, “Topological order in

the pseudogap metal,” Proc. Nat. Acad. Sci. 115, E3665 (2018), arXiv:1711.09925 [cond-mat.str-el].

[43] J. Feldmeier, S. Huber, and M. Punk, “Exact solution of a two-species quantum dimer model for

pseudogap metals,” Phys. Rev. Lett. 120, 187001 (2018), arXiv:1712.01854 [cond-mat.str-el].

[44] B. Verheijden, Y. Zhao, and M. Punk, “Solvable lattice models for metals with Z2 topological order,”

SciPost Physics 7, 074 (2019), arXiv:1908.00103 [cond-mat.str-el].

[45] J. Brunkert and M. Punk, “Slave-boson description of pseudogap metals in t-J models,” Physical

Review Research 2, 043019 (2020), arXiv:2002.04041 [cond-mat.str-el].

[46] S. Sachdev, H. D. Scammell, M. S. Scheurer, and G. Tarnopolsky, “Gauge theory for the cuprates

near optimal doping,” Phys. Rev. B 99, 054516 (2019), arXiv:1811.04930 [cond-mat.str-el].

[47] Y.-H. Zhang and S. Sachdev, “From the pseudogap metal to the Fermi liquid using ancilla qubits,”

Phys. Rev. Research 2, 023172 (2020), arXiv:2001.09159 [cond-mat.str-el].

[48] Y.-H. Zhang and S. Sachdev, “Deconfined criticality and ghost Fermi surfaces at the onset of antifer-

romagnetism in a metal,” Phys. Rev. B 102, 155124 (2020), arXiv:2006.01140 [cond-mat.str-el].

[49] S. Sachdev and J. Ye, “Gapless spin-fluid ground state in a random quantum Heisenberg magnet,”

Phys. Rev. Lett. 70, 3339 (1993), cond-mat/9212030.

[50] A. Y. Kitaev, “Talks at KITP, University of California, Santa Barbara,” Entanglement in Strongly-

40

<latexit sha1_base64="o9NFAs+8uQ05N2duG7NgfyCcOeM="></latexit>

(these papers fractionalize the mobile electron)
<latexit sha1_base64="yrBf4cIdmHh/xPuDoHRRsi5CRi0="></latexit>

The pseudogap metal ⇡ FL*



4041 (2000), arXiv:cond-mat/9707316 [cond-mat.str-el].

[20] Q. Si, S. Rabello, K. Ingersent, and J. L. Smith, “Locally critical quantum phase transitions in

strongly correlated metals,” Nature 413, 804 (2001), arXiv:cond-mat/0011477 [cond-mat.str-el].

[21] A. Cai, H. Hu, K. Ingersent, S. Paschen, and Q. Si, “Dynamical Kondo e↵ect and Kondo destruction in

e↵ective models for quantum-critical heavy fermion metals,” (2019), arXiv:1904.11471 [cond-mat.str-

el].

[22] H. Hu, A. Cai, and Q. Si, “Quantum Criticality and Dynamical Kondo E↵ect in an SU(2) Anderson

Lattice Model,” (2020), arXiv:2004.04679 [cond-mat.str-el].

[23] H. Zhao, J. Zhang, M. Lyu, S. Bachus, Y. Tokiwa, P. Gegenwart, S. Zhang, J. Cheng, Y.-f. Yang,

G. Chen, Y. Isikawa, Q. Si, F. Steglich, and P. Sun, “Quantum-critical phase from frustrated mag-

netism in a strongly correlated metal,” Nature Physics 15, 1261 (2019), arXiv:1907.04255 [cond-

mat.str-el].

[24] N. Maksimovic, T. Cookmeyer, J. Rusz, V. Nagarajan, A. Gong, F. Wan, S. Faubel, I. M. Hayes,

S. Jang, Y. Werman, P. M. Oppeneer, E. Altman, and J. G. Analytis, “Evidence for freezing of charge

degrees of freedom across a critical point in CeCoIn5,” (2020), arXiv:2011.12951 [cond-mat.str-el].

[25] V. I. Anisimov, I. A. Nekrasov, D. E. Kondakov, T. M. Rice, and M. Sigrist, “Orbital-selective

Mott-insulator transition in Ca2�xSrxRuO4,” Eur. Phys. J. B 25, 191 (2002).

[26] L. de’Medici, A. Georges, and S. Biermann, “Orbital-selective Mott transition in multiband sys-

tems: Slave-spin representation and dynamical mean-field theory,” Phys. Rev. B 72, 205124 (2005),

arXiv:cond-mat/0503764 [cond-mat.str-el].

[27] L. F. Tocchio, F. Arrigoni, S. Sorella, and F. Becca, “Assessing the orbital selective Mott tran-

sition with variational wave functions,” Journal of Physics Condensed Matter 28, 105602 (2016),

arXiv:1505.07006 [cond-mat.str-el].

[28] R. Yu and Q. Si, “Orbital-selective Mott phase in multiorbital models for iron pnictides and chalco-

genides,” Phys. Rev. B 96, 125110 (2017), arXiv:1705.04541 [cond-mat.str-el].

[29] R. Yu, J.-X. Zhu, and Q. Si, “Orbital Selectivity Enhanced by Nematic Order in FeSe,” Phys. Rev.

Lett. 121, 227003 (2018), arXiv:1803.01733 [cond-mat.supr-con].

[30] S. L. Skornyakov, V. I. Anisimov, and I. Leonov, “Orbital-selective coherence-incoherence crossover

and metal-insulator transition in Cu-doped NaFeAs,” (2021), arXiv:2101.03776 [cond-mat.str-el].

[31] H. Lin, R. Yu, J.-X. Zhu, and Q. Si, “Orbital-selective correlations and renormalized electronic

structure in LiFeAs,” (2021), arXiv:2101.05598 [cond-mat.supr-con].

[32] S. Sachdev, “Topological order, emergent gauge fields, and Fermi surface reconstruction,” Rep. Prog.

Phys. 82, 014001 (2019), arXiv:1801.01125 [cond-mat.str-el].

[33] X.-G. Wen and P. A. Lee, “Theory of Underdoped Cuprates,” Phys. Rev. Lett. 76, 503 (1996),

arXiv:cond-mat/9506065 [cond-mat].

39

[34] K.-Y. Yang, T. M. Rice, and F.-C. Zhang, “Phenomenological theory of the pseudogap state,” Phys.

Rev. B 73, 174501 (2006), arXiv:cond-mat/0602164 [cond-mat.supr-con].

[35] N. J. Robinson, P. D. Johnson, T. M. Rice, and A. M. Tsvelik, “Anomalies in the pseudogap phase

of the cuprates: competing ground states and the role of umklapp scattering,” Reports on Progress

in Physics 82, 126501 (2019), arXiv:1906.09005 [cond-mat.supr-con].

[36] R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, “Algebraic charge liquids,” Nature Physics 4, 28

(2008), arXiv:0706.2187 [cond-mat.str-el].

[37] Y. Qi and S. Sachdev, “E↵ective theory of Fermi pockets in fluctuating antiferromagnets,” Phys. Rev.

B 81, 115129 (2010), arXiv:0912.0943 [cond-mat.str-el].

[38] E. G. Moon and S. Sachdev, “Underdoped cuprates as fractionalized Fermi liquids: Transition to

superconductivity,” Phys. Rev. B 83, 224508 (2011), arXiv:1010.4567 [cond-mat.str-el].

[39] J.-W. Mei, S. Kawasaki, G.-Q. Zheng, Z.-Y. Weng, and X.-G. Wen, “Luttinger-volume violating

Fermi liquid in the pseudogap phase of the cuprate superconductors,” Phys. Rev. B 85, 134519 (2012),

arXiv:1109.0406 [cond-mat.supr-con].

[40] M. Punk and S. Sachdev, “Fermi surface reconstruction in hole-doped t-J models without long-range

antiferromagnetic order,” Phys. Rev. B 85, 195123 (2012), arXiv:1202.4023 [cond-mat.str-el].

[41] M. Punk, A. Allais, and S. Sachdev, “A quantum dimer model for the pseudogap metal,” Proc. Nat.

Acad. Sci. 112, 9552 (2015), arXiv:1501.00978 [cond-mat.str-el].

[42] M. S. Scheurer, S. Chatterjee, W. Wu, M. Ferrero, A. Georges, and S. Sachdev, “Topological order in

the pseudogap metal,” Proc. Nat. Acad. Sci. 115, E3665 (2018), arXiv:1711.09925 [cond-mat.str-el].

[43] J. Feldmeier, S. Huber, and M. Punk, “Exact solution of a two-species quantum dimer model for

pseudogap metals,” Phys. Rev. Lett. 120, 187001 (2018), arXiv:1712.01854 [cond-mat.str-el].

[44] B. Verheijden, Y. Zhao, and M. Punk, “Solvable lattice models for metals with Z2 topological order,”

SciPost Physics 7, 074 (2019), arXiv:1908.00103 [cond-mat.str-el].

[45] J. Brunkert and M. Punk, “Slave-boson description of pseudogap metals in t-J models,” Physical

Review Research 2, 043019 (2020), arXiv:2002.04041 [cond-mat.str-el].

[46] S. Sachdev, H. D. Scammell, M. S. Scheurer, and G. Tarnopolsky, “Gauge theory for the cuprates

near optimal doping,” Phys. Rev. B 99, 054516 (2019), arXiv:1811.04930 [cond-mat.str-el].

[47] Y.-H. Zhang and S. Sachdev, “From the pseudogap metal to the Fermi liquid using ancilla qubits,”

Phys. Rev. Research 2, 023172 (2020), arXiv:2001.09159 [cond-mat.str-el].

[48] Y.-H. Zhang and S. Sachdev, “Deconfined criticality and ghost Fermi surfaces at the onset of antifer-

romagnetism in a metal,” Phys. Rev. B 102, 155124 (2020), arXiv:2006.01140 [cond-mat.str-el].

[49] S. Sachdev and J. Ye, “Gapless spin-fluid ground state in a random quantum Heisenberg magnet,”

Phys. Rev. Lett. 70, 3339 (1993), cond-mat/9212030.

[50] A. Y. Kitaev, “Talks at KITP, University of California, Santa Barbara,” Entanglement in Strongly-

40

[34] K.-Y. Yang, T. M. Rice, and F.-C. Zhang, “Phenomenological theory of the pseudogap state,” Phys.

Rev. B 73, 174501 (2006), arXiv:cond-mat/0602164 [cond-mat.supr-con].

[35] N. J. Robinson, P. D. Johnson, T. M. Rice, and A. M. Tsvelik, “Anomalies in the pseudogap phase

of the cuprates: competing ground states and the role of umklapp scattering,” Reports on Progress

in Physics 82, 126501 (2019), arXiv:1906.09005 [cond-mat.supr-con].

[36] R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, “Algebraic charge liquids,” Nature Physics 4, 28

(2008), arXiv:0706.2187 [cond-mat.str-el].

[37] Y. Qi and S. Sachdev, “E↵ective theory of Fermi pockets in fluctuating antiferromagnets,” Phys. Rev.

B 81, 115129 (2010), arXiv:0912.0943 [cond-mat.str-el].

[38] E. G. Moon and S. Sachdev, “Underdoped cuprates as fractionalized Fermi liquids: Transition to

superconductivity,” Phys. Rev. B 83, 224508 (2011), arXiv:1010.4567 [cond-mat.str-el].

[39] J.-W. Mei, S. Kawasaki, G.-Q. Zheng, Z.-Y. Weng, and X.-G. Wen, “Luttinger-volume violating

Fermi liquid in the pseudogap phase of the cuprate superconductors,” Phys. Rev. B 85, 134519 (2012),

arXiv:1109.0406 [cond-mat.supr-con].

[40] M. Punk and S. Sachdev, “Fermi surface reconstruction in hole-doped t-J models without long-range

antiferromagnetic order,” Phys. Rev. B 85, 195123 (2012), arXiv:1202.4023 [cond-mat.str-el].

[41] M. Punk, A. Allais, and S. Sachdev, “A quantum dimer model for the pseudogap metal,” Proc. Nat.

Acad. Sci. 112, 9552 (2015), arXiv:1501.00978 [cond-mat.str-el].

[42] M. S. Scheurer, S. Chatterjee, W. Wu, M. Ferrero, A. Georges, and S. Sachdev, “Topological order in

the pseudogap metal,” Proc. Nat. Acad. Sci. 115, E3665 (2018), arXiv:1711.09925 [cond-mat.str-el].

[43] J. Feldmeier, S. Huber, and M. Punk, “Exact solution of a two-species quantum dimer model for

pseudogap metals,” Phys. Rev. Lett. 120, 187001 (2018), arXiv:1712.01854 [cond-mat.str-el].

[44] B. Verheijden, Y. Zhao, and M. Punk, “Solvable lattice models for metals with Z2 topological order,”

SciPost Physics 7, 074 (2019), arXiv:1908.00103 [cond-mat.str-el].

[45] J. Brunkert and M. Punk, “Slave-boson description of pseudogap metals in t-J models,” Physical

Review Research 2, 043019 (2020), arXiv:2002.04041 [cond-mat.str-el].

[46] S. Sachdev, H. D. Scammell, M. S. Scheurer, and G. Tarnopolsky, “Gauge theory for the cuprates

near optimal doping,” Phys. Rev. B 99, 054516 (2019), arXiv:1811.04930 [cond-mat.str-el].

[47] Y.-H. Zhang and S. Sachdev, “From the pseudogap metal to the Fermi liquid using ancilla qubits,”

Phys. Rev. Research 2, 023172 (2020), arXiv:2001.09159 [cond-mat.str-el].

[48] Y.-H. Zhang and S. Sachdev, “Deconfined criticality and ghost Fermi surfaces at the onset of antifer-

romagnetism in a metal,” Phys. Rev. B 102, 155124 (2020), arXiv:2006.01140 [cond-mat.str-el].

[49] S. Sachdev and J. Ye, “Gapless spin-fluid ground state in a random quantum Heisenberg magnet,”

Phys. Rev. Lett. 70, 3339 (1993), cond-mat/9212030.

[50] A. Y. Kitaev, “Talks at KITP, University of California, Santa Barbara,” Entanglement in Strongly-

40

Subir Sachdev - Refereed Publications 4

41. Gapless spin-fluid ground state in a random quantum Heisenberg magnet, by S. Sachdev and J. Ye,

Physical Review Letters 70, 3339 (1993)

42. A solvable spin-glass of quantum rotors, by J. Ye, S. Sachdev, and N. Read, Physical Review Letters

70, 4011 (1993).

43. Universal magnetic properties of La2�xSrxCuO4 at intermediate temperatures, by A. V. Chubukov

and S. Sachdev, Physical Review Letters 71, 169 (1993); 71, 2680 (1993) (E).

44. Chubukov and Sachdev reply to Comment on “Universal magnetic properties of La2�xSrxCuO4 at

intermediate temperatures”, Physical Review Letters 71, 3615 (1993).

45. Theory of two-dimensional quantum Heisenberg antiferromagnets with a nearly-critical ground-state,

by A. V. Chubukov, S. Sachdev, and J. Ye, Physical Review B 49, 11919 (1994).

46. Polylogarithm identities in a conformal field theory in three dimensions by S. Sachdev, Physics Letters

B 309, 285 (1993).

47. Universal magnetic properties of frustrated quantum antiferromagnets in two dimensions, by A. V. Chu-

bukov, T. Senthil, and S. Sachdev, Physical Review Letters 72, 2089 (1994).

48. Universal behavior of the spin-echo decay rate in La2CuO4 by A. V. Chubukov, S. Sachdev, and

A. Sokol, Physical Review B 49, 9052 (1994).

49. Quantum phases of the Shraiman-Siggia model by S. Sachdev Physical Review B 49, 6770 (1994).

50. Quantum phase transitions and conserved charges by S. Sachdev, Zeitschrift für Physik B 94, 469

(1994).

51. Quantum phase transitions in frustrated, two-dimensional, antiferromagnets by A. V. Chubukov,

S. Sachdev, and T. Senthil, Nuclear Physics B, 426 [FS], 601 (1994).

52. Large-S expansion for quantum antiferromagnets on a triangular lattice by A. V. Chubukov, S. Sachdev,

and T. Senthil, Jouranl of Physics: Condensed Matter 6, 8891 (1994).

53. Finite temperature properties of quantum antiferromagnets in a uniform magnetic field in one and two

dimensions by S. Sachdev, T. Senthil and R. Shankar, Physical Review B 50, 258, (1994).

54. NMR relaxation in half-integer antiferromagnetic spin chains by S. Sachdev, Physical Review B 50,

13006 (1994).

55. Crossover and scaling in a nearly antiferromagnetic Fermi liquid in two dimensions by S. Sachdev, A.

V. Chubukov, and A. Sokol, Physical Review B, 51, 14874 (1995).

56. Landau theory of quantum spin glasses of rotors and Ising spins by N. Read, S. Sachdev, and J. Ye,

Physical Review B, 52, 384 (1995).

[34] K.-Y. Yang, T. M. Rice, and F.-C. Zhang, “Phenomenological theory of the pseudogap state,” Phys.

Rev. B 73, 174501 (2006), arXiv:cond-mat/0602164 [cond-mat.supr-con].

[35] N. J. Robinson, P. D. Johnson, T. M. Rice, and A. M. Tsvelik, “Anomalies in the pseudogap phase

of the cuprates: competing ground states and the role of umklapp scattering,” Reports on Progress

in Physics 82, 126501 (2019), arXiv:1906.09005 [cond-mat.supr-con].

[36] R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, “Algebraic charge liquids,” Nature Physics 4, 28

(2008), arXiv:0706.2187 [cond-mat.str-el].

[37] Y. Qi and S. Sachdev, “E↵ective theory of Fermi pockets in fluctuating antiferromagnets,” Phys. Rev.

B 81, 115129 (2010), arXiv:0912.0943 [cond-mat.str-el].

[38] E. G. Moon and S. Sachdev, “Underdoped cuprates as fractionalized Fermi liquids: Transition to

superconductivity,” Phys. Rev. B 83, 224508 (2011), arXiv:1010.4567 [cond-mat.str-el].

[39] J.-W. Mei, S. Kawasaki, G.-Q. Zheng, Z.-Y. Weng, and X.-G. Wen, “Luttinger-volume violating

Fermi liquid in the pseudogap phase of the cuprate superconductors,” Phys. Rev. B 85, 134519 (2012),

arXiv:1109.0406 [cond-mat.supr-con].

[40] M. Punk and S. Sachdev, “Fermi surface reconstruction in hole-doped t-J models without long-range

antiferromagnetic order,” Phys. Rev. B 85, 195123 (2012), arXiv:1202.4023 [cond-mat.str-el].

[41] M. Punk, A. Allais, and S. Sachdev, “A quantum dimer model for the pseudogap metal,” Proc. Nat.

Acad. Sci. 112, 9552 (2015), arXiv:1501.00978 [cond-mat.str-el].

[42] M. S. Scheurer, S. Chatterjee, W. Wu, M. Ferrero, A. Georges, and S. Sachdev, “Topological order in

the pseudogap metal,” Proc. Nat. Acad. Sci. 115, E3665 (2018), arXiv:1711.09925 [cond-mat.str-el].

[43] J. Feldmeier, S. Huber, and M. Punk, “Exact solution of a two-species quantum dimer model for

pseudogap metals,” Phys. Rev. Lett. 120, 187001 (2018), arXiv:1712.01854 [cond-mat.str-el].

[44] B. Verheijden, Y. Zhao, and M. Punk, “Solvable lattice models for metals with Z2 topological order,”

SciPost Physics 7, 074 (2019), arXiv:1908.00103 [cond-mat.str-el].

[45] J. Brunkert and M. Punk, “Slave-boson description of pseudogap metals in t-J models,” Physical

Review Research 2, 043019 (2020), arXiv:2002.04041 [cond-mat.str-el].

[46] S. Sachdev, H. D. Scammell, M. S. Scheurer, and G. Tarnopolsky, “Gauge theory for the cuprates

near optimal doping,” Phys. Rev. B 99, 054516 (2019), arXiv:1811.04930 [cond-mat.str-el].

[47] Y.-H. Zhang and S. Sachdev, “From the pseudogap metal to the Fermi liquid using ancilla qubits,”

Phys. Rev. Research 2, 023172 (2020), arXiv:2001.09159 [cond-mat.str-el].

[48] Y.-H. Zhang and S. Sachdev, “Deconfined criticality and ghost Fermi surfaces at the onset of antifer-

romagnetism in a metal,” Phys. Rev. B 102, 155124 (2020), arXiv:2006.01140 [cond-mat.str-el].

[49] S. Sachdev and J. Ye, “Gapless spin-fluid ground state in a random quantum Heisenberg magnet,”

Phys. Rev. Lett. 70, 3339 (1993), cond-mat/9212030.

[50] A. Y. Kitaev, “Talks at KITP, University of California, Santa Barbara,” Entanglement in Strongly-

40

<latexit sha1_base64="o9NFAs+8uQ05N2duG7NgfyCcOeM="></latexit>

(these papers fractionalize the mobile electron)
<latexit sha1_base64="yrBf4cIdmHh/xPuDoHRRsi5CRi0="></latexit>

The pseudogap metal ⇡ FL*<latexit sha1_base64="hur7FKYYdH8Hz9hx1yqjfAhluio=">AAAB6HicdVBNS8NAEJ34WetX1aOXxSJ4CklbbD0IRS8eW7Af0Iay2W7atZtN2N0IJfQXePGgiFd/kjf/jds2goo+GHi8N8PMPD/mTGnH+bBWVtfWNzZzW/ntnd29/cLBYVtFiSS0RSIeya6PFeVM0JZmmtNuLCkOfU47/uR67nfuqVQsErd6GlMvxCPBAkawNlLzclAoOnalXHOrZeTYzgKGVNyqc1FDbqYUIUNjUHjvDyOShFRowrFSPdeJtZdiqRnhdJbvJ4rGmEzwiPYMFTikyksXh87QqVGGKIikKaHRQv0+keJQqWnom84Q67H67c3Fv7xeooOalzIRJ5oKslwUJBzpCM2/RkMmKdF8aggmkplbERljiYk22eRNCF+fov9Ju2S753a5WSrWr7I4cnAMJ3AGLlShDjfQgBYQoPAAT/Bs3VmP1ov1umxdsbKZI/gB6+0T3jWM/g==</latexit>=



4041 (2000), arXiv:cond-mat/9707316 [cond-mat.str-el].

[20] Q. Si, S. Rabello, K. Ingersent, and J. L. Smith, “Locally critical quantum phase transitions in

strongly correlated metals,” Nature 413, 804 (2001), arXiv:cond-mat/0011477 [cond-mat.str-el].

[21] A. Cai, H. Hu, K. Ingersent, S. Paschen, and Q. Si, “Dynamical Kondo e↵ect and Kondo destruction in

e↵ective models for quantum-critical heavy fermion metals,” (2019), arXiv:1904.11471 [cond-mat.str-

el].

[22] H. Hu, A. Cai, and Q. Si, “Quantum Criticality and Dynamical Kondo E↵ect in an SU(2) Anderson

Lattice Model,” (2020), arXiv:2004.04679 [cond-mat.str-el].

[23] H. Zhao, J. Zhang, M. Lyu, S. Bachus, Y. Tokiwa, P. Gegenwart, S. Zhang, J. Cheng, Y.-f. Yang,

G. Chen, Y. Isikawa, Q. Si, F. Steglich, and P. Sun, “Quantum-critical phase from frustrated mag-

netism in a strongly correlated metal,” Nature Physics 15, 1261 (2019), arXiv:1907.04255 [cond-

mat.str-el].

[24] N. Maksimovic, T. Cookmeyer, J. Rusz, V. Nagarajan, A. Gong, F. Wan, S. Faubel, I. M. Hayes,

S. Jang, Y. Werman, P. M. Oppeneer, E. Altman, and J. G. Analytis, “Evidence for freezing of charge

degrees of freedom across a critical point in CeCoIn5,” (2020), arXiv:2011.12951 [cond-mat.str-el].

[25] V. I. Anisimov, I. A. Nekrasov, D. E. Kondakov, T. M. Rice, and M. Sigrist, “Orbital-selective

Mott-insulator transition in Ca2�xSrxRuO4,” Eur. Phys. J. B 25, 191 (2002).

[26] L. de’Medici, A. Georges, and S. Biermann, “Orbital-selective Mott transition in multiband sys-

tems: Slave-spin representation and dynamical mean-field theory,” Phys. Rev. B 72, 205124 (2005),

arXiv:cond-mat/0503764 [cond-mat.str-el].

[27] L. F. Tocchio, F. Arrigoni, S. Sorella, and F. Becca, “Assessing the orbital selective Mott tran-

sition with variational wave functions,” Journal of Physics Condensed Matter 28, 105602 (2016),

arXiv:1505.07006 [cond-mat.str-el].

[28] R. Yu and Q. Si, “Orbital-selective Mott phase in multiorbital models for iron pnictides and chalco-

genides,” Phys. Rev. B 96, 125110 (2017), arXiv:1705.04541 [cond-mat.str-el].

[29] R. Yu, J.-X. Zhu, and Q. Si, “Orbital Selectivity Enhanced by Nematic Order in FeSe,” Phys. Rev.

Lett. 121, 227003 (2018), arXiv:1803.01733 [cond-mat.supr-con].

[30] S. L. Skornyakov, V. I. Anisimov, and I. Leonov, “Orbital-selective coherence-incoherence crossover

and metal-insulator transition in Cu-doped NaFeAs,” (2021), arXiv:2101.03776 [cond-mat.str-el].

[31] H. Lin, R. Yu, J.-X. Zhu, and Q. Si, “Orbital-selective correlations and renormalized electronic

structure in LiFeAs,” (2021), arXiv:2101.05598 [cond-mat.supr-con].

[32] S. Sachdev, “Topological order, emergent gauge fields, and Fermi surface reconstruction,” Rep. Prog.

Phys. 82, 014001 (2019), arXiv:1801.01125 [cond-mat.str-el].

[33] X.-G. Wen and P. A. Lee, “Theory of Underdoped Cuprates,” Phys. Rev. Lett. 76, 503 (1996),

arXiv:cond-mat/9506065 [cond-mat].

39

[34] K.-Y. Yang, T. M. Rice, and F.-C. Zhang, “Phenomenological theory of the pseudogap state,” Phys.

Rev. B 73, 174501 (2006), arXiv:cond-mat/0602164 [cond-mat.supr-con].

[35] N. J. Robinson, P. D. Johnson, T. M. Rice, and A. M. Tsvelik, “Anomalies in the pseudogap phase

of the cuprates: competing ground states and the role of umklapp scattering,” Reports on Progress

in Physics 82, 126501 (2019), arXiv:1906.09005 [cond-mat.supr-con].

[36] R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, “Algebraic charge liquids,” Nature Physics 4, 28

(2008), arXiv:0706.2187 [cond-mat.str-el].

[37] Y. Qi and S. Sachdev, “E↵ective theory of Fermi pockets in fluctuating antiferromagnets,” Phys. Rev.

B 81, 115129 (2010), arXiv:0912.0943 [cond-mat.str-el].

[38] E. G. Moon and S. Sachdev, “Underdoped cuprates as fractionalized Fermi liquids: Transition to

superconductivity,” Phys. Rev. B 83, 224508 (2011), arXiv:1010.4567 [cond-mat.str-el].

[39] J.-W. Mei, S. Kawasaki, G.-Q. Zheng, Z.-Y. Weng, and X.-G. Wen, “Luttinger-volume violating

Fermi liquid in the pseudogap phase of the cuprate superconductors,” Phys. Rev. B 85, 134519 (2012),

arXiv:1109.0406 [cond-mat.supr-con].

[40] M. Punk and S. Sachdev, “Fermi surface reconstruction in hole-doped t-J models without long-range

antiferromagnetic order,” Phys. Rev. B 85, 195123 (2012), arXiv:1202.4023 [cond-mat.str-el].

[41] M. Punk, A. Allais, and S. Sachdev, “A quantum dimer model for the pseudogap metal,” Proc. Nat.

Acad. Sci. 112, 9552 (2015), arXiv:1501.00978 [cond-mat.str-el].

[42] M. S. Scheurer, S. Chatterjee, W. Wu, M. Ferrero, A. Georges, and S. Sachdev, “Topological order in

the pseudogap metal,” Proc. Nat. Acad. Sci. 115, E3665 (2018), arXiv:1711.09925 [cond-mat.str-el].

[43] J. Feldmeier, S. Huber, and M. Punk, “Exact solution of a two-species quantum dimer model for

pseudogap metals,” Phys. Rev. Lett. 120, 187001 (2018), arXiv:1712.01854 [cond-mat.str-el].

[44] B. Verheijden, Y. Zhao, and M. Punk, “Solvable lattice models for metals with Z2 topological order,”

SciPost Physics 7, 074 (2019), arXiv:1908.00103 [cond-mat.str-el].

[45] J. Brunkert and M. Punk, “Slave-boson description of pseudogap metals in t-J models,” Physical

Review Research 2, 043019 (2020), arXiv:2002.04041 [cond-mat.str-el].

[46] S. Sachdev, H. D. Scammell, M. S. Scheurer, and G. Tarnopolsky, “Gauge theory for the cuprates

near optimal doping,” Phys. Rev. B 99, 054516 (2019), arXiv:1811.04930 [cond-mat.str-el].

[47] Y.-H. Zhang and S. Sachdev, “From the pseudogap metal to the Fermi liquid using ancilla qubits,”

Phys. Rev. Research 2, 023172 (2020), arXiv:2001.09159 [cond-mat.str-el].

[48] Y.-H. Zhang and S. Sachdev, “Deconfined criticality and ghost Fermi surfaces at the onset of antifer-

romagnetism in a metal,” Phys. Rev. B 102, 155124 (2020), arXiv:2006.01140 [cond-mat.str-el].

[49] S. Sachdev and J. Ye, “Gapless spin-fluid ground state in a random quantum Heisenberg magnet,”

Phys. Rev. Lett. 70, 3339 (1993), cond-mat/9212030.

[50] A. Y. Kitaev, “Talks at KITP, University of California, Santa Barbara,” Entanglement in Strongly-

40

[34] K.-Y. Yang, T. M. Rice, and F.-C. Zhang, “Phenomenological theory of the pseudogap state,” Phys.

Rev. B 73, 174501 (2006), arXiv:cond-mat/0602164 [cond-mat.supr-con].

[35] N. J. Robinson, P. D. Johnson, T. M. Rice, and A. M. Tsvelik, “Anomalies in the pseudogap phase

of the cuprates: competing ground states and the role of umklapp scattering,” Reports on Progress

in Physics 82, 126501 (2019), arXiv:1906.09005 [cond-mat.supr-con].

[36] R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, “Algebraic charge liquids,” Nature Physics 4, 28

(2008), arXiv:0706.2187 [cond-mat.str-el].

[37] Y. Qi and S. Sachdev, “E↵ective theory of Fermi pockets in fluctuating antiferromagnets,” Phys. Rev.

B 81, 115129 (2010), arXiv:0912.0943 [cond-mat.str-el].

[38] E. G. Moon and S. Sachdev, “Underdoped cuprates as fractionalized Fermi liquids: Transition to

superconductivity,” Phys. Rev. B 83, 224508 (2011), arXiv:1010.4567 [cond-mat.str-el].

[39] J.-W. Mei, S. Kawasaki, G.-Q. Zheng, Z.-Y. Weng, and X.-G. Wen, “Luttinger-volume violating

Fermi liquid in the pseudogap phase of the cuprate superconductors,” Phys. Rev. B 85, 134519 (2012),

arXiv:1109.0406 [cond-mat.supr-con].

[40] M. Punk and S. Sachdev, “Fermi surface reconstruction in hole-doped t-J models without long-range

antiferromagnetic order,” Phys. Rev. B 85, 195123 (2012), arXiv:1202.4023 [cond-mat.str-el].

[41] M. Punk, A. Allais, and S. Sachdev, “A quantum dimer model for the pseudogap metal,” Proc. Nat.

Acad. Sci. 112, 9552 (2015), arXiv:1501.00978 [cond-mat.str-el].

[42] M. S. Scheurer, S. Chatterjee, W. Wu, M. Ferrero, A. Georges, and S. Sachdev, “Topological order in

the pseudogap metal,” Proc. Nat. Acad. Sci. 115, E3665 (2018), arXiv:1711.09925 [cond-mat.str-el].

[43] J. Feldmeier, S. Huber, and M. Punk, “Exact solution of a two-species quantum dimer model for

pseudogap metals,” Phys. Rev. Lett. 120, 187001 (2018), arXiv:1712.01854 [cond-mat.str-el].

[44] B. Verheijden, Y. Zhao, and M. Punk, “Solvable lattice models for metals with Z2 topological order,”

SciPost Physics 7, 074 (2019), arXiv:1908.00103 [cond-mat.str-el].

[45] J. Brunkert and M. Punk, “Slave-boson description of pseudogap metals in t-J models,” Physical

Review Research 2, 043019 (2020), arXiv:2002.04041 [cond-mat.str-el].

[46] S. Sachdev, H. D. Scammell, M. S. Scheurer, and G. Tarnopolsky, “Gauge theory for the cuprates

near optimal doping,” Phys. Rev. B 99, 054516 (2019), arXiv:1811.04930 [cond-mat.str-el].

[47] Y.-H. Zhang and S. Sachdev, “From the pseudogap metal to the Fermi liquid using ancilla qubits,”

Phys. Rev. Research 2, 023172 (2020), arXiv:2001.09159 [cond-mat.str-el].

[48] Y.-H. Zhang and S. Sachdev, “Deconfined criticality and ghost Fermi surfaces at the onset of antifer-

romagnetism in a metal,” Phys. Rev. B 102, 155124 (2020), arXiv:2006.01140 [cond-mat.str-el].

[49] S. Sachdev and J. Ye, “Gapless spin-fluid ground state in a random quantum Heisenberg magnet,”

Phys. Rev. Lett. 70, 3339 (1993), cond-mat/9212030.

[50] A. Y. Kitaev, “Talks at KITP, University of California, Santa Barbara,” Entanglement in Strongly-

40

Subir Sachdev - Refereed Publications 4

41. Gapless spin-fluid ground state in a random quantum Heisenberg magnet, by S. Sachdev and J. Ye,

Physical Review Letters 70, 3339 (1993)

42. A solvable spin-glass of quantum rotors, by J. Ye, S. Sachdev, and N. Read, Physical Review Letters

70, 4011 (1993).

43. Universal magnetic properties of La2�xSrxCuO4 at intermediate temperatures, by A. V. Chubukov

and S. Sachdev, Physical Review Letters 71, 169 (1993); 71, 2680 (1993) (E).

44. Chubukov and Sachdev reply to Comment on “Universal magnetic properties of La2�xSrxCuO4 at

intermediate temperatures”, Physical Review Letters 71, 3615 (1993).

45. Theory of two-dimensional quantum Heisenberg antiferromagnets with a nearly-critical ground-state,

by A. V. Chubukov, S. Sachdev, and J. Ye, Physical Review B 49, 11919 (1994).

46. Polylogarithm identities in a conformal field theory in three dimensions by S. Sachdev, Physics Letters

B 309, 285 (1993).

47. Universal magnetic properties of frustrated quantum antiferromagnets in two dimensions, by A. V. Chu-

bukov, T. Senthil, and S. Sachdev, Physical Review Letters 72, 2089 (1994).

48. Universal behavior of the spin-echo decay rate in La2CuO4 by A. V. Chubukov, S. Sachdev, and

A. Sokol, Physical Review B 49, 9052 (1994).

49. Quantum phases of the Shraiman-Siggia model by S. Sachdev Physical Review B 49, 6770 (1994).

50. Quantum phase transitions and conserved charges by S. Sachdev, Zeitschrift für Physik B 94, 469

(1994).

51. Quantum phase transitions in frustrated, two-dimensional, antiferromagnets by A. V. Chubukov,

S. Sachdev, and T. Senthil, Nuclear Physics B, 426 [FS], 601 (1994).

52. Large-S expansion for quantum antiferromagnets on a triangular lattice by A. V. Chubukov, S. Sachdev,

and T. Senthil, Jouranl of Physics: Condensed Matter 6, 8891 (1994).

53. Finite temperature properties of quantum antiferromagnets in a uniform magnetic field in one and two

dimensions by S. Sachdev, T. Senthil and R. Shankar, Physical Review B 50, 258, (1994).

54. NMR relaxation in half-integer antiferromagnetic spin chains by S. Sachdev, Physical Review B 50,

13006 (1994).

55. Crossover and scaling in a nearly antiferromagnetic Fermi liquid in two dimensions by S. Sachdev, A.

V. Chubukov, and A. Sokol, Physical Review B, 51, 14874 (1995).

56. Landau theory of quantum spin glasses of rotors and Ising spins by N. Read, S. Sachdev, and J. Ye,

Physical Review B, 52, 384 (1995).

[34] K.-Y. Yang, T. M. Rice, and F.-C. Zhang, “Phenomenological theory of the pseudogap state,” Phys.

Rev. B 73, 174501 (2006), arXiv:cond-mat/0602164 [cond-mat.supr-con].

[35] N. J. Robinson, P. D. Johnson, T. M. Rice, and A. M. Tsvelik, “Anomalies in the pseudogap phase

of the cuprates: competing ground states and the role of umklapp scattering,” Reports on Progress

in Physics 82, 126501 (2019), arXiv:1906.09005 [cond-mat.supr-con].

[36] R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, “Algebraic charge liquids,” Nature Physics 4, 28

(2008), arXiv:0706.2187 [cond-mat.str-el].

[37] Y. Qi and S. Sachdev, “E↵ective theory of Fermi pockets in fluctuating antiferromagnets,” Phys. Rev.

B 81, 115129 (2010), arXiv:0912.0943 [cond-mat.str-el].

[38] E. G. Moon and S. Sachdev, “Underdoped cuprates as fractionalized Fermi liquids: Transition to

superconductivity,” Phys. Rev. B 83, 224508 (2011), arXiv:1010.4567 [cond-mat.str-el].

[39] J.-W. Mei, S. Kawasaki, G.-Q. Zheng, Z.-Y. Weng, and X.-G. Wen, “Luttinger-volume violating

Fermi liquid in the pseudogap phase of the cuprate superconductors,” Phys. Rev. B 85, 134519 (2012),

arXiv:1109.0406 [cond-mat.supr-con].

[40] M. Punk and S. Sachdev, “Fermi surface reconstruction in hole-doped t-J models without long-range

antiferromagnetic order,” Phys. Rev. B 85, 195123 (2012), arXiv:1202.4023 [cond-mat.str-el].

[41] M. Punk, A. Allais, and S. Sachdev, “A quantum dimer model for the pseudogap metal,” Proc. Nat.

Acad. Sci. 112, 9552 (2015), arXiv:1501.00978 [cond-mat.str-el].

[42] M. S. Scheurer, S. Chatterjee, W. Wu, M. Ferrero, A. Georges, and S. Sachdev, “Topological order in

the pseudogap metal,” Proc. Nat. Acad. Sci. 115, E3665 (2018), arXiv:1711.09925 [cond-mat.str-el].

[43] J. Feldmeier, S. Huber, and M. Punk, “Exact solution of a two-species quantum dimer model for

pseudogap metals,” Phys. Rev. Lett. 120, 187001 (2018), arXiv:1712.01854 [cond-mat.str-el].

[44] B. Verheijden, Y. Zhao, and M. Punk, “Solvable lattice models for metals with Z2 topological order,”

SciPost Physics 7, 074 (2019), arXiv:1908.00103 [cond-mat.str-el].

[45] J. Brunkert and M. Punk, “Slave-boson description of pseudogap metals in t-J models,” Physical

Review Research 2, 043019 (2020), arXiv:2002.04041 [cond-mat.str-el].

[46] S. Sachdev, H. D. Scammell, M. S. Scheurer, and G. Tarnopolsky, “Gauge theory for the cuprates

near optimal doping,” Phys. Rev. B 99, 054516 (2019), arXiv:1811.04930 [cond-mat.str-el].

[47] Y.-H. Zhang and S. Sachdev, “From the pseudogap metal to the Fermi liquid using ancilla qubits,”

Phys. Rev. Research 2, 023172 (2020), arXiv:2001.09159 [cond-mat.str-el].

[48] Y.-H. Zhang and S. Sachdev, “Deconfined criticality and ghost Fermi surfaces at the onset of antifer-

romagnetism in a metal,” Phys. Rev. B 102, 155124 (2020), arXiv:2006.01140 [cond-mat.str-el].

[49] S. Sachdev and J. Ye, “Gapless spin-fluid ground state in a random quantum Heisenberg magnet,”

Phys. Rev. Lett. 70, 3339 (1993), cond-mat/9212030.

[50] A. Y. Kitaev, “Talks at KITP, University of California, Santa Barbara,” Entanglement in Strongly-

40

<latexit sha1_base64="o9NFAs+8uQ05N2duG7NgfyCcOeM="></latexit>

(these papers fractionalize the mobile electron)
<latexit sha1_base64="yrBf4cIdmHh/xPuDoHRRsi5CRi0="></latexit>

The pseudogap metal ⇡ FL*<latexit sha1_base64="hur7FKYYdH8Hz9hx1yqjfAhluio=">AAAB6HicdVBNS8NAEJ34WetX1aOXxSJ4CklbbD0IRS8eW7Af0Iay2W7atZtN2N0IJfQXePGgiFd/kjf/jds2goo+GHi8N8PMPD/mTGnH+bBWVtfWNzZzW/ntnd29/cLBYVtFiSS0RSIeya6PFeVM0JZmmtNuLCkOfU47/uR67nfuqVQsErd6GlMvxCPBAkawNlLzclAoOnalXHOrZeTYzgKGVNyqc1FDbqYUIUNjUHjvDyOShFRowrFSPdeJtZdiqRnhdJbvJ4rGmEzwiPYMFTikyksXh87QqVGGKIikKaHRQv0+keJQqWnom84Q67H67c3Fv7xeooOalzIRJ5oKslwUJBzpCM2/RkMmKdF8aggmkplbERljiYk22eRNCF+fov9Ju2S753a5WSrWr7I4cnAMJ3AGLlShDjfQgBYQoPAAT/Bs3VmP1ov1umxdsbKZI/gB6+0T3jWM/g==</latexit>=



Anti-

ferromagnet

with p holes

per square

Earlier approach to FL* in a one-band model 



Spin liquid

with density 

p of spinless, 
charge +e 
“holons”.


= (|"#i � |#"i) /
p
2

S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, PRB 35, 8865 (1987)

D. Rokhsar and S. A. Kivelson, PRL 61, 2376 (1988) 

Holon metal 

R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2

Spin liquid

with density 

p of spinless, 
charge +e 
“holons”.


S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, PRB 35, 8865 (1987)

D. Rokhsar and S. A. Kivelson, PRL 61, 2376 (1988) 

Holon metal 

R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2

Spin liquid

with density 

p of spinless, 
charge +e 
“holons”.


S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, PRB 35, 8865 (1987)

D. Rokhsar and S. A. Kivelson, PRL 61, 2376 (1988) 

Holon metal 

R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2

Spin liquid

with density 

p of spinless, 
charge +e 
“holons”.


S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, PRB 35, 8865 (1987)

D. Rokhsar and S. A. Kivelson, PRL 61, 2376 (1988) 

Holon metal 

R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2

Spin liquid

with density 

p of spinless, 
charge +e 
“holons”.


S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, PRB 35, 8865 (1987)

D. Rokhsar and S. A. Kivelson, PRL 61, 2376 (1988) 

Holon metal 

R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2

Spin liquid

with density 

p of spinless, 
charge +e 
“holons”.


S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, PRB 35, 8865 (1987)

D. Rokhsar and S. A. Kivelson, PRL 61, 2376 (1988) 

Holon metal 

R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2

Spin liquid

with density 

p of spinless, 
charge +e 
“holons”.


S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, PRB 35, 8865 (1987)

D. Rokhsar and S. A. Kivelson, PRL 61, 2376 (1988) 

Holon metal 

R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2

Spin liquid

with density 

p of spinless, 
charge +e 
“holons”.


S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, PRB 35, 8865 (1987)

D. Rokhsar and S. A. Kivelson, PRL 61, 2376 (1988) 

Holon metal 

R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2

Spin liquid

with density 

p of spinless, 
charge +e 

“holons” and 
charge 0, spin-1/2 

“spinons”.


S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, PRB 35, 8865 (1987)

D. Rokhsar and S. A. Kivelson, PRL 61, 2376 (1988) 

Holon metal 

R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2

Spin liquid

with density 

p of spinless, 
charge +e 

“holons” and 
charge 0, spin-1/2 

“spinons”.


S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, PRB 35, 8865 (1987)

D. Rokhsar and S. A. Kivelson, PRL 61, 2376 (1988) 

Holon metal 

R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2

Spin liquid

with density 

p of spinless, 
charge +e 

“holons” and 
charge 0, spin-1/2 

“spinons”.


S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, PRB 35, 8865 (1987)

D. Rokhsar and S. A. Kivelson, PRL 61, 2376 (1988) 

Holon metal 

R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2

Spin liquid

with density 

p of spinless, 
charge +e 

“holons” and 
charge 0, spin-1/2 

“spinons”.


S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, PRB 35, 8865 (1987)

D. Rokhsar and S. A. Kivelson, PRL 61, 2376 (1988) 

Holon metal 

R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2

Spin liquid

with density 

p of spinless, 
charge +e 

“holons” and 
charge 0, spin-1/2 

“spinons”.


S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, PRB 35, 8865 (1987)

D. Rokhsar and S. A. Kivelson, PRL 61, 2376 (1988) 

Holon metal 

R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2

Spin liquid

with density 

p of spinless, 
charge +e 

“holons” and 
charge 0, spin-1/2 

“spinons”.


S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, PRB 35, 8865 (1987)

D. Rokhsar and S. A. Kivelson, PRL 61, 2376 (1988) 

Holon metal 

R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2

Spin liquid

with density 

p of spinless, 
charge +e 

“holons” and 
charge 0, spin-1/2 

“spinons”.


S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, PRB 35, 8865 (1987)

D. Rokhsar and S. A. Kivelson, PRL 61, 2376 (1988) 

Holon metal 

R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2

Spin liquid

with density 

p of spinless, 
charge +e 

“holons” and 
charge 0, spin-1/2 

“spinons”.


S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, PRB 35, 8865 (1987)

D. Rokhsar and S. A. Kivelson, PRL 61, 2376 (1988) 

Holon metal 

R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2 = (|" �i+ |� "i) /

p
2

Each green 
“dimer” is a 

“bound 
state” of a 

vacancy and a 
free spin

S. Sachdev PRB 49, 6770 (1994); X.-G. Wen and P. A. Lee PRL 76, 503 (1996)

Earlier approach to FL* in a one-band model 

E. G. Moon and S. Sachdev, PRB 83, 224508 (2011); M. Punk, A. Allais, and S. Sachdev, PNAS 112, 9552 (2015) 

R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2

Each green 
“dimer” is a 

“bound 
state” of a 

vacancy and a 
free spin

R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)
S. Sachdev PRB 49, 6770 (1994); X.-G. Wen and P. A. Lee PRL 76, 503 (1996)

= (|" �i+ |� "i) /
p
2

Earlier approach to FL* in a one-band model 

E. G. Moon and S. Sachdev, PRB 83, 224508 (2011); M. Punk, A. Allais, and S. Sachdev, PNAS 112, 9552 (2015) 



= (|"#i � |#"i) /
p
2

Each green 
“dimer” is a 

“bound 
state” of a 

vacancy and a 
free spin

S. Sachdev PRB 49, 6770 (1994); X.-G. Wen and P. A. Lee PRL 76, 503 (1996)

= (|" �i+ |� "i) /
p
2

Earlier approach to FL* in a one-band model 

E. G. Moon and S. Sachdev, PRB 83, 224508 (2011); M. Punk, A. Allais, and S. Sachdev, PNAS 112, 9552 (2015) 

R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2

Each green 
“dimer” is a 

“bound 
state” of a 

vacancy and a 
free spin

S. Sachdev PRB 49, 6770 (1994); X.-G. Wen and P. A. Lee PRL 76, 503 (1996)

= (|" �i+ |� "i) /
p
2

Earlier approach to FL* in a one-band model 

E. G. Moon and S. Sachdev, PRB 83, 224508 (2011); M. Punk, A. Allais, and S. Sachdev, PNAS 112, 9552 (2015) 

R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



E. G. Moon and S. Sachdev, PRB 83, 224508 (2011); M. Punk, A. Allais, and S. Sachdev, PNAS 112, 9552 (2015) 

= (|"#i � |#"i) /
p
2 = (|" �i+ |� "i) /

p
2

Metal with 
electron-like 
quasiparticles 
on a Fermi 

surface of size 
p, and 

emergent 
gauge fields

S. Sachdev PRB 49, 6770 (1994); X.-G. Wen and P. A. Lee PRL 76, 503 (1996)

Earlier approach to FL* in a one-band model 
R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2 = (|" �i+ |� "i) /

p
2

Metal with 
electron-like 
quasiparticles 
on a Fermi 

surface of size 
p, and 

emergent 
gauge fields

S. Sachdev PRB 49, 6770 (1994); X.-G. Wen and P. A. Lee PRL 76, 503 (1996)

E. G. Moon and S. Sachdev, PRB 83, 224508 (2011); M. Punk, A. Allais, and S. Sachdev, PNAS 112, 9552 (2015) 

Earlier approach to FL* in a one-band model 
R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2 = (|" �i+ |� "i) /

p
2

Metal with 
electron-like 
quasiparticles 
on a Fermi 

surface of size 
p, and 

emergent 
gauge fields

S. Sachdev PRB 49, 6770 (1994); X.-G. Wen and P. A. Lee PRL 76, 503 (1996)

E. G. Moon and S. Sachdev, PRB 83, 224508 (2011); M. Punk, A. Allais, and S. Sachdev, PNAS 112, 9552 (2015) 

Earlier approach to FL* in a one-band model 
R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2 = (|" �i+ |� "i) /

p
2

Metal with 
electron-like 
quasiparticles 
on a Fermi 

surface of size 
p, and 

emergent 
gauge fields

S. Sachdev PRB 49, 6770 (1994); X.-G. Wen and P. A. Lee PRL 76, 503 (1996)

E. G. Moon and S. Sachdev, PRB 83, 224508 (2011); M. Punk, A. Allais, and S. Sachdev, PNAS 112, 9552 (2015) 

Earlier approach to FL* in a one-band model 
R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2 = (|" �i+ |� "i) /

p
2

Metal with 
electron-like 
quasiparticles 
on a Fermi 

surface of size 
p, and 

emergent 
gauge fields

S. Sachdev PRB 49, 6770 (1994); X.-G. Wen and P. A. Lee PRL 76, 503 (1996)

E. G. Moon and S. Sachdev, PRB 83, 224508 (2011); M. Punk, A. Allais, and S. Sachdev, PNAS 112, 9552 (2015) 

Earlier approach to FL* in a one-band model 
R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2 = (|" �i+ |� "i) /

p
2

Metal with 
electron-like 
quasiparticles 
on a Fermi 

surface of size 
p, and 

emergent 
gauge fields

S. Sachdev PRB 49, 6770 (1994); X.-G. Wen and P. A. Lee PRL 76, 503 (1996)

E. G. Moon and S. Sachdev, PRB 83, 224508 (2011); M. Punk, A. Allais, and S. Sachdev, PNAS 112, 9552 (2015) 

Earlier approach to FL* in a one-band model 
R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2 = (|" �i+ |� "i) /

p
2

Metal with 
electron-like 
quasiparticles 
on a Fermi 

surface of size 
p, and 

emergent 
gauge fields

S. Sachdev PRB 49, 6770 (1994); X.-G. Wen and P. A. Lee PRL 76, 503 (1996)

E. G. Moon and S. Sachdev, PRB 83, 224508 (2011); M. Punk, A. Allais, and S. Sachdev, PNAS 112, 9552 (2015) 

Earlier approach to FL* in a one-band model 
R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



= (|"#i � |#"i) /
p
2 = (|" �i+ |� "i) /

p
2

Metal with 
electron-like 
quasiparticles 
on a Fermi 

surface of size 
p, and 

emergent 
gauge fields

S. Sachdev PRB 49, 6770 (1994); X.-G. Wen and P. A. Lee PRL 76, 503 (1996)

E. G. Moon and S. Sachdev, PRB 83, 224508 (2011); M. Punk, A. Allais, and S. Sachdev, PNAS 112, 9552 (2015) 

Earlier approach to FL* in a one-band model 
R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008)



Yahui Zhang

Maria Tikhanovskaya Alexander Nikolaenko

arXiv: 2001.09159 
arXiv: 2006.01140 
arXiv: 2103.05009



Paramagnon theory of the Hubbard model 
<latexit sha1_base64="an5lpDc/Vi8VhUqohYB5Wt//Ga4="></latexit>

H = �
X

i<j

tijc
†
i�cj� + U

X

i

✓
ni" �

1

2

◆✓
ni# �

1

2

◆
� µ

X

i

c
†
i�ci�

tij ! “hopping”. U ! local repulsion, µ ! chemical potential

Spin index ↵ =", #

ni↵ = c
†
i↵ci↵

c
†
i↵cj� + cj�c

†
i↵ = �ij�↵�

ci↵cj� + cj�ci↵ = 0

<latexit sha1_base64="zl0UBNCwivRQuzt7IlpE8vxa1Sc="></latexit>

We use the operator equation (valid on each site i):
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This yields the ‘Hertz-Millis’ theory for a ‘paramagnon quantum rotor’ �i coupled

to otherwise free fermions ci�.
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Key idea:
Fractionalize the ‘paramagnon rotor’ �i

into 2 “ancilla qubits”,
S = 1/2 spins S1i and S2i on each site,

and don’t fractionalize the mobile electron ci�.
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S1

<latexit sha1_base64="HVT3ni3pZLbKVXc0/wRx5ptWq/M=">AAAB/3icbVA9TwJBEJ3DL8Qv1NJmIzGxIndo1JJoY4lRPgxcyN6ywIbdvcvungm5XOFvsNXaztj6Uyz9Jy5whYAvmeTlvZnMzAsizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6jBWhdRLyULUCrClnktYNM5y2IkWxCDhtBqObid98okqzUD6YcUR9gQeS9RnBxkqPSScQ6D7tVrrFklt2p0DLxMtICTLUusWfTi8ksaDSEI61bntuZPwEK8MIp2mhE2saYTLCA9q2VGJBtZ9MD07RiVV6qB8qW9Kgqfp3IsFC67EIbKfAZqgXvYn4n9eOTf/KT5iMYkMlmS3qxxyZEE2+Rz2mKDF8bAkmitlbERlihYmxGc1tCURqM/EWE1gmjUrZuyif3Z2XqtdZOnk4gmM4BQ8uoQq3UIM6EBDwAq/w5jw7786H8zlrzTnZzCHMwfn6Bf0Ylpk=</latexit>

S2

<latexit sha1_base64="nyFBLGDWED6SlvcvxWAZkdY1ttU="></latexit>

Hancilla =
X

p

"pc
†
p�cp� +

X

i

h
JK c†i�

⌧��0

2
ci�0 · S1i + J? S1i · S2i

i
+

X

hiji

[J1 S1i · S1j + J2 S2i · S2j ]

Ancilla theory of the Hubbard model 



Ancilla  
qubits

density 
1+p<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK

<latexit sha1_base64="bsMTTwv/wsAsYEgRaqTbLa3cOh8=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoI1YRjAkkR9jbzCVL9vaW3T0hhPwIGwtFbP09dv4bN8kVmvhg4PHeDDPzIiW4sb7/7RVWVtfWN4qbpa3tnd298v7Bo0kzzbDBUpHqVkQNCi6xYbkV2FIaaRIJbEbDm6nffEJteCof7EhhmNC+5DFn1DqpedftKNSqW674VX8GskyCnFQgR71b/ur0UpYlKC0T1Jh24Csbjqm2nAmclDqZQUXZkPax7aikCZpwPDt3Qk6c0iNxql1JS2bq74kxTYwZJZHrTKgdmEVvKv7ntTMbX4VjLlVmUbL5ojgTxKZk+jvpcY3MipEjlGnubiVsQDVl1iVUciEEiy8vk8ezanBR9e/PK7XrPI4iHMExnEIAl1CDW6hDAxgM4Rle4c1T3ov37n3MWwtePnMIf+B9/gA774+A</latexit>

J?

<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�
<latexit sha1_base64="oFBTFjNvIwQmnOAc423KrvZJv9w=">AAAB/3icbVA9T8MwEL3wWcpXgZHFokJiqhJAwFjBwlgE/UBtVDmu01q1nch2kKooA7+BFWY2xMpPYeSf4LYZaMuTTnp6705394KYM21c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HN2G8+UaVZJB/MKKa+wH3JQkawsdJj2gkEus+6XrdUdivuBGiReDkpQ45at/TT6UUkEVQawrHWbc+NjZ9iZRjhNCt2Ek1jTIa4T9uWSiyo9tPJwRk6tkoPhZGyJQ2aqH8nUiy0HonAdgpsBnreG4v/ee3EhFd+ymScGCrJdFGYcGQiNP4e9ZiixPCRJZgoZm9FZIAVJsZmNLMlEJnNxJtPYJE0TiveReXs7rxcvc7TKcAhHMEJeHAJVbiFGtSBgIAXeIU359l5dz6cz2nrkpPPHMAMnK9f+4WWmA==</latexit>

S1

<latexit sha1_base64="HVT3ni3pZLbKVXc0/wRx5ptWq/M=">AAAB/3icbVA9TwJBEJ3DL8Qv1NJmIzGxIndo1JJoY4lRPgxcyN6ywIbdvcvungm5XOFvsNXaztj6Uyz9Jy5whYAvmeTlvZnMzAsizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6jBWhdRLyULUCrClnktYNM5y2IkWxCDhtBqObid98okqzUD6YcUR9gQeS9RnBxkqPSScQ6D7tVrrFklt2p0DLxMtICTLUusWfTi8ksaDSEI61bntuZPwEK8MIp2mhE2saYTLCA9q2VGJBtZ9MD07RiVV6qB8qW9Kgqfp3IsFC67EIbKfAZqgXvYn4n9eOTf/KT5iMYkMlmS3qxxyZEE2+Rz2mKDF8bAkmitlbERlihYmxGc1tCURqM/EWE1gmjUrZuyif3Z2XqtdZOnk4gmM4BQ8uoQq3UIM6EBDwAq/w5jw7786H8zlrzTnZzCHMwfn6Bf0Ylpk=</latexit>

S2

<latexit sha1_base64="nyFBLGDWED6SlvcvxWAZkdY1ttU="></latexit>

Hancilla =
X

p

"pc
†
p�cp� +

X

i

h
JK c†i�

⌧��0

2
ci�0 · S1i + J? S1i · S2i

i
+

X

hiji

[J1 S1i · S1j + J2 S2i · S2j ]

Ancilla theory of the Hubbard model 

<latexit sha1_base64="c3l1aqLcn84nB+aRh9wAvCk9svM="></latexit>

Performing a Schrie↵er-Wol↵ transformation in powers of 1/J?, we obtain

H =

X

p

"pc
†
p�cp� + U

X

i

h
c†i"ci"

i h
c†i#ci#

i
+ J

X

hiji

h
c†i�

⌧��0

2
ci�0

i
·

h
c†j⇢

⌧⇢⇢0

2
cj⇢0

i

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

U =
3J2

K

8J?
+

3J3
K

16J2
?

+ . . . , J =
J2
K(J1 + J2)

4J2
?



Ancilla theory of the Hubbard model 
density 

1+p
<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�

e�

<latexit sha1_base64="W+eB5sn97o0LL6GKiSwL6jZqzFo=">AAACEHicdZDPSsNAEMY3/rf+q3r0slgED1oSKTbeRC8eFW0rtFU2m2m7dLMJu5NqCX0ELx70VbyJV9/AN/HotlZQ0YGBH983wwxfkEhh0HXfnInJqemZ2bn53MLi0vJKfnWtauJUc6jwWMb6MmAGpFBQQYESLhMNLAok1ILu8dCv9UAbEasL7CfQjFhbiZbgDK10Dle71/mCW3R919v3qIVRWSj7vu+51BsrBTKu0+v8eyOMeRqBQi6ZMXXPTbCZMY2CSxjkGqmBhPEua0PdomIRmJ2wJxIzwmY2+npAt6wZ0lasbSukI/X7csYiY/pRYCcjhh3z2xuKf3n1FFt+MxMqSREU/zzUSiXFmA4joKHQwFH2LTCuhX2b8g7TjKMNKtcwYFNUbexkDYRbvBGhvZOVhBrYqL7yoP9Dda/olYoHZ6XC4dE4tDmyQTbJNvFImRySE3JKKoSTNrkjD+TRuXeenGfn5XN0whnvrJMf5bx+ABhnnnQ=</latexit>

e�

<latexit sha1_base64="W+eB5sn97o0LL6GKiSwL6jZqzFo=">AAACEHicdZDPSsNAEMY3/rf+q3r0slgED1oSKTbeRC8eFW0rtFU2m2m7dLMJu5NqCX0ELx70VbyJV9/AN/HotlZQ0YGBH983wwxfkEhh0HXfnInJqemZ2bn53MLi0vJKfnWtauJUc6jwWMb6MmAGpFBQQYESLhMNLAok1ILu8dCv9UAbEasL7CfQjFhbiZbgDK10Dle71/mCW3R919v3qIVRWSj7vu+51BsrBTKu0+v8eyOMeRqBQi6ZMXXPTbCZMY2CSxjkGqmBhPEua0PdomIRmJ2wJxIzwmY2+npAt6wZ0lasbSukI/X7csYiY/pRYCcjhh3z2xuKf3n1FFt+MxMqSREU/zzUSiXFmA4joKHQwFH2LTCuhX2b8g7TjKMNKtcwYFNUbexkDYRbvBGhvZOVhBrYqL7yoP9Dda/olYoHZ6XC4dE4tDmyQTbJNvFImRySE3JKKoSTNrkjD+TRuXeenGfn5XN0whnvrJMf5bx+ABhnnnQ=</latexit>

{

{
<latexit sha1_base64="Mh0SUrn+bK1/r896plrmUTg7+dU="></latexit>

Large Fermi surface.
Density: 1� p

<latexit sha1_base64="7AxdXvKW1bGu3IVeRFFkbHQBSpg="></latexit>

Trivial insulator

<latexit sha1_base64="Xs/LB5+eIsIXIR4SztPAFrFir74=">AAACCXicbVDLSsNAFJ34rPWV6tLNYBFcSElU1GXRjcuK9gFNCJPppB06MwkzE6WEfIHf4FbX7sStX+HSP3HaZmFbD1w4nHMv53LChFGlHefbWlpeWV1bL22UN7e2d3btyl5LxanEpIljFstOiBRhVJCmppqRTiIJ4iEj7XB4M/bbj0QqGosHPUqIz1Ff0IhipI0U2JXMCzm8zwP3BHoNRQM3sKtOzZkALhK3IFVQoBHYP14vxiknQmOGlOq6TqL9DElNMSN52UsVSRAeoj7pGioQJ8rPJq/n8MgoPRjF0ozQcKL+vcgQV2rEQ7PJkR6oeW8s/ud1Ux1d+RkVSaqJwNOgKGVQx3DcA+xRSbBmI0MQltT8CvEASYS1aWsmJeS56cSdb2CRtE5r7kXt7O68Wr8u2imBA3AIjoELLkEd3IIGaAIMnsALeAVv1rP1bn1Yn9PVJau42QczsL5+AYIZmX0=</latexit>

S1, 1

<latexit sha1_base64="PMKEhF1m+sk/pQDOpJNnChw866c=">AAACCXicbVDLSsNAFJ3UV62vVJduBovgQkpSRV0W3bisaB/QhDCZTtuhM5MwM1FKyBf4DW517U7c+hUu/ROnbRa29cCFwzn3ci4njBlV2nG+rcLK6tr6RnGztLW9s7tnl/dbKkokJk0csUh2QqQIo4I0NdWMdGJJEA8ZaYejm4nffiRS0Ug86HFMfI4GgvYpRtpIgV1OvZDD+yyonUKvoWhQC+yKU3WmgMvEzUkF5GgE9o/Xi3DCidCYIaW6rhNrP0VSU8xIVvISRWKER2hAuoYKxIny0+nrGTw2Sg/2I2lGaDhV/16kiCs15qHZ5EgP1aI3Ef/zuonuX/kpFXGiicCzoH7CoI7gpAfYo5JgzcaGICyp+RXiIZIIa9PWXErIM9OJu9jAMmnVqu5F9ezuvFK/ztspgkNwBE6ACy5BHdyCBmgCDJ7AC3gFb9az9W59WJ+z1YKV3xyAOVhfv4VHmX8=</latexit>

S2, 2

<latexit sha1_base64="NkqHaIQasyAGrbsmJV7yh7fGuE8="></latexit>

Large Fermi surface of size 1 + p

|FLi = |Rung singlets of  1, 2i
⌦ |Slater determinant of ci

<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK

FL<latexit sha1_base64="Mk7mTC2Z38SfXt/Mu9JRZ2bsk1Y="></latexit>

JK



e�

<latexit sha1_base64="W+eB5sn97o0LL6GKiSwL6jZqzFo=">AAACEHicdZDPSsNAEMY3/rf+q3r0slgED1oSKTbeRC8eFW0rtFU2m2m7dLMJu5NqCX0ELx70VbyJV9/AN/HotlZQ0YGBH983wwxfkEhh0HXfnInJqemZ2bn53MLi0vJKfnWtauJUc6jwWMb6MmAGpFBQQYESLhMNLAok1ILu8dCv9UAbEasL7CfQjFhbiZbgDK10Dle71/mCW3R919v3qIVRWSj7vu+51BsrBTKu0+v8eyOMeRqBQi6ZMXXPTbCZMY2CSxjkGqmBhPEua0PdomIRmJ2wJxIzwmY2+npAt6wZ0lasbSukI/X7csYiY/pRYCcjhh3z2xuKf3n1FFt+MxMqSREU/zzUSiXFmA4joKHQwFH2LTCuhX2b8g7TjKMNKtcwYFNUbexkDYRbvBGhvZOVhBrYqL7yoP9Dda/olYoHZ6XC4dE4tDmyQTbJNvFImRySE3JKKoSTNrkjD+TRuXeenGfn5XN0whnvrJMf5bx+ABhnnnQ=</latexit>

e�

<latexit sha1_base64="W+eB5sn97o0LL6GKiSwL6jZqzFo=">AAACEHicdZDPSsNAEMY3/rf+q3r0slgED1oSKTbeRC8eFW0rtFU2m2m7dLMJu5NqCX0ELx70VbyJV9/AN/HotlZQ0YGBH983wwxfkEhh0HXfnInJqemZ2bn53MLi0vJKfnWtauJUc6jwWMb6MmAGpFBQQYESLhMNLAok1ILu8dCv9UAbEasL7CfQjFhbiZbgDK10Dle71/mCW3R919v3qIVRWSj7vu+51BsrBTKu0+v8eyOMeRqBQi6ZMXXPTbCZMY2CSxjkGqmBhPEua0PdomIRmJ2wJxIzwmY2+npAt6wZ0lasbSukI/X7csYiY/pRYCcjhh3z2xuKf3n1FFt+MxMqSREU/zzUSiXFmA4joKHQwFH2LTCuhX2b8g7TjKMNKtcwYFNUbexkDYRbvBGhvZOVhBrYqL7yoP9Dda/olYoHZ6XC4dE4tDmyQTbJNvFImRySE3JKKoSTNrkjD+TRuXeenGfn5XN0whnvrJMf5bx+ABhnnnQ=</latexit>

e�

<latexit sha1_base64="W+eB5sn97o0LL6GKiSwL6jZqzFo=">AAACEHicdZDPSsNAEMY3/rf+q3r0slgED1oSKTbeRC8eFW0rtFU2m2m7dLMJu5NqCX0ELx70VbyJV9/AN/HotlZQ0YGBH983wwxfkEhh0HXfnInJqemZ2bn53MLi0vJKfnWtauJUc6jwWMb6MmAGpFBQQYESLhMNLAok1ILu8dCv9UAbEasL7CfQjFhbiZbgDK10Dle71/mCW3R919v3qIVRWSj7vu+51BsrBTKu0+v8eyOMeRqBQi6ZMXXPTbCZMY2CSxjkGqmBhPEua0PdomIRmJ2wJxIzwmY2+npAt6wZ0lasbSukI/X7csYiY/pRYCcjhh3z2xuKf3n1FFt+MxMqSREU/zzUSiXFmA4joKHQwFH2LTCuhX2b8g7TjKMNKtcwYFNUbexkDYRbvBGhvZOVhBrYqL7yoP9Dda/olYoHZ6XC4dE4tDmyQTbJNvFImRySE3JKKoSTNrkjD+TRuXeenGfn5XN0whnvrJMf5bx+ABhnnnQ=</latexit>

e�

<latexit sha1_base64="W+eB5sn97o0LL6GKiSwL6jZqzFo=">AAACEHicdZDPSsNAEMY3/rf+q3r0slgED1oSKTbeRC8eFW0rtFU2m2m7dLMJu5NqCX0ELx70VbyJV9/AN/HotlZQ0YGBH983wwxfkEhh0HXfnInJqemZ2bn53MLi0vJKfnWtauJUc6jwWMb6MmAGpFBQQYESLhMNLAok1ILu8dCv9UAbEasL7CfQjFhbiZbgDK10Dle71/mCW3R919v3qIVRWSj7vu+51BsrBTKu0+v8eyOMeRqBQi6ZMXXPTbCZMY2CSxjkGqmBhPEua0PdomIRmJ2wJxIzwmY2+npAt6wZ0lasbSukI/X7csYiY/pRYCcjhh3z2xuKf3n1FFt+MxMqSREU/zzUSiXFmA4joKHQwFH2LTCuhX2b8g7TjKMNKtcwYFNUbexkDYRbvBGhvZOVhBrYqL7yoP9Dda/olYoHZ6XC4dE4tDmyQTbJNvFImRySE3JKKoSTNrkjD+TRuXeenGfn5XN0whnvrJMf5bx+ABhnnnQ=</latexit>

{
{<latexit sha1_base64="U6Yue7B12tNdGrOfQBxAgHXgXi0="></latexit>

Spin liquid

Ancilla theory of the Hubbard model 
density 

1+p
<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�

<latexit sha1_base64="Xs/LB5+eIsIXIR4SztPAFrFir74=">AAACCXicbVDLSsNAFJ34rPWV6tLNYBFcSElU1GXRjcuK9gFNCJPppB06MwkzE6WEfIHf4FbX7sStX+HSP3HaZmFbD1w4nHMv53LChFGlHefbWlpeWV1bL22UN7e2d3btyl5LxanEpIljFstOiBRhVJCmppqRTiIJ4iEj7XB4M/bbj0QqGosHPUqIz1Ff0IhipI0U2JXMCzm8zwP3BHoNRQM3sKtOzZkALhK3IFVQoBHYP14vxiknQmOGlOq6TqL9DElNMSN52UsVSRAeoj7pGioQJ8rPJq/n8MgoPRjF0ozQcKL+vcgQV2rEQ7PJkR6oeW8s/ud1Ux1d+RkVSaqJwNOgKGVQx3DcA+xRSbBmI0MQltT8CvEASYS1aWsmJeS56cSdb2CRtE5r7kXt7O68Wr8u2imBA3AIjoELLkEd3IIGaAIMnsALeAVv1rP1bn1Yn9PVJau42QczsL5+AYIZmX0=</latexit>

S1, 1

<latexit sha1_base64="PMKEhF1m+sk/pQDOpJNnChw866c=">AAACCXicbVDLSsNAFJ3UV62vVJduBovgQkpSRV0W3bisaB/QhDCZTtuhM5MwM1FKyBf4DW517U7c+hUu/ROnbRa29cCFwzn3ci4njBlV2nG+rcLK6tr6RnGztLW9s7tnl/dbKkokJk0csUh2QqQIo4I0NdWMdGJJEA8ZaYejm4nffiRS0Ug86HFMfI4GgvYpRtpIgV1OvZDD+yyonUKvoWhQC+yKU3WmgMvEzUkF5GgE9o/Xi3DCidCYIaW6rhNrP0VSU8xIVvISRWKER2hAuoYKxIny0+nrGTw2Sg/2I2lGaDhV/16kiCs15qHZ5EgP1aI3Ef/zuonuX/kpFXGiicCzoH7CoI7gpAfYo5JgzcaGICyp+RXiIZIIa9PWXErIM9OJu9jAMmnVqu5F9ezuvFK/ztspgkNwBE6ACy5BHdyCBmgCDJ7AC3gFb9az9W59WJ+z1YKV3xyAOVhfv4VHmX8=</latexit>

S2, 2

<latexit sha1_base64="UqweduFbN24LfzTMPOeykevnENA="></latexit>

Small Fermi surface.
Density 2 + p ⇠= p

<latexit sha1_base64="hef8oejBLNKOLh9Jp6g4m29wn04="></latexit>

Small Fermi surface of size p

|FL⇤i = [Projection onto rung singlets of  1, 2]
./ |Slater determinant of (c, 1)i

⌦ |Slater determinant of  2i

<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK

FL<latexit sha1_base64="Mk7mTC2Z38SfXt/Mu9JRZ2bsk1Y="></latexit>

JK
FL*



e�

<latexit sha1_base64="W+eB5sn97o0LL6GKiSwL6jZqzFo=">AAACEHicdZDPSsNAEMY3/rf+q3r0slgED1oSKTbeRC8eFW0rtFU2m2m7dLMJu5NqCX0ELx70VbyJV9/AN/HotlZQ0YGBH983wwxfkEhh0HXfnInJqemZ2bn53MLi0vJKfnWtauJUc6jwWMb6MmAGpFBQQYESLhMNLAok1ILu8dCv9UAbEasL7CfQjFhbiZbgDK10Dle71/mCW3R919v3qIVRWSj7vu+51BsrBTKu0+v8eyOMeRqBQi6ZMXXPTbCZMY2CSxjkGqmBhPEua0PdomIRmJ2wJxIzwmY2+npAt6wZ0lasbSukI/X7csYiY/pRYCcjhh3z2xuKf3n1FFt+MxMqSREU/zzUSiXFmA4joKHQwFH2LTCuhX2b8g7TjKMNKtcwYFNUbexkDYRbvBGhvZOVhBrYqL7yoP9Dda/olYoHZ6XC4dE4tDmyQTbJNvFImRySE3JKKoSTNrkjD+TRuXeenGfn5XN0whnvrJMf5bx+ABhnnnQ=</latexit>

e�

<latexit sha1_base64="W+eB5sn97o0LL6GKiSwL6jZqzFo=">AAACEHicdZDPSsNAEMY3/rf+q3r0slgED1oSKTbeRC8eFW0rtFU2m2m7dLMJu5NqCX0ELx70VbyJV9/AN/HotlZQ0YGBH983wwxfkEhh0HXfnInJqemZ2bn53MLi0vJKfnWtauJUc6jwWMb6MmAGpFBQQYESLhMNLAok1ILu8dCv9UAbEasL7CfQjFhbiZbgDK10Dle71/mCW3R919v3qIVRWSj7vu+51BsrBTKu0+v8eyOMeRqBQi6ZMXXPTbCZMY2CSxjkGqmBhPEua0PdomIRmJ2wJxIzwmY2+npAt6wZ0lasbSukI/X7csYiY/pRYCcjhh3z2xuKf3n1FFt+MxMqSREU/zzUSiXFmA4joKHQwFH2LTCuhX2b8g7TjKMNKtcwYFNUbexkDYRbvBGhvZOVhBrYqL7yoP9Dda/olYoHZ6XC4dE4tDmyQTbJNvFImRySE3JKKoSTNrkjD+TRuXeenGfn5XN0whnvrJMf5bx+ABhnnnQ=</latexit>

e�

<latexit sha1_base64="W+eB5sn97o0LL6GKiSwL6jZqzFo=">AAACEHicdZDPSsNAEMY3/rf+q3r0slgED1oSKTbeRC8eFW0rtFU2m2m7dLMJu5NqCX0ELx70VbyJV9/AN/HotlZQ0YGBH983wwxfkEhh0HXfnInJqemZ2bn53MLi0vJKfnWtauJUc6jwWMb6MmAGpFBQQYESLhMNLAok1ILu8dCv9UAbEasL7CfQjFhbiZbgDK10Dle71/mCW3R919v3qIVRWSj7vu+51BsrBTKu0+v8eyOMeRqBQi6ZMXXPTbCZMY2CSxjkGqmBhPEua0PdomIRmJ2wJxIzwmY2+npAt6wZ0lasbSukI/X7csYiY/pRYCcjhh3z2xuKf3n1FFt+MxMqSREU/zzUSiXFmA4joKHQwFH2LTCuhX2b8g7TjKMNKtcwYFNUbexkDYRbvBGhvZOVhBrYqL7yoP9Dda/olYoHZ6XC4dE4tDmyQTbJNvFImRySE3JKKoSTNrkjD+TRuXeenGfn5XN0whnvrJMf5bx+ABhnnnQ=</latexit>

e�

<latexit sha1_base64="W+eB5sn97o0LL6GKiSwL6jZqzFo=">AAACEHicdZDPSsNAEMY3/rf+q3r0slgED1oSKTbeRC8eFW0rtFU2m2m7dLMJu5NqCX0ELx70VbyJV9/AN/HotlZQ0YGBH983wwxfkEhh0HXfnInJqemZ2bn53MLi0vJKfnWtauJUc6jwWMb6MmAGpFBQQYESLhMNLAok1ILu8dCv9UAbEasL7CfQjFhbiZbgDK10Dle71/mCW3R919v3qIVRWSj7vu+51BsrBTKu0+v8eyOMeRqBQi6ZMXXPTbCZMY2CSxjkGqmBhPEua0PdomIRmJ2wJxIzwmY2+npAt6wZ0lasbSukI/X7csYiY/pRYCcjhh3z2xuKf3n1FFt+MxMqSREU/zzUSiXFmA4joKHQwFH2LTCuhX2b8g7TjKMNKtcwYFNUbexkDYRbvBGhvZOVhBrYqL7yoP9Dda/olYoHZ6XC4dE4tDmyQTbJNvFImRySE3JKKoSTNrkjD+TRuXeenGfn5XN0whnvrJMf5bx+ABhnnnQ=</latexit>

{
{<latexit sha1_base64="U6Yue7B12tNdGrOfQBxAgHXgXi0="></latexit>

Spin liquid

Ancilla theory of the Hubbard model 
density 

1+p
<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�

<latexit sha1_base64="Xs/LB5+eIsIXIR4SztPAFrFir74=">AAACCXicbVDLSsNAFJ34rPWV6tLNYBFcSElU1GXRjcuK9gFNCJPppB06MwkzE6WEfIHf4FbX7sStX+HSP3HaZmFbD1w4nHMv53LChFGlHefbWlpeWV1bL22UN7e2d3btyl5LxanEpIljFstOiBRhVJCmppqRTiIJ4iEj7XB4M/bbj0QqGosHPUqIz1Ff0IhipI0U2JXMCzm8zwP3BHoNRQM3sKtOzZkALhK3IFVQoBHYP14vxiknQmOGlOq6TqL9DElNMSN52UsVSRAeoj7pGioQJ8rPJq/n8MgoPRjF0ozQcKL+vcgQV2rEQ7PJkR6oeW8s/ud1Ux1d+RkVSaqJwNOgKGVQx3DcA+xRSbBmI0MQltT8CvEASYS1aWsmJeS56cSdb2CRtE5r7kXt7O68Wr8u2imBA3AIjoELLkEd3IIGaAIMnsALeAVv1rP1bn1Yn9PVJau42QczsL5+AYIZmX0=</latexit>

S1, 1

<latexit sha1_base64="PMKEhF1m+sk/pQDOpJNnChw866c=">AAACCXicbVDLSsNAFJ3UV62vVJduBovgQkpSRV0W3bisaB/QhDCZTtuhM5MwM1FKyBf4DW517U7c+hUu/ROnbRa29cCFwzn3ci4njBlV2nG+rcLK6tr6RnGztLW9s7tnl/dbKkokJk0csUh2QqQIo4I0NdWMdGJJEA8ZaYejm4nffiRS0Ug86HFMfI4GgvYpRtpIgV1OvZDD+yyonUKvoWhQC+yKU3WmgMvEzUkF5GgE9o/Xi3DCidCYIaW6rhNrP0VSU8xIVvISRWKER2hAuoYKxIny0+nrGTw2Sg/2I2lGaDhV/16kiCs15qHZ5EgP1aI3Ef/zuonuX/kpFXGiicCzoH7CoI7gpAfYo5JgzcaGICyp+RXiIZIIa9PWXErIM9OJu9jAMmnVqu5F9ezuvFK/ztspgkNwBE6ACy5BHdyCBmgCDJ7AC3gFb9az9W59WJ+z1YKV3xyAOVhfv4VHmX8=</latexit>

S2, 2

<latexit sha1_base64="UqweduFbN24LfzTMPOeykevnENA="></latexit>

Small Fermi surface.
Density 2 + p ⇠= p

<latexit sha1_base64="hef8oejBLNKOLh9Jp6g4m29wn04="></latexit>

Small Fermi surface of size p

|FL⇤i = [Projection onto rung singlets of  1, 2]
./ |Slater determinant of (c, 1)i

⌦ |Slater determinant of  2i

<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK

FL<latexit sha1_base64="Mk7mTC2Z38SfXt/Mu9JRZ2bsk1Y="></latexit>

JK
FL*



e�

<latexit sha1_base64="W+eB5sn97o0LL6GKiSwL6jZqzFo=">AAACEHicdZDPSsNAEMY3/rf+q3r0slgED1oSKTbeRC8eFW0rtFU2m2m7dLMJu5NqCX0ELx70VbyJV9/AN/HotlZQ0YGBH983wwxfkEhh0HXfnInJqemZ2bn53MLi0vJKfnWtauJUc6jwWMb6MmAGpFBQQYESLhMNLAok1ILu8dCv9UAbEasL7CfQjFhbiZbgDK10Dle71/mCW3R919v3qIVRWSj7vu+51BsrBTKu0+v8eyOMeRqBQi6ZMXXPTbCZMY2CSxjkGqmBhPEua0PdomIRmJ2wJxIzwmY2+npAt6wZ0lasbSukI/X7csYiY/pRYCcjhh3z2xuKf3n1FFt+MxMqSREU/zzUSiXFmA4joKHQwFH2LTCuhX2b8g7TjKMNKtcwYFNUbexkDYRbvBGhvZOVhBrYqL7yoP9Dda/olYoHZ6XC4dE4tDmyQTbJNvFImRySE3JKKoSTNrkjD+TRuXeenGfn5XN0whnvrJMf5bx+ABhnnnQ=</latexit>

e�

<latexit sha1_base64="W+eB5sn97o0LL6GKiSwL6jZqzFo=">AAACEHicdZDPSsNAEMY3/rf+q3r0slgED1oSKTbeRC8eFW0rtFU2m2m7dLMJu5NqCX0ELx70VbyJV9/AN/HotlZQ0YGBH983wwxfkEhh0HXfnInJqemZ2bn53MLi0vJKfnWtauJUc6jwWMb6MmAGpFBQQYESLhMNLAok1ILu8dCv9UAbEasL7CfQjFhbiZbgDK10Dle71/mCW3R919v3qIVRWSj7vu+51BsrBTKu0+v8eyOMeRqBQi6ZMXXPTbCZMY2CSxjkGqmBhPEua0PdomIRmJ2wJxIzwmY2+npAt6wZ0lasbSukI/X7csYiY/pRYCcjhh3z2xuKf3n1FFt+MxMqSREU/zzUSiXFmA4joKHQwFH2LTCuhX2b8g7TjKMNKtcwYFNUbexkDYRbvBGhvZOVhBrYqL7yoP9Dda/olYoHZ6XC4dE4tDmyQTbJNvFImRySE3JKKoSTNrkjD+TRuXeenGfn5XN0whnvrJMf5bx+ABhnnnQ=</latexit>

e�

<latexit sha1_base64="W+eB5sn97o0LL6GKiSwL6jZqzFo=">AAACEHicdZDPSsNAEMY3/rf+q3r0slgED1oSKTbeRC8eFW0rtFU2m2m7dLMJu5NqCX0ELx70VbyJV9/AN/HotlZQ0YGBH983wwxfkEhh0HXfnInJqemZ2bn53MLi0vJKfnWtauJUc6jwWMb6MmAGpFBQQYESLhMNLAok1ILu8dCv9UAbEasL7CfQjFhbiZbgDK10Dle71/mCW3R919v3qIVRWSj7vu+51BsrBTKu0+v8eyOMeRqBQi6ZMXXPTbCZMY2CSxjkGqmBhPEua0PdomIRmJ2wJxIzwmY2+npAt6wZ0lasbSukI/X7csYiY/pRYCcjhh3z2xuKf3n1FFt+MxMqSREU/zzUSiXFmA4joKHQwFH2LTCuhX2b8g7TjKMNKtcwYFNUbexkDYRbvBGhvZOVhBrYqL7yoP9Dda/olYoHZ6XC4dE4tDmyQTbJNvFImRySE3JKKoSTNrkjD+TRuXeenGfn5XN0whnvrJMf5bx+ABhnnnQ=</latexit>

e�

<latexit sha1_base64="W+eB5sn97o0LL6GKiSwL6jZqzFo=">AAACEHicdZDPSsNAEMY3/rf+q3r0slgED1oSKTbeRC8eFW0rtFU2m2m7dLMJu5NqCX0ELx70VbyJV9/AN/HotlZQ0YGBH983wwxfkEhh0HXfnInJqemZ2bn53MLi0vJKfnWtauJUc6jwWMb6MmAGpFBQQYESLhMNLAok1ILu8dCv9UAbEasL7CfQjFhbiZbgDK10Dle71/mCW3R919v3qIVRWSj7vu+51BsrBTKu0+v8eyOMeRqBQi6ZMXXPTbCZMY2CSxjkGqmBhPEua0PdomIRmJ2wJxIzwmY2+npAt6wZ0lasbSukI/X7csYiY/pRYCcjhh3z2xuKf3n1FFt+MxMqSREU/zzUSiXFmA4joKHQwFH2LTCuhX2b8g7TjKMNKtcwYFNUbexkDYRbvBGhvZOVhBrYqL7yoP9Dda/olYoHZ6XC4dE4tDmyQTbJNvFImRySE3JKKoSTNrkjD+TRuXeenGfn5XN0whnvrJMf5bx+ABhnnnQ=</latexit>

{
{<latexit sha1_base64="U6Yue7B12tNdGrOfQBxAgHXgXi0="></latexit>

Spin liquid

Ancilla theory of the Hubbard model 
density 

1+p
<latexit sha1_base64="0DL+Vl4Uze4Yn9mmWjMuufUzQ2s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMeSS/rGjYQeNIrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdvEEnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhabvoz7TlFg+dgQTzdytiAyxxsS6kEouhGDx5WXSPKsGl9Xz+4tK7SaPowhHcAynEMAV1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucP3RGRDQ==</latexit>c�

<latexit sha1_base64="Xs/LB5+eIsIXIR4SztPAFrFir74=">AAACCXicbVDLSsNAFJ34rPWV6tLNYBFcSElU1GXRjcuK9gFNCJPppB06MwkzE6WEfIHf4FbX7sStX+HSP3HaZmFbD1w4nHMv53LChFGlHefbWlpeWV1bL22UN7e2d3btyl5LxanEpIljFstOiBRhVJCmppqRTiIJ4iEj7XB4M/bbj0QqGosHPUqIz1Ff0IhipI0U2JXMCzm8zwP3BHoNRQM3sKtOzZkALhK3IFVQoBHYP14vxiknQmOGlOq6TqL9DElNMSN52UsVSRAeoj7pGioQJ8rPJq/n8MgoPRjF0ozQcKL+vcgQV2rEQ7PJkR6oeW8s/ud1Ux1d+RkVSaqJwNOgKGVQx3DcA+xRSbBmI0MQltT8CvEASYS1aWsmJeS56cSdb2CRtE5r7kXt7O68Wr8u2imBA3AIjoELLkEd3IIGaAIMnsALeAVv1rP1bn1Yn9PVJau42QczsL5+AYIZmX0=</latexit>

S1, 1

<latexit sha1_base64="PMKEhF1m+sk/pQDOpJNnChw866c=">AAACCXicbVDLSsNAFJ3UV62vVJduBovgQkpSRV0W3bisaB/QhDCZTtuhM5MwM1FKyBf4DW517U7c+hUu/ROnbRa29cCFwzn3ci4njBlV2nG+rcLK6tr6RnGztLW9s7tnl/dbKkokJk0csUh2QqQIo4I0NdWMdGJJEA8ZaYejm4nffiRS0Ug86HFMfI4GgvYpRtpIgV1OvZDD+yyonUKvoWhQC+yKU3WmgMvEzUkF5GgE9o/Xi3DCidCYIaW6rhNrP0VSU8xIVvISRWKER2hAuoYKxIny0+nrGTw2Sg/2I2lGaDhV/16kiCs15qHZ5EgP1aI3Ef/zuonuX/kpFXGiicCzoH7CoI7gpAfYo5JgzcaGICyp+RXiIZIIa9PWXErIM9OJu9jAMmnVqu5F9ezuvFK/ztspgkNwBE6ACy5BHdyCBmgCDJ7AC3gFb9az9W59WJ+z1YKV3xyAOVhfv4VHmX8=</latexit>

S2, 2

<latexit sha1_base64="UqweduFbN24LfzTMPOeykevnENA="></latexit>

Small Fermi surface.
Density 2 + p ⇠= p

<latexit sha1_base64="hef8oejBLNKOLh9Jp6g4m29wn04="></latexit>

Small Fermi surface of size p

|FL⇤i = [Projection onto rung singlets of  1, 2]
./ |Slater determinant of (c, 1)i

⌦ |Slater determinant of  2i

<latexit sha1_base64="Ls79LYO0aI/44QY0M77SreWMdTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi+ilov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqZ+6xGV5rF8MOME/YgOJA85o8ZK9ze921654lbdGchf4uWkAjnqvfJntx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyZJU+CWNlSxoyU39OZDTSehwFtjOiZqgXvan4n9dJTXjhZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reWdW9O63ULvM4inAAh3AMHpxDDa6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/EN7keNkA==</latexit>

JK

FL<latexit sha1_base64="Mk7mTC2Z38SfXt/Mu9JRZ2bsk1Y="></latexit>

JK
FL*



Ancilla theory of the Hubbard model 
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Small Fermi surface of size p

|FL⇤i = [Projection onto rung singlets of  1, 2]
./ |Slater determinant of (c, 1)i

⌦ |Slater determinant of  2i
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Large Fermi surface of size 1 + p

|FLi = |Rung singlets of  1, 2i
⌦ |Slater determinant of ci
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• Deconfined criticality of a (SU(2)S ⇥U(1)1)/Z2 gauge theory.

• ‘Hybridization-Higgs’ boson ⇠ C†
� a which condenses on the FL*

side (in Kondo lattice, Higgs boson was condensed on the FL side).

• Gauge-charged ‘ghost’ Fermi surface of  1 fermions.

• Large Fermi surface of c� gauge-neutral electrons.



“Fermi arc” 
spectral functions  
in the FL* phase

Zero frequency spectral density of electrons (red) and ghosts (blue)
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FL* in a one-band model 

Ya-Hui Zhang, S. Sachdev,  PRR 2, 023172;  PRB 102, 155124 (2020) 
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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: CeCoIn5 (Maksimovic et al.,
arXiv:2011.12951, and in CePdAl, Zhao et al., Nature Physics 15, 1261 (2019). And

perhaps YbB12 (Liu et al. arXiv:2102.09545)?

• Theory of FL* model for the pseudogap metal of the cuprates: Lessons from the Kondo

lattice: Don’t fractionalize 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 surface of size p.

• Theory of FL-FL* transition on a single band Hubbard model: Emergent SU(2)⇥U(1)

gauge theory coupled to hybridization boson, a gauge-neutral large Fermi surface of

electrons, and a ‘ghost’ Fermi surface.

Prediction: critical ‘ghost’ Fermi surfaces near the transition.
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Figure 6

Across the quantum critical point. a) Normal-state electronic specific heat in the T = 0 limit
as a function of doping, plotted as Cel/T vs p (red symbols) in Eu-LSCO (squares), Nd-LSCO
(circles) and LSCO (diamonds). From ref. (75). We also show Cel/T in YBCO (blue dots (18))
and in Tl2201 (green dot (76)). The vertical grey lines mark the limits of the CDW phase in
Nd-LSCO, between p = 0.08 and p ' 0.19. b) Normal-state Hall number nH (= V/e RH) in the
T = 0 limit as a function of doping, in YBCO (blue circles (21), p?= 0.19) and Nd-LSCO (red
squares (4), p?= 0.23). We also show nH in LSCO (grey squares (67)) and YBCO (grey circles
(68)) at low doping, and nH in Tl2201 (white diamond (29)) at high doping.

5. PSEUDOGAP PHASE
DOS: Density of
states (NF)

�E: Condensation
energy

Hc1: Lower critical
field

�: Residual linear
term in the specific
heat, C(T ) at T = 0,
purely electronic

The two traditional signatures of the pseudogap phase are: 1) a loss of density of

states (DOS) below p
?; 2) the opening of a partial spectral gap below T

?, seen by ARPES

(Figs. 1c, 1d) and optical conductivity, for example. Here we summarize recent high-field

measurements of the specific heat in the LSCO family (75) showing that there is a large

mass enhancement at p
?. The new data show that the pseudogap does not simply cause

a loss of DOS below p
?; instead, there is huge peak in the DOS at p

? (Fig. 6a) – much

larger than expected from a van Hove singularity (75, 80). We then show how high-field

measurements of the Hall coe�cient reveal a new signature of the pseudogap phase – a

rapid drop in the carrier density, at p?(Fig. 6c). These new properties alter profoundly our

view of the pseudogap phase, and of the strange metal just above it (sec. 6).

5.1. Density of states

5.1.1. Condensation energy. One way to access the DOS, NF, is via the superconduct-

ing condensation energy �E, since �E = NF�
2

0/4, where �0 is the d-wave gap maxi-

mum. Experimentally, and in the framework of BCS theory, �E can be measured using

the upper and lower critical fields, Hc2 and Hc1, to get the thermodynamic field Hc via

H
2

c = Hc1Hc2/(ln() + 0.5), given that �E = H
2

c /2µ0. In Fig. 2b, we plot �E/Tc
2 vs p

thus obtained for YBCO (17). We see that �E/Tc
2 / NF drops by a factor 8-9 between

p = 0.18 and p = 0.1, in agreement with the drop reported earlier from an analysis of spe-

cific heat data measured in low fields up to T > Tc in YBCO (71) and Bi2212 (72). Note
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FIG. 1. Transport and heat capacity of hole and electron doped CeCoIn5 (a) Hall re-

sistivity versus magnetic field at 2.5 Kelvin. (b) Net carrier density (ntot) per unit cell, extracted

from the linear slope of the Hall resistance between 11-13 Tesla at 2.5 K (or at 0.35 K shown in

Supplement S9). ntot exhibits a step when the material is electron-doped. The dashed black line

indicates the expected ntot including and excluding the f -electrons, as evaluated from measure-

ments of LaCoIn5 (see text). (c) Heat capacity coe�cient at 2.5 Kelvin. (d) Resistance versus

temperature; curves are o↵set vertically for clarity. (e) The slope of the resistance versus temper-

ature (evaluated between 5 and 20 Kelvin) decreases rapidly when the material is electron-doped.

Error bars are derived primarily from uncertainties in the measurements of geometric factors for

transport samples, and sample masses for the heat capacity measurements.
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