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Real-space view at small p
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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-
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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).
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M. Platé, J. D. F. Mottershead, I. S. Elfimov, D. C. Peets, Ruixing Liang, D. A. Bonn, W. N. Hardy,

S. Chiuzbaian, M. Falub, M. Shi, L. Patthey, and A. Damascelli, Phys. Rev. Lett. 95, 077001 (2005)

<latexit sha1_base64="6SUSR7y1yBMHrxvbxQLgHdsB9A8="></latexit>

Overdoped Tl2Ba2CuO6+�

Tc = 30K

<latexit sha1_base64="EY7clyUqn6E7jhP4jO7tckqGs30="></latexit>



Momentum-space view at small p

“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)

<latexit sha1_base64="KPRJJtUPMALE2+PyTCeepMqltTw="></latexit>

Ca2-xNaxCuO2Cl2 
at x = 0.10



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
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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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Fermi surface transformation at the pseudogap critical point of a cuprate superconductor 



The remarkable underlying ground states of cuprate superconductors 

Cyril Proust and Louis Taillefer,  Annual Review Condensed Matter Physics 10, 409 (2019)

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

www.annualreviews.org • The remarkable underlying ground states of cuprate superconductors 9

Hole doped cuprates
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<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>

f

<latexit sha1_base64="7iJmU22d8xuzeKn2xYc7RdPo8MM=">AAACB3icdVDLTgJBEJzFF+IL9ehlIpp4IrsIEW5ELx4xipoAMbNDL0yYnd3M9Kpkwwd48Kqf4c149TP8Cn/BATFRo5V0UqnqTneXH0th0HXfnMzM7Nz8QnYxt7S8srqWX984N1GiOTR5JCN96TMDUihookAJl7EGFvoSLvzB0di/uAZtRKTOcBhDJ2Q9JQLBGVrpdCfYucoX3KJbKle8GrVkAktqtWrJLVNvqhTIFI2r/Hu7G/EkBIVcMmNanhtjJ2UaBZcwyrUTAzHjA9aDlqWKhWA66eTUEd21SpcGkbalkE7U7xMpC40Zhr7tDBn2zW9vLP7ltRIMqp1UqDhBUPxzUZBIihEd/027QgNHObSEcS3srZT3mWYcbTq5tgEbnephP20j3OKN6No96X6xItTIJvQVA/2fnJeKXrlYOykV6ofTrLJki2yTPeKRA1Inx6RBmoSTHrknD+TRuXOenGfn5bM140xnNskPOK8fqCWZ+w==</latexit>

JK
⇣
c†0↵~�↵�c0�

⌘
· ~Sf

<latexit sha1_base64="IAsJi9F+dVAMm/OOZzU9MMziY18="></latexit>

The c electrons ‘Kondo screen’ the f spin at low energies:
The f electron ‘dissolves’ into the Fermi sea.

<latexit sha1_base64="bEZB8FIadT4Q7l7wGCUqsJ6t9JE="></latexit>



Metal-metal transitions in Kondo lattice models 

JK

<latexit sha1_base64="8zsY1Y08u3stjvBgld/McerDLas="></latexit>

Kondo lattice of f electron spins coupled
to a conduction band of c electrons of density p.

Kondo-breakdown or ‘selective Mott’ transition

<latexit sha1_base64="Pc1Qnat7GKRSFeCtpL1Mii8Qg7o="></latexit>

c

<latexit sha1_base64="rTemXoZhYo2Wfr7vtZG3pmwYDps=">AAACB3icdVDLSgNBEJyN7/iKevQyGAVPYTcmaG6iF4+KRgPZJcxOOsmQ2dllplcNSz7Ag1f9DG/i1c/wK/wFJzGCihY0FFXddHeFiRQGXffNyU1Nz8zOzS/kF5eWV1YLa+uXJk41hzqPZawbITMghYI6CpTQSDSwKJRwFfaPR/7VNWgjYnWBgwSCiHWV6AjO0Ern23y7VSi6JbdcqXo1askYltRqB2W3Qr2JUiQTnLYK73475mkECrlkxjQ9N8EgYxoFlzDM+6mBhPE+60LTUsUiMEE2PnVId6zSpp1Y21JIx+r3iYxFxgyi0HZGDHvmtzcS//KaKXYOgkyoJEVQ/HNRJ5UUYzr6m7aFBo5yYAnjWthbKe8xzTjadPK+ARud6mIv8xFu8Ua07Z5sr1QVamgT+oqB/k8uyyWvUqqdlYuHR5Os5skm2SK7xCP75JCckFNSJ5x0yT15II/OnfPkPDsvn605ZzKzQX7Aef0Aoz+Z+A==</latexit>

f

<latexit sha1_base64="7iJmU22d8xuzeKn2xYc7RdPo8MM=">AAACB3icdVDLTgJBEJzFF+IL9ehlIpp4IrsIEW5ELx4xipoAMbNDL0yYnd3M9Kpkwwd48Kqf4c149TP8Cn/BATFRo5V0UqnqTneXH0th0HXfnMzM7Nz8QnYxt7S8srqWX984N1GiOTR5JCN96TMDUihookAJl7EGFvoSLvzB0di/uAZtRKTOcBhDJ2Q9JQLBGVrpdCfYucoX3KJbKle8GrVkAktqtWrJLVNvqhTIFI2r/Hu7G/EkBIVcMmNanhtjJ2UaBZcwyrUTAzHjA9aDlqWKhWA66eTUEd21SpcGkbalkE7U7xMpC40Zhr7tDBn2zW9vLP7ltRIMqp1UqDhBUPxzUZBIihEd/027QgNHObSEcS3srZT3mWYcbTq5tgEbnephP20j3OKN6No96X6xItTIJvQVA/2fnJeKXrlYOykV6ofTrLJki2yTPeKRA1Inx6RBmoSTHrknD+TRuXOenGfn5bM140xnNskPOK8fqCWZ+w==</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>

JK
X

i

⇣
c†i↵~�↵�ci�

⌘
· ~Sfi

<latexit sha1_base64="6NK+7j4D7o9tMKGrIhQFBEZahBA="></latexit>

JK

<latexit sha1_base64="8zsY1Y08u3stjvBgld/McerDLas="></latexit>



JK

<latexit sha1_base64="8zsY1Y08u3stjvBgld/McerDLas="></latexit>

FL

c

<latexit sha1_base64="rTemXoZhYo2Wfr7vtZG3pmwYDps=">AAACB3icdVDLSgNBEJyN7/iKevQyGAVPYTcmaG6iF4+KRgPZJcxOOsmQ2dllplcNSz7Ag1f9DG/i1c/wK/wFJzGCihY0FFXddHeFiRQGXffNyU1Nz8zOzS/kF5eWV1YLa+uXJk41hzqPZawbITMghYI6CpTQSDSwKJRwFfaPR/7VNWgjYnWBgwSCiHWV6AjO0Ern23y7VSi6JbdcqXo1askYltRqB2W3Qr2JUiQTnLYK73475mkECrlkxjQ9N8EgYxoFlzDM+6mBhPE+60LTUsUiMEE2PnVId6zSpp1Y21JIx+r3iYxFxgyi0HZGDHvmtzcS//KaKXYOgkyoJEVQ/HNRJ5UUYzr6m7aFBo5yYAnjWthbKe8xzTjadPK+ARud6mIv8xFu8Ua07Z5sr1QVamgT+oqB/k8uyyWvUqqdlYuHR5Os5skm2SK7xCP75JCckFNSJ5x0yT15II/OnfPkPDsvn605ZzKzQX7Aef0Aoz+Z+A==</latexit>

f

<latexit sha1_base64="7iJmU22d8xuzeKn2xYc7RdPo8MM=">AAACB3icdVDLTgJBEJzFF+IL9ehlIpp4IrsIEW5ELx4xipoAMbNDL0yYnd3M9Kpkwwd48Kqf4c149TP8Cn/BATFRo5V0UqnqTneXH0th0HXfnMzM7Nz8QnYxt7S8srqWX984N1GiOTR5JCN96TMDUihookAJl7EGFvoSLvzB0di/uAZtRKTOcBhDJ2Q9JQLBGVrpdCfYucoX3KJbKle8GrVkAktqtWrJLVNvqhTIFI2r/Hu7G/EkBIVcMmNanhtjJ2UaBZcwyrUTAzHjA9aDlqWKhWA66eTUEd21SpcGkbalkE7U7xMpC40Zhr7tDBn2zW9vLP7ltRIMqp1UqDhBUPxzUZBIihEd/027QgNHObSEcS3srZT3mWYcbTq5tgEbnephP20j3OKN6No96X6xItTIJvQVA/2fnJeKXrlYOykV6ofTrLJki2yTPeKRA1Inx6RBmoSTHrknD+TRuXOenGfn5bM140xnNskPOK8fqCWZ+w==</latexit>

Kondo lattice of f electron spins coupled
to a conduction band of c electrons of density p.

Kondo-breakdown or ‘selective Mott’ transition

<latexit sha1_base64="Pc1Qnat7GKRSFeCtpL1Mii8Qg7o="></latexit>

Metal-metal transitions in Kondo lattice models 

{(Heavy fermion) Metal

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>

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>

~Sfi =
1

2
f†
i↵~�↵�fi�

hc†↵f↵i 6= 0

<latexit sha1_base64="PZ7JCCYxEkQySIWy7cJso6CHIOY="></latexit>

The c electrons ‘Kondo screen’ the f spins in the FL phase:
The f electrons ‘dissolve’ into the Fermi sea.

<latexit sha1_base64="584wHvbFe+jfFfgqzOVrYCbHeac="></latexit>

Varma, Coleman, Millis, P.A. Lee, Q. Si, Auerbach, Levin….

JK

<latexit sha1_base64="8zsY1Y08u3stjvBgld/McerDLas="></latexit>



JK

<latexit sha1_base64="8zsY1Y08u3stjvBgld/McerDLas="></latexit>

FL

c

<latexit sha1_base64="rTemXoZhYo2Wfr7vtZG3pmwYDps=">AAACB3icdVDLSgNBEJyN7/iKevQyGAVPYTcmaG6iF4+KRgPZJcxOOsmQ2dllplcNSz7Ag1f9DG/i1c/wK/wFJzGCihY0FFXddHeFiRQGXffNyU1Nz8zOzS/kF5eWV1YLa+uXJk41hzqPZawbITMghYI6CpTQSDSwKJRwFfaPR/7VNWgjYnWBgwSCiHWV6AjO0Ern23y7VSi6JbdcqXo1askYltRqB2W3Qr2JUiQTnLYK73475mkECrlkxjQ9N8EgYxoFlzDM+6mBhPE+60LTUsUiMEE2PnVId6zSpp1Y21JIx+r3iYxFxgyi0HZGDHvmtzcS//KaKXYOgkyoJEVQ/HNRJ5UUYzr6m7aFBo5yYAnjWthbKe8xzTjadPK+ARud6mIv8xFu8Ua07Z5sr1QVamgT+oqB/k8uyyWvUqqdlYuHR5Os5skm2SK7xCP75JCckFNSJ5x0yT15II/OnfPkPDsvn605ZzKzQX7Aef0Aoz+Z+A==</latexit>

f

<latexit sha1_base64="7iJmU22d8xuzeKn2xYc7RdPo8MM=">AAACB3icdVDLTgJBEJzFF+IL9ehlIpp4IrsIEW5ELx4xipoAMbNDL0yYnd3M9Kpkwwd48Kqf4c149TP8Cn/BATFRo5V0UqnqTneXH0th0HXfnMzM7Nz8QnYxt7S8srqWX984N1GiOTR5JCN96TMDUihookAJl7EGFvoSLvzB0di/uAZtRKTOcBhDJ2Q9JQLBGVrpdCfYucoX3KJbKle8GrVkAktqtWrJLVNvqhTIFI2r/Hu7G/EkBIVcMmNanhtjJ2UaBZcwyrUTAzHjA9aDlqWKhWA66eTUEd21SpcGkbalkE7U7xMpC40Zhr7tDBn2zW9vLP7ltRIMqp1UqDhBUPxzUZBIihEd/027QgNHObSEcS3srZT3mWYcbTq5tgEbnephP20j3OKN6No96X6xItTIJvQVA/2fnJeKXrlYOykV6ofTrLJki2yTPeKRA1Inx6RBmoSTHrknD+TRuXOenGfn5bM140xnNskPOK8fqCWZ+w==</latexit>

Kondo lattice of f electron spins coupled
to a conduction band of c electrons of density p.

Kondo-breakdown or ‘selective Mott’ transition

<latexit sha1_base64="Pc1Qnat7GKRSFeCtpL1Mii8Qg7o="></latexit>

Metal-metal transitions in Kondo lattice models 

{(Heavy fermion) Metal

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>

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>

~Sfi =
1

2
f†
i↵~�↵�fi�

hc†↵f↵i 6= 0

<latexit sha1_base64="PZ7JCCYxEkQySIWy7cJso6CHIOY="></latexit>

The Kondo lattice model has a gauge symmetry: fi↵ ! ei✓ifi↵
This gauge symmetry is fully broken by a Higgs condensate hc†↵f↵i in the FL phase.

<latexit sha1_base64="5ubCrIuM6r3/Fy6fe333UnRgy64="></latexit>

JK

<latexit sha1_base64="8zsY1Y08u3stjvBgld/McerDLas="></latexit>



JK

<latexit sha1_base64="8zsY1Y08u3stjvBgld/McerDLas="></latexit>

FL

c

<latexit sha1_base64="rTemXoZhYo2Wfr7vtZG3pmwYDps=">AAACB3icdVDLSgNBEJyN7/iKevQyGAVPYTcmaG6iF4+KRgPZJcxOOsmQ2dllplcNSz7Ag1f9DG/i1c/wK/wFJzGCihY0FFXddHeFiRQGXffNyU1Nz8zOzS/kF5eWV1YLa+uXJk41hzqPZawbITMghYI6CpTQSDSwKJRwFfaPR/7VNWgjYnWBgwSCiHWV6AjO0Ern23y7VSi6JbdcqXo1askYltRqB2W3Qr2JUiQTnLYK73475mkECrlkxjQ9N8EgYxoFlzDM+6mBhPE+60LTUsUiMEE2PnVId6zSpp1Y21JIx+r3iYxFxgyi0HZGDHvmtzcS//KaKXYOgkyoJEVQ/HNRJ5UUYzr6m7aFBo5yYAnjWthbKe8xzTjadPK+ARud6mIv8xFu8Ua07Z5sr1QVamgT+oqB/k8uyyWvUqqdlYuHR5Os5skm2SK7xCP75JCckFNSJ5x0yT15II/OnfPkPDsvn605ZzKzQX7Aef0Aoz+Z+A==</latexit>

f

<latexit sha1_base64="7iJmU22d8xuzeKn2xYc7RdPo8MM=">AAACB3icdVDLTgJBEJzFF+IL9ehlIpp4IrsIEW5ELx4xipoAMbNDL0yYnd3M9Kpkwwd48Kqf4c149TP8Cn/BATFRo5V0UqnqTneXH0th0HXfnMzM7Nz8QnYxt7S8srqWX984N1GiOTR5JCN96TMDUihookAJl7EGFvoSLvzB0di/uAZtRKTOcBhDJ2Q9JQLBGVrpdCfYucoX3KJbKle8GrVkAktqtWrJLVNvqhTIFI2r/Hu7G/EkBIVcMmNanhtjJ2UaBZcwyrUTAzHjA9aDlqWKhWA66eTUEd21SpcGkbalkE7U7xMpC40Zhr7tDBn2zW9vLP7ltRIMqp1UqDhBUPxzUZBIihEd/027QgNHObSEcS3srZT3mWYcbTq5tgEbnephP20j3OKN6No96X6xItTIJvQVA/2fnJeKXrlYOykV6ofTrLJki2yTPeKRA1Inx6RBmoSTHrknD+TRuXOenGfn5bM140xnNskPOK8fqCWZ+w==</latexit>

Kondo lattice of f electron spins coupled
to a conduction band of c electrons of density p.

Kondo-breakdown or ‘selective Mott’ transition

<latexit sha1_base64="Pc1Qnat7GKRSFeCtpL1Mii8Qg7o="></latexit>

Metal-metal transitions in Kondo lattice models 

{(Heavy fermion) Metal

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>

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>

Large Fermi surface of size 1 + p

|�i = [Projection onto one f per site]
./ |Slater determinant of (c, f)i

<latexit sha1_base64="VOZsOgHxWRhMGRCowrrbSLFYVdU="></latexit>

~Sfi =
1

2
f†
i↵~�↵�fi�

hc†↵f↵i 6= 0

<latexit sha1_base64="PZ7JCCYxEkQySIWy7cJso6CHIOY="></latexit>

Varma, Coleman, Millis, P.A. Lee, Q. Si, Auerbach, Levin….

JK

<latexit sha1_base64="8zsY1Y08u3stjvBgld/McerDLas="></latexit>



JK

<latexit sha1_base64="8zsY1Y08u3stjvBgld/McerDLas="></latexit>

FL

c

<latexit sha1_base64="rTemXoZhYo2Wfr7vtZG3pmwYDps=">AAACB3icdVDLSgNBEJyN7/iKevQyGAVPYTcmaG6iF4+KRgPZJcxOOsmQ2dllplcNSz7Ag1f9DG/i1c/wK/wFJzGCihY0FFXddHeFiRQGXffNyU1Nz8zOzS/kF5eWV1YLa+uXJk41hzqPZawbITMghYI6CpTQSDSwKJRwFfaPR/7VNWgjYnWBgwSCiHWV6AjO0Ern23y7VSi6JbdcqXo1askYltRqB2W3Qr2JUiQTnLYK73475mkECrlkxjQ9N8EgYxoFlzDM+6mBhPE+60LTUsUiMEE2PnVId6zSpp1Y21JIx+r3iYxFxgyi0HZGDHvmtzcS//KaKXYOgkyoJEVQ/HNRJ5UUYzr6m7aFBo5yYAnjWthbKe8xzTjadPK+ARud6mIv8xFu8Ua07Z5sr1QVamgT+oqB/k8uyyWvUqqdlYuHR5Os5skm2SK7xCP75JCckFNSJ5x0yT15II/OnfPkPDsvn605ZzKzQX7Aef0Aoz+Z+A==</latexit>

f

<latexit sha1_base64="7iJmU22d8xuzeKn2xYc7RdPo8MM=">AAACB3icdVDLTgJBEJzFF+IL9ehlIpp4IrsIEW5ELx4xipoAMbNDL0yYnd3M9Kpkwwd48Kqf4c149TP8Cn/BATFRo5V0UqnqTneXH0th0HXfnMzM7Nz8QnYxt7S8srqWX984N1GiOTR5JCN96TMDUihookAJl7EGFvoSLvzB0di/uAZtRKTOcBhDJ2Q9JQLBGVrpdCfYucoX3KJbKle8GrVkAktqtWrJLVNvqhTIFI2r/Hu7G/EkBIVcMmNanhtjJ2UaBZcwyrUTAzHjA9aDlqWKhWA66eTUEd21SpcGkbalkE7U7xMpC40Zhr7tDBn2zW9vLP7ltRIMqp1UqDhBUPxzUZBIihEd/027QgNHObSEcS3srZT3mWYcbTq5tgEbnephP20j3OKN6No96X6xItTIJvQVA/2fnJeKXrlYOykV6ofTrLJki2yTPeKRA1Inx6RBmoSTHrknD+TRuXOenGfn5bM140xnNskPOK8fqCWZ+w==</latexit>

Kondo lattice of f electron spins coupled
to a conduction band of c electrons of density p.

Kondo-breakdown or ‘selective Mott’ transition

<latexit sha1_base64="Pc1Qnat7GKRSFeCtpL1Mii8Qg7o="></latexit>

Metal-metal transitions in Kondo lattice models 

{(Heavy fermion) Metal

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>

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>

Large Fermi surface of size 1 + p

|�i = [Projection onto one f per site]
./ |Slater determinant of (c, f)i

<latexit sha1_base64="VOZsOgHxWRhMGRCowrrbSLFYVdU="></latexit>

Luttinger 
Theorem 
obeyed

~Sfi =
1

2
f†
i↵~�↵�fi�

hc†↵f↵i 6= 0

<latexit sha1_base64="PZ7JCCYxEkQySIWy7cJso6CHIOY="></latexit>

Varma, Coleman, Millis, P.A. Lee, Q. Si, Auerbach, Levin….

JK

<latexit sha1_base64="8zsY1Y08u3stjvBgld/McerDLas="></latexit>



JK

<latexit sha1_base64="8zsY1Y08u3stjvBgld/McerDLas="></latexit>

FLFL*

Kondo lattice of f electron spins coupled
to a conduction band of c electrons of density p.

Kondo-breakdown or ‘selective Mott’ transition

<latexit sha1_base64="Pc1Qnat7GKRSFeCtpL1Mii8Qg7o="></latexit>

Metal-metal transitions in Kondo lattice models 

c

<latexit sha1_base64="rTemXoZhYo2Wfr7vtZG3pmwYDps=">AAACB3icdVDLSgNBEJyN7/iKevQyGAVPYTcmaG6iF4+KRgPZJcxOOsmQ2dllplcNSz7Ag1f9DG/i1c/wK/wFJzGCihY0FFXddHeFiRQGXffNyU1Nz8zOzS/kF5eWV1YLa+uXJk41hzqPZawbITMghYI6CpTQSDSwKJRwFfaPR/7VNWgjYnWBgwSCiHWV6AjO0Ern23y7VSi6JbdcqXo1askYltRqB2W3Qr2JUiQTnLYK73475mkECrlkxjQ9N8EgYxoFlzDM+6mBhPE+60LTUsUiMEE2PnVId6zSpp1Y21JIx+r3iYxFxgyi0HZGDHvmtzcS//KaKXYOgkyoJEVQ/HNRJ5UUYzr6m7aFBo5yYAnjWthbKe8xzTjadPK+ARud6mIv8xFu8Ua07Z5sr1QVamgT+oqB/k8uyyWvUqqdlYuHR5Os5skm2SK7xCP75JCckFNSJ5x0yT15II/OnfPkPDsvn605ZzKzQX7Aef0Aoz+Z+A==</latexit>

f

<latexit sha1_base64="7iJmU22d8xuzeKn2xYc7RdPo8MM=">AAACB3icdVDLTgJBEJzFF+IL9ehlIpp4IrsIEW5ELx4xipoAMbNDL0yYnd3M9Kpkwwd48Kqf4c149TP8Cn/BATFRo5V0UqnqTneXH0th0HXfnMzM7Nz8QnYxt7S8srqWX984N1GiOTR5JCN96TMDUihookAJl7EGFvoSLvzB0di/uAZtRKTOcBhDJ2Q9JQLBGVrpdCfYucoX3KJbKle8GrVkAktqtWrJLVNvqhTIFI2r/Hu7G/EkBIVcMmNanhtjJ2UaBZcwyrUTAzHjA9aDlqWKhWA66eTUEd21SpcGkbalkE7U7xMpC40Zhr7tDBn2zW9vLP7ltRIMqp1UqDhBUPxzUZBIihEd/027QgNHObSEcS3srZT3mWYcbTq5tgEbnephP20j3OKN6No96X6xItTIJvQVA/2fnJeKXrlYOykV6ofTrLJki2yTPeKRA1Inx6RBmoSTHrknD+TRuXOenGfn5bM140xnNskPOK8fqCWZ+w==</latexit>

{
Mott 

insulator

Metal

{

Small Fermi surface of size p

|�i = |Spin liquid insulator of fi
⌦ |Slater determinant of ci

<latexit sha1_base64="oUVAFNByDIzWqWay2o+5m7iwMQI="></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>

JK

<latexit sha1_base64="8zsY1Y08u3stjvBgld/McerDLas="></latexit>

S. Burdin, D. R. Grempel, and A. Georges, PRB 66, 045111 (2002)
T. Senthil, M. Vojta, and S. Sachdev, PRB 69, 035111 (2004)



JK

<latexit sha1_base64="8zsY1Y08u3stjvBgld/McerDLas="></latexit>

FLFL*

Kondo lattice of f electron spins coupled
to a conduction band of c electrons of density p.

Kondo-breakdown or ‘selective Mott’ transition

<latexit sha1_base64="Pc1Qnat7GKRSFeCtpL1Mii8Qg7o="></latexit>

Metal-metal transitions in Kondo lattice models 

c

<latexit sha1_base64="rTemXoZhYo2Wfr7vtZG3pmwYDps=">AAACB3icdVDLSgNBEJyN7/iKevQyGAVPYTcmaG6iF4+KRgPZJcxOOsmQ2dllplcNSz7Ag1f9DG/i1c/wK/wFJzGCihY0FFXddHeFiRQGXffNyU1Nz8zOzS/kF5eWV1YLa+uXJk41hzqPZawbITMghYI6CpTQSDSwKJRwFfaPR/7VNWgjYnWBgwSCiHWV6AjO0Ern23y7VSi6JbdcqXo1askYltRqB2W3Qr2JUiQTnLYK73475mkECrlkxjQ9N8EgYxoFlzDM+6mBhPE+60LTUsUiMEE2PnVId6zSpp1Y21JIx+r3iYxFxgyi0HZGDHvmtzcS//KaKXYOgkyoJEVQ/HNRJ5UUYzr6m7aFBo5yYAnjWthbKe8xzTjadPK+ARud6mIv8xFu8Ua07Z5sr1QVamgT+oqB/k8uyyWvUqqdlYuHR5Os5skm2SK7xCP75JCckFNSJ5x0yT15II/OnfPkPDsvn605ZzKzQX7Aef0Aoz+Z+A==</latexit>

f

<latexit sha1_base64="7iJmU22d8xuzeKn2xYc7RdPo8MM=">AAACB3icdVDLTgJBEJzFF+IL9ehlIpp4IrsIEW5ELx4xipoAMbNDL0yYnd3M9Kpkwwd48Kqf4c149TP8Cn/BATFRo5V0UqnqTneXH0th0HXfnMzM7Nz8QnYxt7S8srqWX984N1GiOTR5JCN96TMDUihookAJl7EGFvoSLvzB0di/uAZtRKTOcBhDJ2Q9JQLBGVrpdCfYucoX3KJbKle8GrVkAktqtWrJLVNvqhTIFI2r/Hu7G/EkBIVcMmNanhtjJ2UaBZcwyrUTAzHjA9aDlqWKhWA66eTUEd21SpcGkbalkE7U7xMpC40Zhr7tDBn2zW9vLP7ltRIMqp1UqDhBUPxzUZBIihEd/027QgNHObSEcS3srZT3mWYcbTq5tgEbnephP20j3OKN6No96X6xItTIJvQVA/2fnJeKXrlYOykV6ofTrLJki2yTPeKRA1Inx6RBmoSTHrknD+TRuXOenGfn5bM140xnNskPOK8fqCWZ+w==</latexit>

{
Mott 

insulator

Metal

{

Small Fermi surface of size p

|�i = |Spin liquid insulator of fi
⌦ |Slater determinant of ci

<latexit sha1_base64="oUVAFNByDIzWqWay2o+5m7iwMQI="></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>

JK

<latexit sha1_base64="8zsY1Y08u3stjvBgld/McerDLas="></latexit>

S. Burdin, D. R. Grempel, and A. Georges, PRB 66, 045111 (2002)
T. Senthil, M. Vojta, and S. Sachdev, PRB 69, 035111 (2004)



JK

<latexit sha1_base64="8zsY1Y08u3stjvBgld/McerDLas="></latexit>

JK

<latexit sha1_base64="8zsY1Y08u3stjvBgld/McerDLas="></latexit>

FLFL*

Kondo lattice of f electron spins coupled
to a conduction band of c electrons of density p.

Kondo-breakdown or ‘selective Mott’ transition

<latexit sha1_base64="Pc1Qnat7GKRSFeCtpL1Mii8Qg7o="></latexit>

Metal-metal transitions in Kondo lattice models 

c

<latexit sha1_base64="rTemXoZhYo2Wfr7vtZG3pmwYDps=">AAACB3icdVDLSgNBEJyN7/iKevQyGAVPYTcmaG6iF4+KRgPZJcxOOsmQ2dllplcNSz7Ag1f9DG/i1c/wK/wFJzGCihY0FFXddHeFiRQGXffNyU1Nz8zOzS/kF5eWV1YLa+uXJk41hzqPZawbITMghYI6CpTQSDSwKJRwFfaPR/7VNWgjYnWBgwSCiHWV6AjO0Ern23y7VSi6JbdcqXo1askYltRqB2W3Qr2JUiQTnLYK73475mkECrlkxjQ9N8EgYxoFlzDM+6mBhPE+60LTUsUiMEE2PnVId6zSpp1Y21JIx+r3iYxFxgyi0HZGDHvmtzcS//KaKXYOgkyoJEVQ/HNRJ5UUYzr6m7aFBo5yYAnjWthbKe8xzTjadPK+ARud6mIv8xFu8Ua07Z5sr1QVamgT+oqB/k8uyyWvUqqdlYuHR5Os5skm2SK7xCP75JCckFNSJ5x0yT15II/OnfPkPDsvn605ZzKzQX7Aef0Aoz+Z+A==</latexit>

f

<latexit sha1_base64="7iJmU22d8xuzeKn2xYc7RdPo8MM=">AAACB3icdVDLTgJBEJzFF+IL9ehlIpp4IrsIEW5ELx4xipoAMbNDL0yYnd3M9Kpkwwd48Kqf4c149TP8Cn/BATFRo5V0UqnqTneXH0th0HXfnMzM7Nz8QnYxt7S8srqWX984N1GiOTR5JCN96TMDUihookAJl7EGFvoSLvzB0di/uAZtRKTOcBhDJ2Q9JQLBGVrpdCfYucoX3KJbKle8GrVkAktqtWrJLVNvqhTIFI2r/Hu7G/EkBIVcMmNanhtjJ2UaBZcwyrUTAzHjA9aDlqWKhWA66eTUEd21SpcGkbalkE7U7xMpC40Zhr7tDBn2zW9vLP7ltRIMqp1UqDhBUPxzUZBIihEd/027QgNHObSEcS3srZT3mWYcbTq5tgEbnephP20j3OKN6No96X6xItTIJvQVA/2fnJeKXrlYOykV6ofTrLJki2yTPeKRA1Inx6RBmoSTHrknD+TRuXOenGfn5bM140xnNskPOK8fqCWZ+w==</latexit>

{
Mott 

insulator

Metal

{

Small Fermi surface of size p

|�i = |Spin liquid insulator of fi
⌦ |Slater determinant of ci

<latexit sha1_base64="oUVAFNByDIzWqWay2o+5m7iwMQI="></latexit>

e�

<latexit sha1_base64="W+eB5sn97o0LL6GKiSwL6jZqzFo=">AAACEHicdZDPSsNAEMY3/rf+q3r0slgED1oSKTbeRC8eFW0rtFU2m2m7dLMJu5NqCX0ELx70VbyJV9/AN/HotlZQ0YGBH983wwxfkEhh0HXfnInJqemZ2bn53MLi0vJKfnWtauJUc6jwWMb6MmAGpFBQQYESLhMNLAok1ILu8dCv9UAbEasL7CfQjFhbiZbgDK10Dle71/mCW3R919v3qIVRWSj7vu+51BsrBTKu0+v8eyOMeRqBQi6ZMXXPTbCZMY2CSxjkGqmBhPEua0PdomIRmJ2wJxIzwmY2+npAt6wZ0lasbSukI/X7csYiY/pRYCcjhh3z2xuKf3n1FFt+MxMqSREU/zzUSiXFmA4joKHQwFH2LTCuhX2b8g7TjKMNKtcwYFNUbexkDYRbvBGhvZOVhBrYqL7yoP9Dda/olYoHZ6XC4dE4tDmyQTbJNvFImRySE3JKKoSTNrkjD+TRuXeenGfn5XN0whnvrJMf5bx+ABhnnnQ=</latexit>
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Metal-metal transitions in Kondo lattice models 

T. Senthil, M. Vojta, and S. Sachdev, PRB 69, 035111 (2004)

Small Fermi surface of size p

|�i = |Spin liquid insulator of fi
⌦ |Slater determinant of ci
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Large Fermi surface of size 1 + p

|�i = [Projection onto one f per site]
./ |Slater determinant of (c, f)i
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U(1) gauge theory of a

‘hybridization-Higgs’ boson b ⇠ f†
↵c↵

which condenses on the

‘Large Fermi surface’ side.
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Kondo lattice of f electron spins coupled
to a conduction band of c electrons of density p.

Kondo-breakdown or ‘selective Mott’ transition
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Metal-metal transitions in Kondo lattice models 

Shortcomings:

• Only works well for a particular spin liquid in the f
band: the spinon Fermi surface with a trivial PSG.

• No natural extension to the case where the non-FL

state has magnetic order.

• No simple extension to one-band model.
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Metal-metal transitions in a one-band model 

• Can realize the FL* state as a doped spin liquid in which spinons and
holons bind to form ‘electrons’, which then form a small Fermi surface
(X.-G. Wen and P. A. Lee, PRL 76, 503 (1996)); but there is no complete
description of this process, except in the very strong binding limit of
dimer ‘electrons’ (M. Punk, A. Allais, and S. Sachdev,PNAS 112, 9552

(2015)). This approach does not yield a theory of the transition to
the FL state.

• There is a proposal (S. Sachdev, H. D. Scammell, M. S. Scheurer, and G.

Tarnopolsky, PRB 99, 054516 (2019)) for a transition from FL* to FL
using a SU(2)S gauge theory, but some ‘hand-waving’ is required to
produce the FL* Fermi surface.
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Metal-metal transitions in a one-band model 

• Can realize the FL* state as a doped spin liquid in which spinons and
holons bind to form ‘electrons’, which then form a small Fermi surface
(X.-G. Wen and P. A. Lee, PRL 76, 503 (1996)); but there is no complete
description of this process, except in the very strong binding limit of
dimer ‘electrons’ (M. Punk, A. Allais, and S. Sachdev,PNAS 112, 9552

(2015)). This approach does not yield a theory of the transition to
the FL state.

• There is a proposal (S. Sachdev, H. D. Scammell, M. S. Scheurer, and G.

Tarnopolsky, PRB 99, 054516 (2019)) for a transition from FL* to FL
using a SU(2)S gauge theory, but some ‘hand-waving’ is required to
produce the FL* Fermi surface.

<latexit sha1_base64="sxxdvH7DJnstWw1CTkcWOBDJNps="></latexit>



Metal-metal transitions in a one-band model 

• Can realize the FL* state as a doped spin liquid in which spinons and
holons bind to form ‘electrons’, which then form a small Fermi surface
(X.-G. Wen and P. A. Lee, PRL 76, 503 (1996)); but there is no complete
description of this process, except in the very strong binding limit of
dimer ‘electrons’ (M. Punk, A. Allais, and S. Sachdev,PNAS 112, 9552

(2015)). This approach does not yield a theory of the transition to
the FL state.

• There is a proposal (S. Sachdev, H. D. Scammell, M. S. Scheurer, and G.

Tarnopolsky, PRB 99, 054516 (2019)) for a transition from FL* to FL
using a SU(2)S gauge theory, but some ‘hand-waving’ is required to
produce the FL* Fermi surface.

<latexit sha1_base64="sxxdvH7DJnstWw1CTkcWOBDJNps="></latexit>



1.  Metal-metal transition in the Kondo Lattice 
 
2.  Metal-metal transition in a one-band model 
       A.  FL* model of the pseudogap 
       B.  Ancilla qubits and ghost Fermi surfaces 

3.  Random t-J model 
       SYK criticality and Numerics



J2

<latexit sha1_base64="Pbfvx/c1NBc2S8tKcB0Qb49crEA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FL+Kpoq2FNpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4GMwvp75j0+oNI/lg5kk6Ed0KHnIGTVWur/t1/rlilt15yCrxMtJBXI0++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzU6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDSz7hMUoOSLRaFqSAmJrO/yYArZEZMLKFMcXsrYSOqKDM2nZINwVt+eZW0a1WvXq3f1SuNqzyOIpzAKZyDBxfQgBtoQgsYDOEZXuHNEc6L8+58LFoLTj5zDH/gfP4AyVeNeg==</latexit>

J1

<latexit sha1_base64="/0U+7EQQxJVcOmaCdqeT+V3e+x4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF/FU0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rF8NJME/YgOJQ85o8ZKD3d9r1+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/8jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrourVqrX7WqV+ncdRhBM4hXPw4BLqcAsNaAKDITzDK7w5wnlx3p2PRWvByWeO4Q+czx/H0415</latexit>

Jd

<latexit sha1_base64="+nl5cvTarGxi7SD+HsCN/ksD+mM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL+Kpov2ANpTNZtIu3WzC7kYopT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMC1LBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjrJFMMGS0Si2gHVKLjEhuFGYDtVSONAYCsY3kz91hMqzRP5aEYp+jHtSx5xRo2VHu56Ya9ccavuDGSZeDmpQI56r/zVDROWxSgNE1Trjuemxh9TZTgTOCl1M40pZUPax46lksao/fHs1Ak5sUpIokTZkobM1N8TYxprPYoD2xlTM9CL3lT8z+tkJrr0x1ymmUHJ5ouiTBCTkOnfJOQKmREjSyhT3N5K2IAqyoxNp2RD8BZfXibNs6p3Xr26P6/UrvM4inAEx3AKHlxADW6hDg1g0IdneIU3RzgvzrvzMW8tOPnMIfyB8/kDFsiNsQ==</latexit>

J?

<latexit sha1_base64="2k1mzRvQUFL1/GpzOzn/0XUMAbc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRSUG9FL+Kpgv2ANpTNdtIu3WyW3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZF0rOtPG8b6ewtr6xuVXcLu3s7u0flA+PWjpJFcUmTXiiOiHRyJnApmGGY0cqJHHIsR2Ob2d++wmVZol4NBOJQUyGgkWMEmOl9n2/J1HJfrniVb053FXi56QCORr98ldvkNA0RmEoJ1p3fU+aICPKMMpxWuqlGiWhYzLErqWCxKiDbH7u1D2zysCNEmVLGHeu/p7ISKz1JA5tZ0zMSC97M/E/r5ua6CrImJCpQUEXi6KUuyZxZ7+7A6aQGj6xhFDF7K0uHRFFqLEJlWwI/vLLq6R1UfVr1euHWqV+k8dRhBM4hXPw4RLqcAcNaAKFMTzDK7w50nlx3p2PRWvByWeO4Q+czx8+fY+I</latexit>

C�,S

<latexit sha1_base64="oPVbAVFO+YO64/Z/w+i58s6Orj4=">AAACCHicbVDLSsNAFJ34rPUVdelmsAgupCRSUHfFblxWtA9oQphMJ+3QmUmYmRRK6A/4DW517U7c+hcu/RMnbRa29cCFwzn3ci4nTBhV2nG+rbX1jc2t7dJOeXdv/+DQPjpuqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOGrnfGROpaCye9CQhPkcDQSOKkTZSYNuNwFN0wNFl5oUcPk4Du+JUnRngKnELUgEFmoH94/VjnHIiNGZIqZ7rJNrPkNQUMzIte6kiCcIjNCA9QwXiRPnZ7PMpPDdKH0axNCM0nKl/LzLElZrw0GxypIdq2cvF/7xeqqMbP6MiSTUReB4UpQzqGOY1wD6VBGs2MQRhSc2vEA+RRFibshZSQp534i43sEraV1W3Vr19qFXqd0U7JXAKzsAFcME1qIN70AQtgMEYvIBX8GY9W+/Wh/U5X12zipsTsADr6xfLdpm+</latexit>

 a,S1

<latexit sha1_base64="Y3rVZ7ESTD5LWei8U+yMmnvuStM=">AAACCHicbVDLSsNAFJ3UV62vqEs3g0VwISWRgrorunFZ0T6gCWEynbRDZyZhZlIoIT/gN7jVtTtx61+49E+ctlnY1gMXDufcy7mcMGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3U39zphIRWPxpCcJ8TkaCBpRjLSRAtv2mooG6CLzQg4f88AN7KpTc2aAq8QtSBUUaAb2j9ePccqJ0JghpXquk2g/Q1JTzEhe8VJFEoRHaEB6hgrEifKz2ec5PDNKH0axNCM0nKl/LzLElZrw0GxypIdq2ZuK/3m9VEfXfkZFkmoi8DwoShnUMZzWAPtUEqzZxBCEJTW/QjxEEmFtylpICXluOnGXG1gl7cuaW6/dPNSrjduinTI4AafgHLjgCjTAPWiCFsBgDF7AK3iznq1368P6nK+WrOLmGCzA+voFdJWZhw==</latexit>

e a,S2

<latexit sha1_base64="2cPh/Bp12XW0K5T2tFY97/RFMhY=">AAACEnicbVDLSsNAFJ34rPUVdaebwSK4kJKUgrorunFZ0T6gKWEyuW2HziRhZqKUUPAj/Aa3unYnbv0Bl/6J08fCth64cDjnXu69J0g4U9pxvq2l5ZXVtfXcRn5za3tn197br6s4lRRqNOaxbAZEAWcR1DTTHJqJBCICDo2gfz3yGw8gFYujez1IoC1IN2IdRok2km8feo8sBM14CF5VMZ+cZV4g8N3QL/l2wSk6Y+BF4k5JAU1R9e0fL4xpKiDSlBOlWq6T6HZGpGaUwzDvpQoSQvukCy1DIyJAtbPxD0N8YpQQd2JpKtJ4rP6dyIhQaiAC0ymI7ql5byT+57VS3bloZyxKUg0RnSzqpBzrGI8CwSGTQDUfGEKoZOZWTHtEEqpNbDNbAjE0mbjzCSySeqnolouXt+VC5WqaTg4doWN0ilx0jiroBlVRDVH0hF7QK3qznq1368P6nLQuWdOZAzQD6+sXruqeAw==</latexit>

Physical layer

Hidden
layers{Ancilla  

qubits

Ya-Hui Zhang, S. Sachdev,  PRR 2, 023172 (2020); arXiv:2006.01140.

Jd

<latexit sha1_base64="aPyC8g+uDAoK7+YR2F8D5Z57REY="></latexit>

Ya-Hui Zhang

density 
1+p

Metal-metal transitions in a one-band model 

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>



J2

<latexit sha1_base64="Pbfvx/c1NBc2S8tKcB0Qb49crEA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FL+Kpoq2FNpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4GMwvp75j0+oNI/lg5kk6Ed0KHnIGTVWur/t1/rlilt15yCrxMtJBXI0++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzU6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDSz7hMUoOSLRaFqSAmJrO/yYArZEZMLKFMcXsrYSOqKDM2nZINwVt+eZW0a1WvXq3f1SuNqzyOIpzAKZyDBxfQgBtoQgsYDOEZXuHNEc6L8+58LFoLTj5zDH/gfP4AyVeNeg==</latexit>

J1

<latexit sha1_base64="/0U+7EQQxJVcOmaCdqeT+V3e+x4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF/FU0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rF8NJME/YgOJQ85o8ZKD3d9r1+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/8jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrourVqrX7WqV+ncdRhBM4hXPw4BLqcAsNaAKDITzDK7w5wnlx3p2PRWvByWeO4Q+czx/H0415</latexit>

Jd

<latexit sha1_base64="+nl5cvTarGxi7SD+HsCN/ksD+mM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL+Kpov2ANpTNZtIu3WzC7kYopT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMC1LBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjrJFMMGS0Si2gHVKLjEhuFGYDtVSONAYCsY3kz91hMqzRP5aEYp+jHtSx5xRo2VHu56Ya9ccavuDGSZeDmpQI56r/zVDROWxSgNE1Trjuemxh9TZTgTOCl1M40pZUPax46lksao/fHs1Ak5sUpIokTZkobM1N8TYxprPYoD2xlTM9CL3lT8z+tkJrr0x1ymmUHJ5ouiTBCTkOnfJOQKmREjSyhT3N5K2IAqyoxNp2RD8BZfXibNs6p3Xr26P6/UrvM4inAEx3AKHlxADW6hDg1g0IdneIU3RzgvzrvzMW8tOPnMIfyB8/kDFsiNsQ==</latexit>

J?

<latexit sha1_base64="2k1mzRvQUFL1/GpzOzn/0XUMAbc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRSUG9FL+Kpgv2ANpTNdtIu3WyW3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZF0rOtPG8b6ewtr6xuVXcLu3s7u0flA+PWjpJFcUmTXiiOiHRyJnApmGGY0cqJHHIsR2Ob2d++wmVZol4NBOJQUyGgkWMEmOl9n2/J1HJfrniVb053FXi56QCORr98ldvkNA0RmEoJ1p3fU+aICPKMMpxWuqlGiWhYzLErqWCxKiDbH7u1D2zysCNEmVLGHeu/p7ISKz1JA5tZ0zMSC97M/E/r5ua6CrImJCpQUEXi6KUuyZxZ7+7A6aQGj6xhFDF7K0uHRFFqLEJlWwI/vLLq6R1UfVr1euHWqV+k8dRhBM4hXPw4RLqcAcNaAKFMTzDK7w50nlx3p2PRWvByWeO4Q+czx8+fY+I</latexit>

C�,S

<latexit sha1_base64="oPVbAVFO+YO64/Z/w+i58s6Orj4=">AAACCHicbVDLSsNAFJ34rPUVdelmsAgupCRSUHfFblxWtA9oQphMJ+3QmUmYmRRK6A/4DW517U7c+hcu/RMnbRa29cCFwzn3ci4nTBhV2nG+rbX1jc2t7dJOeXdv/+DQPjpuqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOGrnfGROpaCye9CQhPkcDQSOKkTZSYNuNwFN0wNFl5oUcPk4Du+JUnRngKnELUgEFmoH94/VjnHIiNGZIqZ7rJNrPkNQUMzIte6kiCcIjNCA9QwXiRPnZ7PMpPDdKH0axNCM0nKl/LzLElZrw0GxypIdq2cvF/7xeqqMbP6MiSTUReB4UpQzqGOY1wD6VBGs2MQRhSc2vEA+RRFibshZSQp534i43sEraV1W3Vr19qFXqd0U7JXAKzsAFcME1qIN70AQtgMEYvIBX8GY9W+/Wh/U5X12zipsTsADr6xfLdpm+</latexit>

 a,S1

<latexit sha1_base64="Y3rVZ7ESTD5LWei8U+yMmnvuStM=">AAACCHicbVDLSsNAFJ3UV62vqEs3g0VwISWRgrorunFZ0T6gCWEynbRDZyZhZlIoIT/gN7jVtTtx61+49E+ctlnY1gMXDufcy7mcMGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3U39zphIRWPxpCcJ8TkaCBpRjLSRAtv2mooG6CLzQg4f88AN7KpTc2aAq8QtSBUUaAb2j9ePccqJ0JghpXquk2g/Q1JTzEhe8VJFEoRHaEB6hgrEifKz2ec5PDNKH0axNCM0nKl/LzLElZrw0GxypIdq2ZuK/3m9VEfXfkZFkmoi8DwoShnUMZzWAPtUEqzZxBCEJTW/QjxEEmFtylpICXluOnGXG1gl7cuaW6/dPNSrjduinTI4AafgHLjgCjTAPWiCFsBgDF7AK3iznq1368P6nK+WrOLmGCzA+voFdJWZhw==</latexit>

e a,S2

<latexit sha1_base64="2cPh/Bp12XW0K5T2tFY97/RFMhY=">AAACEnicbVDLSsNAFJ34rPUVdaebwSK4kJKUgrorunFZ0T6gKWEyuW2HziRhZqKUUPAj/Aa3unYnbv0Bl/6J08fCth64cDjnXu69J0g4U9pxvq2l5ZXVtfXcRn5za3tn197br6s4lRRqNOaxbAZEAWcR1DTTHJqJBCICDo2gfz3yGw8gFYujez1IoC1IN2IdRok2km8feo8sBM14CF5VMZ+cZV4g8N3QL/l2wSk6Y+BF4k5JAU1R9e0fL4xpKiDSlBOlWq6T6HZGpGaUwzDvpQoSQvukCy1DIyJAtbPxD0N8YpQQd2JpKtJ4rP6dyIhQaiAC0ymI7ql5byT+57VS3bloZyxKUg0RnSzqpBzrGI8CwSGTQDUfGEKoZOZWTHtEEqpNbDNbAjE0mbjzCSySeqnolouXt+VC5WqaTg4doWN0ilx0jiroBlVRDVH0hF7QK3qznq1368P6nLQuWdOZAzQD6+sXruqeAw==</latexit>

Physical layer

Hidden
layers{

Ya-Hui Zhang, S. Sachdev,  PRR 2, 023172 (2020); arXiv:2006.01140.

Jd

<latexit sha1_base64="aPyC8g+uDAoK7+YR2F8D5Z57REY="></latexit>

Ya-Hui Zhang

density 
1+p

Metal-metal transitions in a one-band model 

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>

Large Fermi surface of size 1 + p

|�i =
���Rung singlets of  , e 

E

⌦ |Slater determinant of Ci

<latexit sha1_base64="XpkXtZsbHfFwSKckufo8PO5BmlY="></latexit>

FL



J2

<latexit sha1_base64="Pbfvx/c1NBc2S8tKcB0Qb49crEA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FL+Kpoq2FNpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4GMwvp75j0+oNI/lg5kk6Ed0KHnIGTVWur/t1/rlilt15yCrxMtJBXI0++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzU6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDSz7hMUoOSLRaFqSAmJrO/yYArZEZMLKFMcXsrYSOqKDM2nZINwVt+eZW0a1WvXq3f1SuNqzyOIpzAKZyDBxfQgBtoQgsYDOEZXuHNEc6L8+58LFoLTj5zDH/gfP4AyVeNeg==</latexit>

J1

<latexit sha1_base64="/0U+7EQQxJVcOmaCdqeT+V3e+x4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF/FU0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rF8NJME/YgOJQ85o8ZKD3d9r1+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/8jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrourVqrX7WqV+ncdRhBM4hXPw4BLqcAsNaAKDITzDK7w5wnlx3p2PRWvByWeO4Q+czx/H0415</latexit>

Jd

<latexit sha1_base64="+nl5cvTarGxi7SD+HsCN/ksD+mM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL+Kpov2ANpTNZtIu3WzC7kYopT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMC1LBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjrJFMMGS0Si2gHVKLjEhuFGYDtVSONAYCsY3kz91hMqzRP5aEYp+jHtSx5xRo2VHu56Ya9ccavuDGSZeDmpQI56r/zVDROWxSgNE1Trjuemxh9TZTgTOCl1M40pZUPax46lksao/fHs1Ak5sUpIokTZkobM1N8TYxprPYoD2xlTM9CL3lT8z+tkJrr0x1ymmUHJ5ouiTBCTkOnfJOQKmREjSyhT3N5K2IAqyoxNp2RD8BZfXibNs6p3Xr26P6/UrvM4inAEx3AKHlxADW6hDg1g0IdneIU3RzgvzrvzMW8tOPnMIfyB8/kDFsiNsQ==</latexit>

J?

<latexit sha1_base64="2k1mzRvQUFL1/GpzOzn/0XUMAbc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRSUG9FL+Kpgv2ANpTNdtIu3WyW3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZF0rOtPG8b6ewtr6xuVXcLu3s7u0flA+PWjpJFcUmTXiiOiHRyJnApmGGY0cqJHHIsR2Ob2d++wmVZol4NBOJQUyGgkWMEmOl9n2/J1HJfrniVb053FXi56QCORr98ldvkNA0RmEoJ1p3fU+aICPKMMpxWuqlGiWhYzLErqWCxKiDbH7u1D2zysCNEmVLGHeu/p7ISKz1JA5tZ0zMSC97M/E/r5ua6CrImJCpQUEXi6KUuyZxZ7+7A6aQGj6xhFDF7K0uHRFFqLEJlWwI/vLLq6R1UfVr1euHWqV+k8dRhBM4hXPw4RLqcAcNaAKFMTzDK7w50nlx3p2PRWvByWeO4Q+czx8+fY+I</latexit>

C�,S

<latexit sha1_base64="oPVbAVFO+YO64/Z/w+i58s6Orj4=">AAACCHicbVDLSsNAFJ34rPUVdelmsAgupCRSUHfFblxWtA9oQphMJ+3QmUmYmRRK6A/4DW517U7c+hcu/RMnbRa29cCFwzn3ci4nTBhV2nG+rbX1jc2t7dJOeXdv/+DQPjpuqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOGrnfGROpaCye9CQhPkcDQSOKkTZSYNuNwFN0wNFl5oUcPk4Du+JUnRngKnELUgEFmoH94/VjnHIiNGZIqZ7rJNrPkNQUMzIte6kiCcIjNCA9QwXiRPnZ7PMpPDdKH0axNCM0nKl/LzLElZrw0GxypIdq2cvF/7xeqqMbP6MiSTUReB4UpQzqGOY1wD6VBGs2MQRhSc2vEA+RRFibshZSQp534i43sEraV1W3Vr19qFXqd0U7JXAKzsAFcME1qIN70AQtgMEYvIBX8GY9W+/Wh/U5X12zipsTsADr6xfLdpm+</latexit>

 a,S1

<latexit sha1_base64="Y3rVZ7ESTD5LWei8U+yMmnvuStM=">AAACCHicbVDLSsNAFJ3UV62vqEs3g0VwISWRgrorunFZ0T6gCWEynbRDZyZhZlIoIT/gN7jVtTtx61+49E+ctlnY1gMXDufcy7mcMGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3U39zphIRWPxpCcJ8TkaCBpRjLSRAtv2mooG6CLzQg4f88AN7KpTc2aAq8QtSBUUaAb2j9ePccqJ0JghpXquk2g/Q1JTzEhe8VJFEoRHaEB6hgrEifKz2ec5PDNKH0axNCM0nKl/LzLElZrw0GxypIdq2ZuK/3m9VEfXfkZFkmoi8DwoShnUMZzWAPtUEqzZxBCEJTW/QjxEEmFtylpICXluOnGXG1gl7cuaW6/dPNSrjduinTI4AafgHLjgCjTAPWiCFsBgDF7AK3iznq1368P6nK+WrOLmGCzA+voFdJWZhw==</latexit>

e a,S2

<latexit sha1_base64="2cPh/Bp12XW0K5T2tFY97/RFMhY=">AAACEnicbVDLSsNAFJ34rPUVdaebwSK4kJKUgrorunFZ0T6gKWEyuW2HziRhZqKUUPAj/Aa3unYnbv0Bl/6J08fCth64cDjnXu69J0g4U9pxvq2l5ZXVtfXcRn5za3tn197br6s4lRRqNOaxbAZEAWcR1DTTHJqJBCICDo2gfz3yGw8gFYujez1IoC1IN2IdRok2km8feo8sBM14CF5VMZ+cZV4g8N3QL/l2wSk6Y+BF4k5JAU1R9e0fL4xpKiDSlBOlWq6T6HZGpGaUwzDvpQoSQvukCy1DIyJAtbPxD0N8YpQQd2JpKtJ4rP6dyIhQaiAC0ymI7ql5byT+57VS3bloZyxKUg0RnSzqpBzrGI8CwSGTQDUfGEKoZOZWTHtEEqpNbDNbAjE0mbjzCSySeqnolouXt+VC5WqaTg4doWN0ilx0jiroBlVRDVH0hF7QK3qznq1368P6nLQuWdOZAzQD6+sXruqeAw==</latexit>

Physical layer

Hidden
layers{

Ya-Hui Zhang, S. Sachdev,  PRR 2, 023172 (2020); arXiv:2006.01140.

Jd

<latexit sha1_base64="aPyC8g+uDAoK7+YR2F8D5Z57REY="></latexit>

Ya-Hui Zhang

density 
1+p

Metal-metal transitions in a one-band model 

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>

Large Fermi surface of size 1 + p

|�i =
���Rung singlets of  , e 

E

⌦ |Slater determinant of Ci

<latexit sha1_base64="XpkXtZsbHfFwSKckufo8PO5BmlY="></latexit>

Luttinger 
Theorem 
obeyed

FL



J2

<latexit sha1_base64="Pbfvx/c1NBc2S8tKcB0Qb49crEA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FL+Kpoq2FNpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4GMwvp75j0+oNI/lg5kk6Ed0KHnIGTVWur/t1/rlilt15yCrxMtJBXI0++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzU6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDSz7hMUoOSLRaFqSAmJrO/yYArZEZMLKFMcXsrYSOqKDM2nZINwVt+eZW0a1WvXq3f1SuNqzyOIpzAKZyDBxfQgBtoQgsYDOEZXuHNEc6L8+58LFoLTj5zDH/gfP4AyVeNeg==</latexit>

J1

<latexit sha1_base64="/0U+7EQQxJVcOmaCdqeT+V3e+x4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF/FU0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rF8NJME/YgOJQ85o8ZKD3d9r1+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/8jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrourVqrX7WqV+ncdRhBM4hXPw4BLqcAsNaAKDITzDK7w5wnlx3p2PRWvByWeO4Q+czx/H0415</latexit>

Jd

<latexit sha1_base64="+nl5cvTarGxi7SD+HsCN/ksD+mM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL+Kpov2ANpTNZtIu3WzC7kYopT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMC1LBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjrJFMMGS0Si2gHVKLjEhuFGYDtVSONAYCsY3kz91hMqzRP5aEYp+jHtSx5xRo2VHu56Ya9ccavuDGSZeDmpQI56r/zVDROWxSgNE1Trjuemxh9TZTgTOCl1M40pZUPax46lksao/fHs1Ak5sUpIokTZkobM1N8TYxprPYoD2xlTM9CL3lT8z+tkJrr0x1ymmUHJ5ouiTBCTkOnfJOQKmREjSyhT3N5K2IAqyoxNp2RD8BZfXibNs6p3Xr26P6/UrvM4inAEx3AKHlxADW6hDg1g0IdneIU3RzgvzrvzMW8tOPnMIfyB8/kDFsiNsQ==</latexit>

J?

<latexit sha1_base64="2k1mzRvQUFL1/GpzOzn/0XUMAbc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRSUG9FL+Kpgv2ANpTNdtIu3WyW3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZF0rOtPG8b6ewtr6xuVXcLu3s7u0flA+PWjpJFcUmTXiiOiHRyJnApmGGY0cqJHHIsR2Ob2d++wmVZol4NBOJQUyGgkWMEmOl9n2/J1HJfrniVb053FXi56QCORr98ldvkNA0RmEoJ1p3fU+aICPKMMpxWuqlGiWhYzLErqWCxKiDbH7u1D2zysCNEmVLGHeu/p7ISKz1JA5tZ0zMSC97M/E/r5ua6CrImJCpQUEXi6KUuyZxZ7+7A6aQGj6xhFDF7K0uHRFFqLEJlWwI/vLLq6R1UfVr1euHWqV+k8dRhBM4hXPw4RLqcAcNaAKFMTzDK7w50nlx3p2PRWvByWeO4Q+czx8+fY+I</latexit>

C�,S

<latexit sha1_base64="oPVbAVFO+YO64/Z/w+i58s6Orj4=">AAACCHicbVDLSsNAFJ34rPUVdelmsAgupCRSUHfFblxWtA9oQphMJ+3QmUmYmRRK6A/4DW517U7c+hcu/RMnbRa29cCFwzn3ci4nTBhV2nG+rbX1jc2t7dJOeXdv/+DQPjpuqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOGrnfGROpaCye9CQhPkcDQSOKkTZSYNuNwFN0wNFl5oUcPk4Du+JUnRngKnELUgEFmoH94/VjnHIiNGZIqZ7rJNrPkNQUMzIte6kiCcIjNCA9QwXiRPnZ7PMpPDdKH0axNCM0nKl/LzLElZrw0GxypIdq2cvF/7xeqqMbP6MiSTUReB4UpQzqGOY1wD6VBGs2MQRhSc2vEA+RRFibshZSQp534i43sEraV1W3Vr19qFXqd0U7JXAKzsAFcME1qIN70AQtgMEYvIBX8GY9W+/Wh/U5X12zipsTsADr6xfLdpm+</latexit>

 a,S1

<latexit sha1_base64="Y3rVZ7ESTD5LWei8U+yMmnvuStM=">AAACCHicbVDLSsNAFJ3UV62vqEs3g0VwISWRgrorunFZ0T6gCWEynbRDZyZhZlIoIT/gN7jVtTtx61+49E+ctlnY1gMXDufcy7mcMGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3U39zphIRWPxpCcJ8TkaCBpRjLSRAtv2mooG6CLzQg4f88AN7KpTc2aAq8QtSBUUaAb2j9ePccqJ0JghpXquk2g/Q1JTzEhe8VJFEoRHaEB6hgrEifKz2ec5PDNKH0axNCM0nKl/LzLElZrw0GxypIdq2ZuK/3m9VEfXfkZFkmoi8DwoShnUMZzWAPtUEqzZxBCEJTW/QjxEEmFtylpICXluOnGXG1gl7cuaW6/dPNSrjduinTI4AafgHLjgCjTAPWiCFsBgDF7AK3iznq1368P6nK+WrOLmGCzA+voFdJWZhw==</latexit>

e a,S2

<latexit sha1_base64="2cPh/Bp12XW0K5T2tFY97/RFMhY=">AAACEnicbVDLSsNAFJ34rPUVdaebwSK4kJKUgrorunFZ0T6gKWEyuW2HziRhZqKUUPAj/Aa3unYnbv0Bl/6J08fCth64cDjnXu69J0g4U9pxvq2l5ZXVtfXcRn5za3tn197br6s4lRRqNOaxbAZEAWcR1DTTHJqJBCICDo2gfz3yGw8gFYujez1IoC1IN2IdRok2km8feo8sBM14CF5VMZ+cZV4g8N3QL/l2wSk6Y+BF4k5JAU1R9e0fL4xpKiDSlBOlWq6T6HZGpGaUwzDvpQoSQvukCy1DIyJAtbPxD0N8YpQQd2JpKtJ4rP6dyIhQaiAC0ymI7ql5byT+57VS3bloZyxKUg0RnSzqpBzrGI8CwSGTQDUfGEKoZOZWTHtEEqpNbDNbAjE0mbjzCSySeqnolouXt+VC5WqaTg4doWN0ilx0jiroBlVRDVH0hF7QK3qznq1368P6nLQuWdOZAzQD6+sXruqeAw==</latexit>

Physical layer

Hidden
layers{

Ya-Hui Zhang, S. Sachdev,  PRR 2, 023172 (2020); arXiv:2006.01140.

Jd

<latexit sha1_base64="aPyC8g+uDAoK7+YR2F8D5Z57REY="></latexit>

density 
1+p

Metal-metal transitions in a one-band model 

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>

AF or FL* FL

{

{Metal.
Density
2 + p ⇠= p

<latexit sha1_base64="KK8JCONEzeno3dWYYIpa3YNxFyw="></latexit>

Small Fermi surface of size p

|�i =
h
Projection onto rung singlets of  , e 

i

./ |Slater determinant of (C, )i
⌦

���Spin liquid of e 
E

<latexit sha1_base64="QQvxDCck3/u/Nv5WIr9vsvqGYpA="></latexit>

Ya-Hui Zhang

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>



J2

<latexit sha1_base64="Pbfvx/c1NBc2S8tKcB0Qb49crEA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FL+Kpoq2FNpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4GMwvp75j0+oNI/lg5kk6Ed0KHnIGTVWur/t1/rlilt15yCrxMtJBXI0++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzU6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDSz7hMUoOSLRaFqSAmJrO/yYArZEZMLKFMcXsrYSOqKDM2nZINwVt+eZW0a1WvXq3f1SuNqzyOIpzAKZyDBxfQgBtoQgsYDOEZXuHNEc6L8+58LFoLTj5zDH/gfP4AyVeNeg==</latexit>

J1

<latexit sha1_base64="/0U+7EQQxJVcOmaCdqeT+V3e+x4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF/FU0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rF8NJME/YgOJQ85o8ZKD3d9r1+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/8jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrourVqrX7WqV+ncdRhBM4hXPw4BLqcAsNaAKDITzDK7w5wnlx3p2PRWvByWeO4Q+czx/H0415</latexit>

Jd

<latexit sha1_base64="+nl5cvTarGxi7SD+HsCN/ksD+mM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL+Kpov2ANpTNZtIu3WzC7kYopT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMC1LBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjrJFMMGS0Si2gHVKLjEhuFGYDtVSONAYCsY3kz91hMqzRP5aEYp+jHtSx5xRo2VHu56Ya9ccavuDGSZeDmpQI56r/zVDROWxSgNE1Trjuemxh9TZTgTOCl1M40pZUPax46lksao/fHs1Ak5sUpIokTZkobM1N8TYxprPYoD2xlTM9CL3lT8z+tkJrr0x1ymmUHJ5ouiTBCTkOnfJOQKmREjSyhT3N5K2IAqyoxNp2RD8BZfXibNs6p3Xr26P6/UrvM4inAEx3AKHlxADW6hDg1g0IdneIU3RzgvzrvzMW8tOPnMIfyB8/kDFsiNsQ==</latexit>

J?

<latexit sha1_base64="2k1mzRvQUFL1/GpzOzn/0XUMAbc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRSUG9FL+Kpgv2ANpTNdtIu3WyW3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZF0rOtPG8b6ewtr6xuVXcLu3s7u0flA+PWjpJFcUmTXiiOiHRyJnApmGGY0cqJHHIsR2Ob2d++wmVZol4NBOJQUyGgkWMEmOl9n2/J1HJfrniVb053FXi56QCORr98ldvkNA0RmEoJ1p3fU+aICPKMMpxWuqlGiWhYzLErqWCxKiDbH7u1D2zysCNEmVLGHeu/p7ISKz1JA5tZ0zMSC97M/E/r5ua6CrImJCpQUEXi6KUuyZxZ7+7A6aQGj6xhFDF7K0uHRFFqLEJlWwI/vLLq6R1UfVr1euHWqV+k8dRhBM4hXPw4RLqcAcNaAKFMTzDK7w50nlx3p2PRWvByWeO4Q+czx8+fY+I</latexit>

C�,S

<latexit sha1_base64="oPVbAVFO+YO64/Z/w+i58s6Orj4=">AAACCHicbVDLSsNAFJ34rPUVdelmsAgupCRSUHfFblxWtA9oQphMJ+3QmUmYmRRK6A/4DW517U7c+hcu/RMnbRa29cCFwzn3ci4nTBhV2nG+rbX1jc2t7dJOeXdv/+DQPjpuqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOGrnfGROpaCye9CQhPkcDQSOKkTZSYNuNwFN0wNFl5oUcPk4Du+JUnRngKnELUgEFmoH94/VjnHIiNGZIqZ7rJNrPkNQUMzIte6kiCcIjNCA9QwXiRPnZ7PMpPDdKH0axNCM0nKl/LzLElZrw0GxypIdq2cvF/7xeqqMbP6MiSTUReB4UpQzqGOY1wD6VBGs2MQRhSc2vEA+RRFibshZSQp534i43sEraV1W3Vr19qFXqd0U7JXAKzsAFcME1qIN70AQtgMEYvIBX8GY9W+/Wh/U5X12zipsTsADr6xfLdpm+</latexit>

 a,S1

<latexit sha1_base64="Y3rVZ7ESTD5LWei8U+yMmnvuStM=">AAACCHicbVDLSsNAFJ3UV62vqEs3g0VwISWRgrorunFZ0T6gCWEynbRDZyZhZlIoIT/gN7jVtTtx61+49E+ctlnY1gMXDufcy7mcMGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3U39zphIRWPxpCcJ8TkaCBpRjLSRAtv2mooG6CLzQg4f88AN7KpTc2aAq8QtSBUUaAb2j9ePccqJ0JghpXquk2g/Q1JTzEhe8VJFEoRHaEB6hgrEifKz2ec5PDNKH0axNCM0nKl/LzLElZrw0GxypIdq2ZuK/3m9VEfXfkZFkmoi8DwoShnUMZzWAPtUEqzZxBCEJTW/QjxEEmFtylpICXluOnGXG1gl7cuaW6/dPNSrjduinTI4AafgHLjgCjTAPWiCFsBgDF7AK3iznq1368P6nK+WrOLmGCzA+voFdJWZhw==</latexit>

e a,S2

<latexit sha1_base64="2cPh/Bp12XW0K5T2tFY97/RFMhY=">AAACEnicbVDLSsNAFJ34rPUVdaebwSK4kJKUgrorunFZ0T6gKWEyuW2HziRhZqKUUPAj/Aa3unYnbv0Bl/6J08fCth64cDjnXu69J0g4U9pxvq2l5ZXVtfXcRn5za3tn197br6s4lRRqNOaxbAZEAWcR1DTTHJqJBCICDo2gfz3yGw8gFYujez1IoC1IN2IdRok2km8feo8sBM14CF5VMZ+cZV4g8N3QL/l2wSk6Y+BF4k5JAU1R9e0fL4xpKiDSlBOlWq6T6HZGpGaUwzDvpQoSQvukCy1DIyJAtbPxD0N8YpQQd2JpKtJ4rP6dyIhQaiAC0ymI7ql5byT+57VS3bloZyxKUg0RnSzqpBzrGI8CwSGTQDUfGEKoZOZWTHtEEqpNbDNbAjE0mbjzCSySeqnolouXt+VC5WqaTg4doWN0ilx0jiroBlVRDVH0hF7QK3qznq1368P6nLQuWdOZAzQD6+sXruqeAw==</latexit>

Physical layer

Hidden
layers{

Ya-Hui Zhang, S. Sachdev,  PRR 2, 023172 (2020); arXiv:2006.01140.

Jd

<latexit sha1_base64="aPyC8g+uDAoK7+YR2F8D5Z57REY="></latexit>

density 
1+p

Metal-metal transitions in a one-band model 

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>

AF or FL* FL

{

{Metal.
Density
2 + p ⇠= p

<latexit sha1_base64="KK8JCONEzeno3dWYYIpa3YNxFyw="></latexit>

Small Fermi surface of size p

|�i =
h
Projection onto rung singlets of  , e 

i

./ |Slater determinant of (C, )i
⌦

���Spin liquid of e 
E

<latexit sha1_base64="QQvxDCck3/u/Nv5WIr9vsvqGYpA="></latexit>

Mott insulator
Spin liquid
or AF order

<latexit sha1_base64="KjU4RKGHMUABL+Jm0DlUjIa5PCE="></latexit>

Ya-Hui Zhang

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>



J2

<latexit sha1_base64="Pbfvx/c1NBc2S8tKcB0Qb49crEA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FL+Kpoq2FNpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4GMwvp75j0+oNI/lg5kk6Ed0KHnIGTVWur/t1/rlilt15yCrxMtJBXI0++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzU6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDSz7hMUoOSLRaFqSAmJrO/yYArZEZMLKFMcXsrYSOqKDM2nZINwVt+eZW0a1WvXq3f1SuNqzyOIpzAKZyDBxfQgBtoQgsYDOEZXuHNEc6L8+58LFoLTj5zDH/gfP4AyVeNeg==</latexit>

J1

<latexit sha1_base64="/0U+7EQQxJVcOmaCdqeT+V3e+x4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF/FU0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rF8NJME/YgOJQ85o8ZKD3d9r1+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/8jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrourVqrX7WqV+ncdRhBM4hXPw4BLqcAsNaAKDITzDK7w5wnlx3p2PRWvByWeO4Q+czx/H0415</latexit>

Jd

<latexit sha1_base64="+nl5cvTarGxi7SD+HsCN/ksD+mM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL+Kpov2ANpTNZtIu3WzC7kYopT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMC1LBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjrJFMMGS0Si2gHVKLjEhuFGYDtVSONAYCsY3kz91hMqzRP5aEYp+jHtSx5xRo2VHu56Ya9ccavuDGSZeDmpQI56r/zVDROWxSgNE1Trjuemxh9TZTgTOCl1M40pZUPax46lksao/fHs1Ak5sUpIokTZkobM1N8TYxprPYoD2xlTM9CL3lT8z+tkJrr0x1ymmUHJ5ouiTBCTkOnfJOQKmREjSyhT3N5K2IAqyoxNp2RD8BZfXibNs6p3Xr26P6/UrvM4inAEx3AKHlxADW6hDg1g0IdneIU3RzgvzrvzMW8tOPnMIfyB8/kDFsiNsQ==</latexit>

J?

<latexit sha1_base64="2k1mzRvQUFL1/GpzOzn/0XUMAbc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRSUG9FL+Kpgv2ANpTNdtIu3WyW3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZF0rOtPG8b6ewtr6xuVXcLu3s7u0flA+PWjpJFcUmTXiiOiHRyJnApmGGY0cqJHHIsR2Ob2d++wmVZol4NBOJQUyGgkWMEmOl9n2/J1HJfrniVb053FXi56QCORr98ldvkNA0RmEoJ1p3fU+aICPKMMpxWuqlGiWhYzLErqWCxKiDbH7u1D2zysCNEmVLGHeu/p7ISKz1JA5tZ0zMSC97M/E/r5ua6CrImJCpQUEXi6KUuyZxZ7+7A6aQGj6xhFDF7K0uHRFFqLEJlWwI/vLLq6R1UfVr1euHWqV+k8dRhBM4hXPw4RLqcAcNaAKFMTzDK7w50nlx3p2PRWvByWeO4Q+czx8+fY+I</latexit>

C�,S

<latexit sha1_base64="oPVbAVFO+YO64/Z/w+i58s6Orj4=">AAACCHicbVDLSsNAFJ34rPUVdelmsAgupCRSUHfFblxWtA9oQphMJ+3QmUmYmRRK6A/4DW517U7c+hcu/RMnbRa29cCFwzn3ci4nTBhV2nG+rbX1jc2t7dJOeXdv/+DQPjpuqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOGrnfGROpaCye9CQhPkcDQSOKkTZSYNuNwFN0wNFl5oUcPk4Du+JUnRngKnELUgEFmoH94/VjnHIiNGZIqZ7rJNrPkNQUMzIte6kiCcIjNCA9QwXiRPnZ7PMpPDdKH0axNCM0nKl/LzLElZrw0GxypIdq2cvF/7xeqqMbP6MiSTUReB4UpQzqGOY1wD6VBGs2MQRhSc2vEA+RRFibshZSQp534i43sEraV1W3Vr19qFXqd0U7JXAKzsAFcME1qIN70AQtgMEYvIBX8GY9W+/Wh/U5X12zipsTsADr6xfLdpm+</latexit>

 a,S1

<latexit sha1_base64="Y3rVZ7ESTD5LWei8U+yMmnvuStM=">AAACCHicbVDLSsNAFJ3UV62vqEs3g0VwISWRgrorunFZ0T6gCWEynbRDZyZhZlIoIT/gN7jVtTtx61+49E+ctlnY1gMXDufcy7mcMGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3U39zphIRWPxpCcJ8TkaCBpRjLSRAtv2mooG6CLzQg4f88AN7KpTc2aAq8QtSBUUaAb2j9ePccqJ0JghpXquk2g/Q1JTzEhe8VJFEoRHaEB6hgrEifKz2ec5PDNKH0axNCM0nKl/LzLElZrw0GxypIdq2ZuK/3m9VEfXfkZFkmoi8DwoShnUMZzWAPtUEqzZxBCEJTW/QjxEEmFtylpICXluOnGXG1gl7cuaW6/dPNSrjduinTI4AafgHLjgCjTAPWiCFsBgDF7AK3iznq1368P6nK+WrOLmGCzA+voFdJWZhw==</latexit>

e a,S2

<latexit sha1_base64="2cPh/Bp12XW0K5T2tFY97/RFMhY=">AAACEnicbVDLSsNAFJ34rPUVdaebwSK4kJKUgrorunFZ0T6gKWEyuW2HziRhZqKUUPAj/Aa3unYnbv0Bl/6J08fCth64cDjnXu69J0g4U9pxvq2l5ZXVtfXcRn5za3tn197br6s4lRRqNOaxbAZEAWcR1DTTHJqJBCICDo2gfz3yGw8gFYujez1IoC1IN2IdRok2km8feo8sBM14CF5VMZ+cZV4g8N3QL/l2wSk6Y+BF4k5JAU1R9e0fL4xpKiDSlBOlWq6T6HZGpGaUwzDvpQoSQvukCy1DIyJAtbPxD0N8YpQQd2JpKtJ4rP6dyIhQaiAC0ymI7ql5byT+57VS3bloZyxKUg0RnSzqpBzrGI8CwSGTQDUfGEKoZOZWTHtEEqpNbDNbAjE0mbjzCSySeqnolouXt+VC5WqaTg4doWN0ilx0jiroBlVRDVH0hF7QK3qznq1368P6nLQuWdOZAzQD6+sXruqeAw==</latexit>

Physical layer

Hidden
layers{

Ya-Hui Zhang, S. Sachdev,  PRR 2, 023172 (2020); arXiv:2006.01140.

Jd

<latexit sha1_base64="aPyC8g+uDAoK7+YR2F8D5Z57REY="></latexit>

Ya-Hui Zhang

density 
1+p

Metal-metal transitions in a one-band model 

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>

AF or FL* FL

{

{Metal.
Density
2 + p ⇠= p

<latexit sha1_base64="KK8JCONEzeno3dWYYIpa3YNxFyw="></latexit>

Small Fermi surface of size p

|�i =
h
Projection onto rung singlets of  , e 

i

./ |Slater determinant of (C, )i
⌦

���Spin liquid of e 
E

<latexit sha1_base64="QQvxDCck3/u/Nv5WIr9vsvqGYpA="></latexit>

Mott insulator
Spin liquid
or AF order

<latexit sha1_base64="KjU4RKGHMUABL+Jm0DlUjIa5PCE="></latexit>

Luttinger Theorem

violated;

OK, because of

topological order of e 

<latexit sha1_base64="pV+N30s+EmiK1B3cd+7CC4M1pPc="></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>



J2

<latexit sha1_base64="Pbfvx/c1NBc2S8tKcB0Qb49crEA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FL+Kpoq2FNpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4GMwvp75j0+oNI/lg5kk6Ed0KHnIGTVWur/t1/rlilt15yCrxMtJBXI0++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzU6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDSz7hMUoOSLRaFqSAmJrO/yYArZEZMLKFMcXsrYSOqKDM2nZINwVt+eZW0a1WvXq3f1SuNqzyOIpzAKZyDBxfQgBtoQgsYDOEZXuHNEc6L8+58LFoLTj5zDH/gfP4AyVeNeg==</latexit>

J1

<latexit sha1_base64="/0U+7EQQxJVcOmaCdqeT+V3e+x4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF/FU0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rF8NJME/YgOJQ85o8ZKD3d9r1+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/8jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrourVqrX7WqV+ncdRhBM4hXPw4BLqcAsNaAKDITzDK7w5wnlx3p2PRWvByWeO4Q+czx/H0415</latexit>

Jd

<latexit sha1_base64="+nl5cvTarGxi7SD+HsCN/ksD+mM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL+Kpov2ANpTNZtIu3WzC7kYopT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMC1LBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjrJFMMGS0Si2gHVKLjEhuFGYDtVSONAYCsY3kz91hMqzRP5aEYp+jHtSx5xRo2VHu56Ya9ccavuDGSZeDmpQI56r/zVDROWxSgNE1Trjuemxh9TZTgTOCl1M40pZUPax46lksao/fHs1Ak5sUpIokTZkobM1N8TYxprPYoD2xlTM9CL3lT8z+tkJrr0x1ymmUHJ5ouiTBCTkOnfJOQKmREjSyhT3N5K2IAqyoxNp2RD8BZfXibNs6p3Xr26P6/UrvM4inAEx3AKHlxADW6hDg1g0IdneIU3RzgvzrvzMW8tOPnMIfyB8/kDFsiNsQ==</latexit>

J?

<latexit sha1_base64="2k1mzRvQUFL1/GpzOzn/0XUMAbc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRSUG9FL+Kpgv2ANpTNdtIu3WyW3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZF0rOtPG8b6ewtr6xuVXcLu3s7u0flA+PWjpJFcUmTXiiOiHRyJnApmGGY0cqJHHIsR2Ob2d++wmVZol4NBOJQUyGgkWMEmOl9n2/J1HJfrniVb053FXi56QCORr98ldvkNA0RmEoJ1p3fU+aICPKMMpxWuqlGiWhYzLErqWCxKiDbH7u1D2zysCNEmVLGHeu/p7ISKz1JA5tZ0zMSC97M/E/r5ua6CrImJCpQUEXi6KUuyZxZ7+7A6aQGj6xhFDF7K0uHRFFqLEJlWwI/vLLq6R1UfVr1euHWqV+k8dRhBM4hXPw4RLqcAcNaAKFMTzDK7w50nlx3p2PRWvByWeO4Q+czx8+fY+I</latexit>

C�,S

<latexit sha1_base64="oPVbAVFO+YO64/Z/w+i58s6Orj4=">AAACCHicbVDLSsNAFJ34rPUVdelmsAgupCRSUHfFblxWtA9oQphMJ+3QmUmYmRRK6A/4DW517U7c+hcu/RMnbRa29cCFwzn3ci4nTBhV2nG+rbX1jc2t7dJOeXdv/+DQPjpuqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOGrnfGROpaCye9CQhPkcDQSOKkTZSYNuNwFN0wNFl5oUcPk4Du+JUnRngKnELUgEFmoH94/VjnHIiNGZIqZ7rJNrPkNQUMzIte6kiCcIjNCA9QwXiRPnZ7PMpPDdKH0axNCM0nKl/LzLElZrw0GxypIdq2cvF/7xeqqMbP6MiSTUReB4UpQzqGOY1wD6VBGs2MQRhSc2vEA+RRFibshZSQp534i43sEraV1W3Vr19qFXqd0U7JXAKzsAFcME1qIN70AQtgMEYvIBX8GY9W+/Wh/U5X12zipsTsADr6xfLdpm+</latexit>

 a,S1

<latexit sha1_base64="Y3rVZ7ESTD5LWei8U+yMmnvuStM=">AAACCHicbVDLSsNAFJ3UV62vqEs3g0VwISWRgrorunFZ0T6gCWEynbRDZyZhZlIoIT/gN7jVtTtx61+49E+ctlnY1gMXDufcy7mcMGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3U39zphIRWPxpCcJ8TkaCBpRjLSRAtv2mooG6CLzQg4f88AN7KpTc2aAq8QtSBUUaAb2j9ePccqJ0JghpXquk2g/Q1JTzEhe8VJFEoRHaEB6hgrEifKz2ec5PDNKH0axNCM0nKl/LzLElZrw0GxypIdq2ZuK/3m9VEfXfkZFkmoi8DwoShnUMZzWAPtUEqzZxBCEJTW/QjxEEmFtylpICXluOnGXG1gl7cuaW6/dPNSrjduinTI4AafgHLjgCjTAPWiCFsBgDF7AK3iznq1368P6nK+WrOLmGCzA+voFdJWZhw==</latexit>

e a,S2

<latexit sha1_base64="2cPh/Bp12XW0K5T2tFY97/RFMhY=">AAACEnicbVDLSsNAFJ34rPUVdaebwSK4kJKUgrorunFZ0T6gKWEyuW2HziRhZqKUUPAj/Aa3unYnbv0Bl/6J08fCth64cDjnXu69J0g4U9pxvq2l5ZXVtfXcRn5za3tn197br6s4lRRqNOaxbAZEAWcR1DTTHJqJBCICDo2gfz3yGw8gFYujez1IoC1IN2IdRok2km8feo8sBM14CF5VMZ+cZV4g8N3QL/l2wSk6Y+BF4k5JAU1R9e0fL4xpKiDSlBOlWq6T6HZGpGaUwzDvpQoSQvukCy1DIyJAtbPxD0N8YpQQd2JpKtJ4rP6dyIhQaiAC0ymI7ql5byT+57VS3bloZyxKUg0RnSzqpBzrGI8CwSGTQDUfGEKoZOZWTHtEEqpNbDNbAjE0mbjzCSySeqnolouXt+VC5WqaTg4doWN0ilx0jiroBlVRDVH0hF7QK3qznq1368P6nLQuWdOZAzQD6+sXruqeAw==</latexit>

Physical layer

Hidden
layers{

Ya-Hui Zhang, S. Sachdev,  PRR 2, 023172 (2020); arXiv:2006.01140.

Jd

<latexit sha1_base64="aPyC8g+uDAoK7+YR2F8D5Z57REY="></latexit>

Ya-Hui Zhang

density 
1+p

Metal-metal transitions in a one-band model 

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>

AF or FL* FL

{

{Metal.
Density
2 + p ⇠= p

<latexit sha1_base64="KK8JCONEzeno3dWYYIpa3YNxFyw="></latexit>

Small Fermi surface of size p

|�i =
h
Projection onto rung singlets of  , e 

i

./ |Slater determinant of (C, )i
⌦

���Spin liquid of e 
E

<latexit sha1_base64="QQvxDCck3/u/Nv5WIr9vsvqGYpA="></latexit>

Mott insulator
Spin liquid
or AF order

<latexit sha1_base64="KjU4RKGHMUABL+Jm0DlUjIa5PCE="></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>

Similar to a selective Mott
transition in hidden layer 1:
 fermions are insulating

in FL phase,
and metallic in FL* phase.

<latexit sha1_base64="pRHFcq5a9qq4u7/jXn1pKiHPHjM="></latexit>



Ya-Hui Zhang

Metal-metal transitions in a one-band model 

“Fermi arc” 
spectral functions  
in the FL* phase

Zero frequency spectral density of electrons (red) and ghosts (blue)

<latexit sha1_base64="94i5CDuVX0GD1914VVvv2jsqHes="></latexit>

Ya-Hui Zhang, S. Sachdev,  PRR 2, 023172 (2020); arXiv:2006.01140.



J2

<latexit sha1_base64="Pbfvx/c1NBc2S8tKcB0Qb49crEA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FL+Kpoq2FNpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4GMwvp75j0+oNI/lg5kk6Ed0KHnIGTVWur/t1/rlilt15yCrxMtJBXI0++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzU6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDSz7hMUoOSLRaFqSAmJrO/yYArZEZMLKFMcXsrYSOqKDM2nZINwVt+eZW0a1WvXq3f1SuNqzyOIpzAKZyDBxfQgBtoQgsYDOEZXuHNEc6L8+58LFoLTj5zDH/gfP4AyVeNeg==</latexit>

J1

<latexit sha1_base64="/0U+7EQQxJVcOmaCdqeT+V3e+x4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF/FU0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rF8NJME/YgOJQ85o8ZKD3d9r1+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/8jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrourVqrX7WqV+ncdRhBM4hXPw4BLqcAsNaAKDITzDK7w5wnlx3p2PRWvByWeO4Q+czx/H0415</latexit>

Jd

<latexit sha1_base64="+nl5cvTarGxi7SD+HsCN/ksD+mM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL+Kpov2ANpTNZtIu3WzC7kYopT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMC1LBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjrJFMMGS0Si2gHVKLjEhuFGYDtVSONAYCsY3kz91hMqzRP5aEYp+jHtSx5xRo2VHu56Ya9ccavuDGSZeDmpQI56r/zVDROWxSgNE1Trjuemxh9TZTgTOCl1M40pZUPax46lksao/fHs1Ak5sUpIokTZkobM1N8TYxprPYoD2xlTM9CL3lT8z+tkJrr0x1ymmUHJ5ouiTBCTkOnfJOQKmREjSyhT3N5K2IAqyoxNp2RD8BZfXibNs6p3Xr26P6/UrvM4inAEx3AKHlxADW6hDg1g0IdneIU3RzgvzrvzMW8tOPnMIfyB8/kDFsiNsQ==</latexit>

J?

<latexit sha1_base64="2k1mzRvQUFL1/GpzOzn/0XUMAbc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRSUG9FL+Kpgv2ANpTNdtIu3WyW3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZF0rOtPG8b6ewtr6xuVXcLu3s7u0flA+PWjpJFcUmTXiiOiHRyJnApmGGY0cqJHHIsR2Ob2d++wmVZol4NBOJQUyGgkWMEmOl9n2/J1HJfrniVb053FXi56QCORr98ldvkNA0RmEoJ1p3fU+aICPKMMpxWuqlGiWhYzLErqWCxKiDbH7u1D2zysCNEmVLGHeu/p7ISKz1JA5tZ0zMSC97M/E/r5ua6CrImJCpQUEXi6KUuyZxZ7+7A6aQGj6xhFDF7K0uHRFFqLEJlWwI/vLLq6R1UfVr1euHWqV+k8dRhBM4hXPw4RLqcAcNaAKFMTzDK7w50nlx3p2PRWvByWeO4Q+czx8+fY+I</latexit>
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Metal-metal transitions in a one-band model 
Write fermion operators as 2⇥ 2 matrices

 =

 
 " � †

#
 #  †

"

!
, e =

 
e " �e †

#
e # e †

"

!

Single occupancy constraints of  , e leads to SU(2)1⇥ SU(2)2 gauge symmetry:

SU(2)1 :  !  U1 , e ! e 
SU(2)2 :  !  , e ! e U2

Local singlet formation (‘antiferromagnetism’) S1 + S2 ⇡ 0 leads to SU(2)S gauge symmetry:

SU(2)S :  ! US , e ! US
e 
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(U(1)S ⇥U(1)1)/Z2 or (SU(2)S ⇥U(1)1)/Z2 gauge theory of

a  ghost Fermi surface and a ‘hybridization-Higgs’ boson ⇠ C†
� a

which condenses on the ‘Small Fermi surface’ side.
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Ancilla qubit theory of metal-metal quantum phase transitions

• FL* as the pseudogap metal with carrier density p. Variants of the theory can
have broken symmetries (e.g. antiferromagnetism) without fractionalization
in the pseudogap metal.

• Ghost fermions, carrying neither spin nor charge, emerge as additional low
energy excitations near the critical point to the FL phase. While the ancilla
qubits are gauged away as ‘fake’ in the UV theory, the ghost fermions are
physical excitations in the IR theory, which can be detected by thermal probes.

• The ghost fermions are coupled to 2 gauge fields: the first arising from the no
double occupancy constraint, and the second from transforming to a rotating
reference frame in spin space. These gauge fields lead respectively to repulsive
and attractive interactions between the ghost fermions.
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Hidden�magnetism�at�the�pseudogap�critical�point�of�a�high�
temperature�superconductor�
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The�mysterious� pseudogap� phase� of� cuprate� superconductors� ends� at� a� critical�
hole�doping� level�p*�but�the�nature�of�the�ground�state�below�p*� is�still�debated.�
Here,� we� show� that� the� genuine� nature� of� the� magnetic� ground� state� in� La2Ǧ
xSrxCuO4�is�hidden�by�competing�effects�from�superconductivity:�applying�intense�
magnetic� fields� to�quench� superconductivity,�we�uncover� the�presence�of�glassy�
antiferromagnetic�order�up�to�the�pseudogap�boundary�p*�γ�0.19,�and�not�above.�
There� is� thus�a�quantum�phase� transition�at�p*,�which� is� likely� to�underlie�highǦ
field� observations� of� a� fundamental� change� in� electronic� properties� across� p*.�
Furthermore,�the�continuous�presence�of�quasiǦstatic�moments�from�the�insulator�
up�to�p*�suggests�that�the�physics�of�the�doped�Mott�insulator�is�relevant�through�
the� entire� pseudogap� regime� and� might� be� more� fundamentally� driving� the�
transition�at�p*�than�just�spin�or�charge�ordering.�
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Fig. 2), Tmin is closely tied to Tf and so is expected to have the same doping dependence, including a 
peak around p = 0.12 in zero/low fields (ref. 2). Onset temperatures of charge order are from ref. 33 
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Quasi-static magnetism in the pseudogap state  
of La2-xSrxCuO4.  
Temperature – doping phase diagram representing Tmin, the 
temperature of the minimum in the sound velocity, at 
different fields. Since superconductivity precludes the 
observation of Tmin in zero-field, the dashed line (brown 
area) represents the extrapolated Tmin(B=0). While not 
exactly equal to the freezing temperature Tf (see Fig. 2), 
Tmin is closely tied to Tf and so is expected to have the 
same doping dependence, including a peak around p = 0.12 
in zero/low fields (ref. 2). Onset temperatures of charge 
order are from ref. 33 (squares) and 35 (hexagons). 
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Key properties

1. The ground state is ‘critical’ and there are no quasiparticles.

2. There is an emergent time reparameterization symmetry which is softly broken

at high energies.

3. There is a non-zero extensive entropy as T ! 0

lim
T!0

lim
N!1

S

N
= S0(Q) 6= 0

This entropy is not due to an exponentially large ground degeneracy. Instead,

it reflects an exponentially small many-body level spacing ⇠ e�NS0 down to

the ground state.

4. Dynamic scaling of equilibrium and non-equilibrium properties in a universal

time ⇠ ~/(kBT )

5. The leading low temperature behavior of many observables is controlled by a

time reparameterization soft mode. The action for this soft mode is controlled

by an emergent SL(2,R) symmetry.

6. Maximal quantum Lyapunov exponent for the out-of-time-order correlator

(OTOC):
D
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7. Spin correlations decay as
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E
⇠ 1
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Key properties

1. The ground state is ‘critical’ and there are no quasiparticles.

2. There is an emergent time reparameterization symmetry which is softly broken
at high energies.

3. There is a non-zero extensive entropy as T ! 0

lim
T!0

lim
N!1

S

N
= S0(Q) 6= 0

This entropy is not due to an exponentially large ground degeneracy. Instead,
it reflects an exponentially small many-body level spacing ⇠ e�NS0 down to
the ground state.

4. Dynamic scaling of equilibrium and non-equilibrium properties in a universal
time ⇠ ~/(kBT )

5. The leading low temperature behavior of many observables is controlled by a
time reparameterization soft mode. The action for this soft mode is controlled
by an emergent SL(2,R) symmetry. Specifically, the entropy is S(T )/N =
S0(Q) + �T , where � propotional to the co-e�cient of the Schwarzian.

6. The time reparameterization mode leads to a frequency dependence in the spin
susceptibility and a linear-in-T temperature dependence to the resistivity as
T ! 0.
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5. The leading low temperature behavior of many observables is controlled by a
time reparameterization soft mode. The action for this soft mode is controlled
by an emergent SL(2,R) symmetry. Specifically, the entropy is S(T )/N =
S0(Q) + �T , where � propotional to the co-e�cient of the Schwarzian.

6. The time reparameterization mode leads to a frequency dependence in the spin
susceptibility and a linear-in-T temperature dependence to the resistivity as
T ! 0.

Key properties

1. The ground state is ‘critical’ and there are no quasiparticles.

2. There is an emergent time reparameterization symmetry which is softly broken

at high energies.

3. There is a non-zero extensive entropy as T ! 0

lim
T!0

lim
N!1

S

N
= S0(Q) 6= 0

This entropy is not due to an exponentially large ground degeneracy. Instead,

it reflects an exponentially small many-body level spacing ⇠ e�NS0 down to

the ground state.

4. Dynamic scaling of equilibrium and non-equilibrium properties in a universal

time ⇠ ~/(kBT )

5. The leading low temperature behavior of many observables is controlled by a

time reparameterization soft mode. The action for this soft mode is controlled

by an emergent SL(2,R) symmetry.

6. Maximal quantum Lyapunov exponent for the out-of-time-order correlator

(OTOC):
D
c†a(t)cb(0)ca(t)c

†
b(0)

E
= C0 + C1

✓
e�t

N

◆
+ . . .

with � = 2⇡kBT/~.

7. Spin correlations decay as

D
~S(⌧) · ~S(0)

E
⇠ 1

|⌧ |
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SYK criticality

Haoyu Guo, Yingfei Guo, S. Sachdev,  Annals of Physics 418, 168202 (2020) 
M. Tikhanovskaya, Haoyu Guo, S. Sachdev, and G. Tarnopolsky, to appear



Random J model (insulator): SU(M) symmetry

Im�L(!), T = 0
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The local dynamic spin susceptibility, �L(i!n) =
R 1/T
0 d⌧

D
~Si(⌧)~Si(0)

E
ei!n⌧ , obeys

Im�L(!) / tanh
⇣ !

2T

⌘ h
1� ↵S ! tanh

⇣ !

2T

⌘
+ . . .

i

The ratio ↵S/� is a universal number,
which we have computed in the large M limit

↵S

�
=

24

⇡(2 + 3⇡)
, M ! 1 .

(Recall the specific heat is C = �T
per site and spin component.)
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From the time reparameterization soft-mode
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Exact diagonalization  
results of SU(2) random magnet  
L. Arrachea and M. J. Rozenberg, 

PRB 65, 224430 (2002) 
(recomputed by  

Henry Shackleton)Large M theory
(rescaled)
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Incoherent contribution
similar to SY spin liquid !

Random J model
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Incoherent contribution
similar to SY spin liquid !

<latexit sha1_base64="jDIVlFGEM9+0ZJ2I/B8z9looEIQ="></latexit>

Spin glass order
q ⇡ 0.01
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Implies a local moment
2
p
q = 20%

of classical moment

Random J model



Exact 
diagonalization 

of clusters 
with N finite
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Local dynamic spin
susceptibility
Im�L(!)

Random t-J model



Exact 
diagonalization 

of clusters 
with N finite
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Random t-J model



Exact 
diagonalization 

of clusters 
with N finite
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Local dynamic spin
susceptibility
Im�L(!)
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Remaining low
frequency weight
integrates to the
spin glass order
parameter q

Random t-J model



Entropy at T � 1 determined by dim(H)
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Maximum entropy shifts at lower temperature
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Maximum entropy shifts at lower temperature
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Maximum entropy shifts at lower temperature
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Large-N extrapolation of entropy density



Large-N extrapolation of entropy density



Large-N extrapolation of entropy density

0.0 0.2 0.4 0.6 0.8 1.0
T

0.0

0.1

0.2

0.3

0.4

0.5

0.6

S
/
N

N = 8

N = 12

N = 16

N = 20

N = �

0.00 0.02 0.04 0.06 0.08 0.10 0.12

1/N

0.0

0.1

0.2

0.3

0.4

S
/
N

T = 0.02

T = 0.05

T = 0.10

T = 0.20

T = 0.30

T = 0.40

T = 0.50

0.0 0.1 0.2

0.00

0.05

0.10

0.15

0.20
S0 ⇡ 0.024 ± 0.005

p = 1/4



Large-N extrapolation of entropy density



Large-N extrapolation of entropy density



Non-zero s0 at p = 1/4 is extrapolation-dependent
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Non-zero s0 at p = 1/4 is extrapolation-dependent
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• The t-J model with random and all-to-all hopping and exchange
displays a phase diagram which captures many of the key char-
acteristics of the cuprate phase diagram.

• It has an optimal doping metal-metal transition with SYK crit-
icality of fractionalized excitations which displays a linear-in-T
resistivity.



Metal-metal quantum phase transitions

The ancilla qubit approach for non-random t-J models, and the random t-J model,
have in common

• A metal-metal quantum phase transition with a change in carrier density from
p to 1 + p.

• Fractionalization of the electron in the critical regime

• Unexpectedly large low T entropy near the critical point (from ghost fermions,
or the SYK black hole entropy).
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