
Strange Metals from Mottness

Thanks to: 
NSF,DOE

Peizhi MaiJinchao 
Zhao



2

 effective momentum 
distribution?

 
UHB

 LHB

 
zeros

 NIB



T-linear 

electrons not charge carriers

?

Violates MIR limit

⇢ > ⇢Q

` > a

⇢ > ⇢Q

` < a



Inset: 𝜌𝑑𝑐 /(𝑇 /𝐷)

Finite-T Lanczos on Hubbard 
Model





At highest T

𝜌𝑑𝑐 /(𝑇 /𝐷)

<latexit sha1_base64="UsmPZeBTOCyvKvQjm5Rdp3sSpUs="></latexit>⇢dc
T

= ↵(t/U)



spectral function (dynamics)

1� x� �↵ / t/U

not exhausted by counting electrons alone

U � t

density 
of  

states

1 + x+ ↵ > 1 + x

Harris and Lange (1967)



 effective momentum 
distribution?

 as in Fermi 
liquids



Scattering Rate: Fermi 
liquid

<latexit sha1_base64="XTeqXV3xaUAQcehhcobKTyvO3nE=">AAACAnicdVBNSwMxEM3W7/pV9SRegkWolyVbtlZvRQ96VLC20K0lm6ZtaLIJSVYopXjxr3jxoIhXf4U3/41praCiDwYe780wMy9WnBmL0LuXmZmdm19YXMour6yurec2Nq+MTDWhVSK51PUYG8pZQquWWU7rSlMsYk5rcf9k7NduqDZMJpd2oGhT4G7COoxg66RWbjs6xULgSGmprCxEisF+6/hy/7rYyuWRH4RBOSxC5KOjw6Ow7EgpQKgUwsBHE+TBFOet3FvUliQVNLGEY2MaAVK2OcTaMsLpKBulhipM+rhLG44mWFDTHE5eGME9p7RhR2pXiYUT9fvEEAtjBiJ2nQLbnvntjcW/vEZqO4fNIUtUamlCPhd1Ug6thOM8YJtpSiwfOIKJZu5WSHpYY2JdalkXwten8H9yVfSDAz+8CPOV42kci2AH7IICCEAZVMAZOAdVQMAtuAeP4Mm78x68Z+/lszXjTWe2wA94rx9fp5bK</latexit>

� / (⇡kBT )
2

<latexit sha1_base64="3QBYfShZziJFamPtofNfnUfHg3Q=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZkNG5Pcgl48RjQPSEKYnUySIbOzy8ysEJZ8ghcPinj1i7z5N04egooWNBRV3XR3BbHg2mD84WTW1jc2t7LbuZ3dvf2D/OFRU0eJoqxBIxGpdkA0E1yyhuFGsHasGAkDwVrB5Grut+6Z0jySd2Yas15IRpIPOSXGSreyP+nnC9j1fK/sFxF2cbVS9cuWlDyMSz7yXLxAAVao9/Pv3UFEk5BJQwXRuuPh2PRSogyngs1y3USzmNAJGbGOpZKETPfSxakzdGaVARpGypY0aKF+n0hJqPU0DGxnSMxY//bm4l9eJzHDSi/lMk4Mk3S5aJgIZCI0/xsNuGLUiKklhCpub0V0TBShxqaTsyF8fYr+J82i6124/o1fqF2u4sjCCZzCOXhQhhpcQx0aQGEED/AEz45wHp0X53XZmnFWM8fwA87bJ74cjiA=</latexit>nk

<latexit sha1_base64="3dMDjqMcSbzzyBncauxTM0efH+I=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZkNG5PcgoJ4jGhiIFnC7GQ2GTL7YGZWCEs+wYsHRbz6Rd78GycPQUULGoqqbrq7/ERwpTH+sHIrq2vrG/nNwtb2zu5ecf+greJUUtaisYhlxyeKCR6xluZasE4iGQl9we788cXMv7tnUvE4utWThHkhGUY84JRoI92M+5f9YgnbjutU3TLCNq7X6m7VkIqDccVFjo3nKMESzX7xvTeIaRqySFNBlOo6ONFeRqTmVLBpoZcqlhA6JkPWNTQiIVNeNj91ik6MMkBBLE1FGs3V7xMZCZWahL7pDIkeqd/eTPzL66Y6qHkZj5JUs4guFgWpQDpGs7/RgEtGtZgYQqjk5lZER0QSqk06BRPC16fof9Iu286Z7V67pcb5Mo48HMExnIIDVWjAFTShBRSG8ABP8GwJ69F6sV4XrTlrOXMIP2C9fQKBdo34</latexit>

kF

2 degrees of 
freedom



forward scattering: Fermi 
liquid

<latexit sha1_base64="+ulRFDPexue1LJA8hgsJISR6I68="></latexit>

� =
2⇡

~
X

2,3,4

|V (1, 2; 3, 4)|2 [n2(1� n3)(1� n4) + (1� n2)n3n4]

⇥ (2⇡)d�(d)(p1 + p2 � p3 � p4)�(✏1 + ✏2 � ✏3 � ✏4)

<latexit sha1_base64="skQciJxbVXEeitl2C0IMyoceWoM=">AAACAXicdZDLSgMxFIYz9VbrbdSN4CZYBFdDpk5tuyu6cVnBXqAdSiaTaUMzF5KMUErd+CpuXCji1rdw59uYaSte0B8CH/85h5PzewlnUiH0buSWlldW1/LrhY3Nre0dc3evJeNUENokMY9Fx8OSchbRpmKK004iKA49Ttve6CKrt2+okCyOrtU4oW6IBxELGMFKW33zwO/RRDKuuQS/+LTQN4vIsh274pQgslCtWnMqGso2QmUH2haaqQgWavTNt54fkzSkkSIcS9m1UaLcCRaKEU6nhV4qaYLJCA9oV2OEQyrdyeyCKTzWjg+DWOgXKThzv09McCjlOPR0Z4jVUP6uZeZftW6qgqo7YVGSKhqR+aIg5VDFMIsD+kxQovhYAyaC6b9CMsQCE6VDy0L4vBT+D62SZZ9ZzpVTrJ8v4siDQ3AEToANKqAOLkEDNAEBt+AePIIn4854MJ6Nl3lrzljM7IMfMl4/ABUulqw=</latexit>

d✏2d✏3
<latexit sha1_base64="cNHytTe34v1C2U275OO6Rb0KOgM="></latexit>

n�1
i = (1 + e�(✏i�µ))

<latexit sha1_base64="jm/NAgj5zJ8i4NxyJxEYu55sGbg="></latexit>

� /
�
✏21 + (⇡kBT )

2
�



How to change this 
result?



Experimentall
y

<latexit sha1_base64="cIgKXxNnERdMfKTMkexZSnKJZH0="></latexit>

⇢ / c+A1T +A2T
2



<latexit sha1_base64="SsNKim8SMetOr3qYx4/TnvVOHaE="></latexit>

� / c+ a1T + a2T
2

<latexit sha1_base64="BfOkdfSOjdMbJMfDO1YXFM0T6PY=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmayOMnJoBePCZgFkiH0dHqSNj0L3T1CGPIFXjwo4tVP8ubf2FkEFX1Q8Hiviqp6XsyZVJb1YWTW1jc2t7LbuZ3dvf2D/OFRW0aJILRFIh6Jrocl5SykLcUUp91YUBx4nHa8yfXc79xTIVkU3qppTN0Aj0LmM4KVlpqXg3zBMu2iU6pUkCa2YzuWJpVqrVSqIdu0FijACo1B/r0/jEgS0FARjqXs2Vas3BQLxQins1w/kTTGZIJHtKdpiAMq3XRx6AydaWWI/EjoChVaqN8nUhxIOQ083RlgNZa/vbn4l9dLlF91UxbGiaIhWS7yE45UhOZfoyETlCg+1QQTwfStiIyxwETpbHI6hK9P0f+kXTTtC7PcLBfqV6s4snACp3AONjhQhxtoQAsIUHiAJ3g27oxH48V4XbZmjNXMMfyA8fYJAbWNGQ==</latexit>

?

scattering 
rate



what if: single 
band 

phase 
space

<latexit sha1_base64="a1Aa6yr4RiHk939QSBgKy90LWFQ=">AAAB+nicdVDJSgNBEO1xjXGb6NFLYxAiwjCTxUluIV68GSEbJOPQ0+lJmvQsdPcoIeZTvHhQxKtf4s2/sbMIKvqg4PFeFVX1vJhRIU3zQ1tZXVvf2Extpbd3dvf29cxBS0QJx6SJIxbxjocEYTQkTUklI52YExR4jLS90cXMb98SLmgUNuQ4Jk6ABiH1KUZSSa6eyY3cWuOsdxWQAXKt05u8q2dNw8rbhVIJKmLZlm0qUipXCoUKtAxzjixYou7q771+hJOAhBIzJETXMmPpTBCXFDMyTfcSQWKER2hAuoqGKCDCmcxPn8ITpfShH3FVoYRz9fvEBAVCjANPdQZIDsVvbyb+5XUT6ZedCQ3jRJIQLxb5CYMygrMcYJ9ygiUbK4Iwp+pWiIeIIyxVWmkVwten8H/SyhvWuVG8LmartWUcKXAEjkEOWMAGVXAJ6qAJMLgDD+AJPGv32qP2or0uWle05cwh+AHt7ROLKJLs</latexit>

(kBT + ⌦1)
2

<latexit sha1_base64="l7liIXd9FNI7OXekhvZkt3VB67U=">AAAB63icdVDLSgMxFM34rPVVdekmWARXw0wfTrsrdeOyQl/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtBVU9MCFwzn3cu89Qcyo0o7zYW1sbm3v7Ob28vsHh0fHhZPTrooSiUkHRyyS/QApwqggHU01I/1YEsQDRnrB7Cbze/dEKhqJtp7HxOdoImhIMdKZNBs126NC0bHdkleuVqEhrud6jiHVWr1crkPXdpYogjVao8L7cBzhhBOhMUNKDVwn1n6KpKaYkUV+mCgSIzxDEzIwVCBOlJ8ub13AS6OMYRhJU0LDpfp9IkVcqTkPTCdHeqp+e5n4lzdIdFjzUyriRBOBV4vChEEdwexxOKaSYM3mhiAsqbkV4imSCGsTT96E8PUp/J90S7Z7bVfuKsVGcx1HDpyDC3AFXOCBBrgFLdABGEzBA3gCzxa3Hq0X63XVumGtZ87AD1hvnyjKjlg=</latexit>

kBT

<latexit sha1_base64="l7liIXd9FNI7OXekhvZkt3VB67U=">AAAB63icdVDLSgMxFM34rPVVdekmWARXw0wfTrsrdeOyQl/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtBVU9MCFwzn3cu89Qcyo0o7zYW1sbm3v7Ob28vsHh0fHhZPTrooSiUkHRyyS/QApwqggHU01I/1YEsQDRnrB7Cbze/dEKhqJtp7HxOdoImhIMdKZNBs126NC0bHdkleuVqEhrud6jiHVWr1crkPXdpYogjVao8L7cBzhhBOhMUNKDVwn1n6KpKaYkUV+mCgSIzxDEzIwVCBOlJ8ub13AS6OMYRhJU0LDpfp9IkVcqTkPTCdHeqp+e5n4lzdIdFjzUyriRBOBV4vChEEdwexxOKaSYM3mhiAsqbkV4imSCGsTT96E8PUp/J90S7Z7bVfuKsVGcx1HDpyDC3AFXOCBBrgFLdABGEzBA3gCzxa3Hq0X63XVumGtZ87AD1hvnyjKjlg=</latexit>

kBT

<latexit sha1_base64="qjCLmdw1vj2DgJbcLKTPhI35LOw=">AAAB73icdVDLSgMxFM34rPVVdekmWARXw6QPp90V3bizgn1AO5RMmrahSWZMMkIZ+hNuXCji1t9x59+YPgQVPXDhcM693HtPGHOmjed9OCura+sbm5mt7PbO7t5+7uCwqaNEEdogEY9UO8SaciZpwzDDaTtWFIuQ01Y4vpz5rXuqNIvkrZnENBB4KNmAEWys1O5eCzrEPdTL5T0XFfxiuQwtQT7yPUvKlWqxWIXI9ebIgyXqvdx7tx+RRFBpCMdad5AXmyDFyjDC6TTbTTSNMRnjIe1YKrGgOkjn907hqVX6cBApW9LAufp9IsVC64kIbafAZqR/ezPxL6+TmEElSJmME0MlWSwaJByaCM6eh32mKDF8YgkmitlbIRlhhYmxEWVtCF+fwv9Js+Cic7d0U8rXLpZxZMAxOAFnAAEf1MAVqIMGIICDB/AEnp0759F5cV4XrSvOcuYI/IDz9gn6GI/1</latexit>

⌦1



are exact 
statements 
possible?

<latexit sha1_base64="SsNKim8SMetOr3qYx4/TnvVOHaE="></latexit>

� / c+ a1T + a2T
2



yes
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Fermi 
liquids

<latexit sha1_base64="QYQp7Kuvmy45klFqUteVs8ESfQo=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadnVPG9BLx4jmhhIljA7mU2GzMwuM7NCCPkELx4U8eoXefNvnDwEFS1oKKq66e4KE8608bwPJ7Oyura+kd3MbW3v7O7l9w9aOk4VoU0S81i1Q6wpZ5I2DTOcthNFsQg5vQtHlzP/7p4qzWJ5a8YJDQQeSBYxgo2Vbroi7eULnuvVauVqEVly7te8iiWVUsmKyHe9OQqwRKOXf+/2Y5IKKg3hWOuO7yUmmGBlGOF0muummiaYjPCAdiyVWFAdTOanTtGJVfooipUtadBc/T4xwULrsQhtp8BmqH97M/Evr5OaqBpMmExSQyVZLIpSjkyMZn+jPlOUGD62BBPF7K2IDLHCxNh0cjaEr0/R/6R15vplt3hdLNQvlnFk4QiO4RR8qEAdrqABTSAwgAd4gmeHO4/Oi/O6aM04y5lD+AHn7RPj6I46</latexit>µ

<latexit sha1_base64="QYQp7Kuvmy45klFqUteVs8ESfQo=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadnVPG9BLx4jmhhIljA7mU2GzMwuM7NCCPkELx4U8eoXefNvnDwEFS1oKKq66e4KE8608bwPJ7Oyura+kd3MbW3v7O7l9w9aOk4VoU0S81i1Q6wpZ5I2DTOcthNFsQg5vQtHlzP/7p4qzWJ5a8YJDQQeSBYxgo2Vbroi7eULnuvVauVqEVly7te8iiWVUsmKyHe9OQqwRKOXf+/2Y5IKKg3hWOuO7yUmmGBlGOF0muummiaYjPCAdiyVWFAdTOanTtGJVfooipUtadBc/T4xwULrsQhtp8BmqH97M/Evr5OaqBpMmExSQyVZLIpSjkyMZn+jPlOUGD62BBPF7K2IDLHCxNh0cjaEr0/R/6R15vplt3hdLNQvlnFk4QiO4RR8qEAdrqABTSAwgAd4gmeHO4/Oi/O6aM04y5lD+AHn7RPj6I46</latexit>µ

Is single 
occupancy 

below 
chemical 
potential 
possible?

<latexit sha1_base64="P+1JpmTnwEGrDAOKfRvxUKMZ48U=">AAAB6XicdVDJSgNBEK2JW4xLoh69NAbB0zCjWW9BLx6jmAWSIfR0epImPT1Dd48QhvyBFw+KePWPvPk3dhZBRR8UPN6roqqeH3OmtON8WJm19Y3Nrex2bmd3bz9fODhsqyiRhLZIxCPZ9bGinAna0kxz2o0lxaHPacefXM39zj2VikXiTk9j6oV4JFjACNZGuu2ng0LRsZ16vVIrIUMu3LpTNaRaLhsRubazQBFWaA4K7/1hRJKQCk04VqrnOrH2Uiw1I5zOcv1E0RiTCR7RnqECh1R56eLSGTo1yhAFkTQlNFqo3ydSHCo1DX3TGWI9Vr+9ufiX10t0UPNSJuJEU0GWi4KEIx2h+dtoyCQlmk8NwUQycysiYywx0SacnAnh61P0P2mf227FLt2Uio3LVRxZOIYTOAMXqtCAa2hCCwgE8ABP8GxNrEfrxXpdtmas1cwR/ID19gkiHY3J</latexit>

{

with time-
reversal 

symmetry in 
tact?

NFL

doubly 
occupied

 p-h 
symmetry
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 p-h 
asymmetry

<latexit sha1_base64="sbSVjNoi2Vt0rix2Fprd/+VILP8=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKbHssevHYgq2FNpTNdtOu3WzC7kYoob/AiwdFvPqTvPlv3LYRVPTBwOO9GWbmBQlnSjvOh1VYW9/Y3Cpul3Z29/YPyodHXRWnktAOiXksewFWlDNBO5ppTnuJpDgKOL0NplcL//aeSsVicaNnCfUjPBYsZARrI7WTYbni2K7r1jwPObazhCH1asO7cJCbKxXI0RqW3wejmKQRFZpwrFTfdRLtZ1hqRjidlwapogkmUzymfUMFjqjys+Whc3RmlBEKY2lKaLRUv09kOFJqFgWmM8J6on57C/Evr5/qsOFnTCSppoKsFoUpRzpGi6/RiElKNJ8Zgolk5lZEJlhiok02JRPC16fof9Kt2m7N9tpepXmZx1GEEziFc3ChDk24hhZ0gACFB3iCZ+vOerRerNdVa8HKZ47hB6y3TxsBjSg=</latexit>p
<latexit sha1_base64="JuRtbLqrtmUH+DBLAus2dAGXlPs=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKbHssevHYgq2FNpTNdtOu3WzC7kYoob/AiwdFvPqTvPlv3LYRVPTBwOO9GWbmBQlnSjvOh1VYW9/Y3Cpul3Z29/YPyodHXRWnktAOiXksewFWlDNBO5ppTnuJpDgKOL0NplcL//aeSsVicaNnCfUjPBYsZARrI7Unw3LFsV3XrXkecmxnCUPq1YZ34SA3VyqQozUsvw9GMUkjKjThWKm+6yTaz7DUjHA6Lw1SRRNMpnhM+4YKHFHlZ8tD5+jMKCMUxtKU0Gipfp/IcKTULApMZ4T1RP32FuJfXj/VYcPPmEhSTQVZLQpTjnSMFl+jEZOUaD4zBBPJzK2ITLDERJtsSiaEr0/R/6Rbtd2a7bW9SvMyj6MIJ3AK5+BCHZpwDS3oAAEKD/AEz9ad9Wi9WK+r1oKVzxzDD1hvnw7hjSA=</latexit>

h
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single 
occupancy

particle-
hole  

asymmetry

<latexit sha1_base64="c+rINwGf9aGdPub+SZv3Tdti2r8=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqbePJohePLdgPaEPZbCft2s0m7G6EUvoLvHhQxKs/yZv/xm0bQUUfDDzem2Fmnh9zprRtf1iZldW19Y3sZm5re2d3L79/0FJRIik0acQj2fGJAs4ENDXTHDqxBBL6HNr++Hrut+9BKhaJWz2JwQvJULCAUaKN1Ljs5wt20XZd16liQxYwpHJ2XrooYSdVCihFvZ9/7w0imoQgNOVEqa5jx9qbEqkZ5TDL9RIFMaFjMoSuoYKEoLzp4tAZPjHKAAeRNCU0XqjfJ6YkVGoS+qYzJHqkfntz8S+vm+jA9aZMxIkGQZeLgoRjHeH513jAJFDNJ4YQKpm5FdMRkYRqk03OhPD1Kf6ftEpFp1IsN8qF2lUaRxYdoWN0ihxURTV0g+qoiSgC9ICe0LN1Zz1aL9brsjVjpTOH6Aest0/oT40H</latexit>

?



Fermi 
liquids

conserved currents

4 objects

SO(4)
proper  

rotations
improper 
rotations

Anderson 
Haldane 

20003 
citations



21

Improper Rotations

<latexit sha1_base64="9Sn1keT81C/cjB9LFMZVnQC7tPk="></latexit>0

BBB@

cp" + c†p"
i(cp" � c†p")

cp# + c†p#
i(cp# � c†p#)

1

CCCA

Majorana basis

<latexit sha1_base64="DGywPSbvIyYFO5bYIKt/sbZwkfM="></latexit>0

BB@

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 �1

1

CCA

<latexit sha1_base64="uhIVa4Hnwg9wNmfvLcqB5rBpzyM="></latexit>0

BB@

cp"
c†p"
cp#
c†p#

1

CCA

<latexit sha1_base64="9Sn1keT81C/cjB9LFMZVnQC7tPk="></latexit>0

BBB@

cp" + c†p"
i(cp" � c†p")

cp# + c†p#
i(cp# � c†p#)

1

CCCA

<latexit sha1_base64="mz1rSuYlFj2lkjt8fiOCZr7sMSk="></latexit>

cp# ! c†p#

p-h transformation



Fermi  

H = 0

Z2

at Fermi 
surface 

only
np# ! np#

<latexit sha1_base64="SjiJL2WruoVzra7Nn+9fIHkLpPI=">AAACEXicdZDLSsNAFIYn9VbrLerSzWARurEktdR2V3TjsoK9QBPCZDpth04mYWailNBXcOOruHGhiFt37nwbp2kEK3pg4OP/z+HM+f2IUaks69PIrayurW/kNwtb2zu7e+b+QUeGscCkjUMWip6PJGGUk7aiipFeJAgKfEa6/uRy7ndviZA05DdqGhE3QCNOhxQjpSXPLHEviZw4QkKEdzNH0NFYpQzt0yXLM4tW2arXzhoW1JCWhlqlYVtVaGdKEWTV8swPZxDiOCBcYYak7NtWpNwECUUxI7OCE0sSITxBI9LXyFFApJukF83giVYGcBgK/biCqfpzIkGBlNPA150BUmP525uLf3n9WA3rbkJ5FCvC8WLRMGZQhXAeDxxQQbBiUw0IC6r/CvEYCYSVDrGgQ/i+FP4PnUrZrpWr19Vi8yKLIw+OwDEoARucgya4Ai3QBhjcg0fwDF6MB+PJeDXeFq05I5s5BEtlvH8BtOee2Q==</latexit>

np" ! 1� np"
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How to destroy Fermi liquids?

Z2

odd 
under Z2

scaling dimension

New fixed 
point!

Hatsugai-
Kohmoto model

relevant 
interaction

Hubbard 
not  

necessary!



General HK Model

Solvable Mott transition:U>W

Gk�(i!n ! z) =
1� hnk�̄i
z � ⇠k

+
hnk�̄i

z � (⇠k + U)

lower Hubbard band upper Hubbard band

X

k

(⇠k(nk" + nk#) + Unk"nk#)

zeros

<latexit sha1_base64="3YmtZOzr9SfiwxnABVo5P7ULix0=">AAACAXicdVDLSgNBEJyNrxhfUS+Cl8EgeDHsxpjEW9CLxwjmAdkQZie9yZDZ2WVmVohLvPgrXjwo4tW/8ObfOHkIKlrQUFR1093lRZwpbdsfVmphcWl5Jb2aWVvf2NzKbu80VBhLCnUa8lC2PKKAMwF1zTSHViSBBB6Hpje8mPjNG5CKheJajyLoBKQvmM8o0UbqZvdcAdj1JaGJM05uj90wgD7pDsfdbM7O25VKxSljQ6YwpHRyWjgrYGeu5NActW723e2FNA5AaMqJUm3HjnQnIVIzymGccWMFEaFD0oe2oYIEoDrJ9IMxPjRKD/uhNCU0nqrfJxISKDUKPNMZED1Qv72J+JfXjrVf6SRMRLEGQWeL/JhjHeJJHLjHJFDNR4YQKpm5FdMBMXFoE1rGhPD1Kf6fNAp5p5QvXhVz1fN5HGm0jw7QEXJQGVXRJaqhOqLoDj2gJ/Rs3VuP1ov1OmtNWfOZXfQD1tsnvhiXHQ==</latexit>

6= 1

z � !k

<latexit sha1_base64="yXrNj+5occwthN7vgeFAH8Qz37I="></latexit>

[Ûint(k), T̂ ] = 0



SWT

counting charges

zeros   particles6=

single 
occupan

cy



Other violations of Luttinger count



what does the HK model leave out??

dynamical spectral weight transfer

[Ht, HU ] 6= 0



1

00

occupancy 
in HK 
model

not 
electrons

<latexit sha1_base64="jwarn/zsK9ST4ojf0+ZQelQbwpQ=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GntiNm9BLx4jmgWSIfR0epImPQvdPUIY8glePCji1S/y5t/YWQQVfVDweK+KqnpeLLjSGH9YmZXVtfWN7GZua3tndy+/f9BSUSIpa9JIRLLjEcUED1lTcy1YJ5aMBJ5gbW98NfPb90wqHoV3ehIzNyDDkPucEm2kW+es2M8XsO1UysWLKsI2LlXLDjakcl4s4xpybDxHAZZo9PPvvUFEk4CFmgqiVNfBsXZTIjWngk1zvUSxmNAxGbKuoSEJmHLT+alTdGKUAfIjaSrUaK5+n0hJoNQk8ExnQPRI/fZm4l9eN9F+zU15GCeahXSxyE8E0hGa/Y0GXDKqxcQQQiU3tyI6IpJQbdLJmRC+PkX/k1bRBGWXbkqF+uUyjiwcwTGcggNVqMM1NKAJFIbwAE/wbAnr0XqxXhetGWs5cwg/YL19AsHijXo=</latexit>

1/2
<latexit sha1_base64="jwarn/zsK9ST4ojf0+ZQelQbwpQ=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GntiNm9BLx4jmgWSIfR0epImPQvdPUIY8glePCji1S/y5t/YWQQVfVDweK+KqnpeLLjSGH9YmZXVtfWN7GZua3tndy+/f9BSUSIpa9JIRLLjEcUED1lTcy1YJ5aMBJ5gbW98NfPb90wqHoV3ehIzNyDDkPucEm2kW+es2M8XsO1UysWLKsI2LlXLDjakcl4s4xpybDxHAZZo9PPvvUFEk4CFmgqiVNfBsXZTIjWngk1zvUSxmNAxGbKuoSEJmHLT+alTdGKUAfIjaSrUaK5+n0hJoNQk8ExnQPRI/fZm4l9eN9F+zU15GCeahXSxyE8E0hGa/Y0GXDKqxcQQQiU3tyI6IpJQbdLJmRC+PkX/k1bRBGWXbkqF+uUyjiwcwTGcggNVqMM1NKAJFIbwAE/wbAnr0XqxXhetGWs5cwg/YL19AsHijXo=</latexit>

1/2

<latexit sha1_base64="ctWNslFeCTRIytH+YFMjwWo+5rM="></latexit>

nk� =
e��⇠k + e��(2⇠k+U)

1 + 2e��⇠k + e��(2⇠k+U)

<latexit sha1_base64="uoh0ZOIlUyv+iMtJOFEAiewfVBA=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFaxJrp212xG3dWsA9oa8mkmTY08yDJKGXsp7hxoYhbv8Sdf2P6EFT0wOUezrmX3Bw74EwqhD6MpeWV1bX12EZ8c2t7Z9dM7DWkHwpC68TnvmjZWFLOPFpXTHHaCgTFrs1p0x5Vp37zlgrJfO9ajQPadfHAYw4jWGmpZyZOqlCd1o8vUynd0je5dM9MooxVLGTPShBlUL5UsJAmxVy2gMrQyqAZkmCBWs987/R9ErrUU4RjKdsWClQ3wkIxwukk3gklDTAZ4QFta+phl8puNDt9Ao+00oeOL3R5Cs7U7xsRdqUcu7aedLEayt/eVPzLa4fKKXcj5gWhoh6ZP+SEHCofTnOAfSYoUXysCSaC6VshGWKBidJpxXUIXz+F/5NGVgeVyV/lk5XzRRwxcAAOQQpYoAQq4ALUQB0QcAcewBN4Nu6NR+PFeJ2PLhmLnX3wA8bbJ9d4kdI=</latexit>

�Ct/U +O((t/U)3)

Hubbard 
model

<latexit sha1_base64="uvKWg3VY7jglcSBzXNm6+3e7bJo=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GjK1L3dFNy4r2AdMh5JJM21okhmSjFCGfoYbF4q49Wvc+TemD0FFD1w4nHMv994TJpxpg9CHk1tb39jcym8Xdnb39g+Kh0cdHaeK0DaJeax6IdaUM0nbhhlOe4miWIScdsPJ9dzv3lOlWSzvzDShgcAjySJGsLGSLwfZpK/ZSODZoFhCrlerli/rELmoUq96yJLaRbmKGtBz0QIlsEJrUHzvD2OSCioN4Vhr30OJCTKsDCOczgr9VNMEkwkeUd9SiQXVQbY4eQbPrDKEUaxsSQMX6veJDAutpyK0nQKbsf7tzcW/PD81USPImExSQyVZLopSDk0M5//DIVOUGD61BBPF7K2QjLHCxNiUCjaEr0/h/6RTtkG5ldtKqXm1iiMPTsApOAceqIMmuAEt0AYExOABPIFnxziPzovzumzNOauZY/ADztsnINCR1Q==</latexit>nk�

<latexit sha1_base64="SNvVRlMmx6fC+H9EuhdUXST4cws=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GnpiNm9BLx4TMAskQ+jp9CRteha6e4Qw5Au8eFDEq5/kzb+xswgq+qDg8V4VVfW8WHClMf6wMmvrG5tb2e3czu7e/kH+8KitokRS1qKRiGTXI4oJHrKW5lqwbiwZCTzBOt7keu537plUPApv9TRmbkBGIfc5JdpIzckgX8C2UykXL6sI27hULTvYkMpFsYxryLHxAgVYoTHIv/eHEU0CFmoqiFI9B8faTYnUnAo2y/UTxWJCJ2TEeoaGJGDKTReHztCZUYbIj6SpUKOF+n0iJYFS08AznQHRY/Xbm4t/eb1E+zU35WGcaBbS5SI/EUhHaP41GnLJqBZTQwiV3NyK6JhIQrXJJmdC+PoU/U/aRROUXWqWCvWrVRxZOIFTOAcHqlCHG2hACygweIAneLburEfrxXpdtmas1cwx/ID19gk8a40/</latexit>

k



forward 
scattering:  phase 

space integral
<latexit sha1_base64="CiXKNZ5OHz4Dvkj57aU0OOJaylU="></latexit>

I(✏, T ) =

Z
d✏2d✏3d✏4�(✏+ ✏2 � ✏3 � ✏4) [n2(1� n3)(1� n4) + (1� n2)n3n4]

poles:
<latexit sha1_base64="u1RsHOsJwuA9/XaCkh5GQBgj+/4="></latexit>

✏(n)± = (��± + (2n+ 1)⇡i)T

<latexit sha1_base64="n20cpsRMt1OHCdFsa3OsJLgTsq4="></latexit>

�± = ln
1±

p
1� e�U/T

e�U/T

<latexit sha1_base64="AfNzAo20SW6FO+4mURN2r39JUgE=">AAAB/HicdVDLSsNAFJ3UV62vaJduBotQNyHpw7QLoejGZQXTCm0ok+mkHTp5MDNRQqi/4saFIm79EHf+jdOHoKIHLhzOuZd77/FiRoU0zQ8tt7K6tr6R3yxsbe/s7un7Bx0RJRwTB0cs4jceEoTRkDiSSkZuYk5Q4DHS9SYXM797S7igUXgt05i4ARqF1KcYSSUN9GKf09FYIs6jO2jCsnNmngz0kmlYFbtar0NFLNuyTUXqjWa12oSWYc5RAku0B/p7fxjhJCChxAwJ0bPMWLoZ4pJiRqaFfiJIjPAEjUhP0RAFRLjZ/PgpPFbKEPoRVxVKOFe/T2QoECINPNUZIDkWv72Z+JfXS6TfcDMaxokkIV4s8hMGZQRnScAh5QRLliqCMKfqVojHiCMsVV4FFcLXp/B/0qkY1qlRu6qVWufLOPLgEByBMrCADVrgErSBAzBIwQN4As/avfaovWivi9actpwpgh/Q3j4BSZ2T5w==</latexit>

! 0(U = 0)

<latexit sha1_base64="VYeyiX7rxigPHaJfZnm48L5kPI8="></latexit>

=
1

2

�
(⇡T )2 + ✏2 + (�2

+ + �2
� � �+��)T

2 � ✏T (�+ + ��)
�

<latexit sha1_base64="z0bNGOelMGS0lYkdwtjivCKYbWs=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjK1LxdC0YUuK9gHtEPJpJk2NMkMSUYoQz/CjQtF3Po97vwb04egogcuHM65l3vvCWLOtEHow8msrK6tb2Q3c1vbO7t7+f2Dlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvB+Grmt++p0iySd2YSU1/goWQhI9hYqd27xkLgi36+gFyvUi6eVyFyUala9pAllbNiGdWg56I5CmCJRj//3htEJBFUGsKx1l0PxcZPsTKMcDrN9RJNY0zGeEi7lkosqPbT+blTeGKVAQwjZUsaOFe/T6RYaD0Rge0U2Iz0b28m/uV1ExPW/JTJODFUksWiMOHQRHD2OxwwRYnhE0swUczeCskIK0yMTShnQ/j6FP5PWkUblFu6LRXql8s4suAIHINT4IEqqIMb0ABNQMAYPIAn8OzEzqPz4rwuWjPOcuYQ/IDz9glDco+M</latexit>

� =



<latexit sha1_base64="YEmLpfEInSHR2BoJJF9A1y1iS1U="></latexit>

� / 1

2

�
U2 + (3U ln 2)T + (⇡2 + 3(ln 2)2)T 2

�

<latexit sha1_base64="WpKFtjRXazP0ODZgPseR7o7gjhk=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxp0V7AM6Q8mkmWloMjMmmUIZ+h1uXCji1o9x59+YPgQVPXDhcM693HuPn3CmNEIf1srq2vrGZm4rv72zu7dfODhsqziVhLZIzGPZ9bGinEW0pZnmtJtIioXPaccfXc38zphKxeLoTk8S6gkcRixgBGsjee6NoCHuO24Ywla/UES2U62ULmoQ2ahcqzjIkOp5qYLq0LHRHEWwRLNfeHcHMUkFjTThWKmegxLtZVhqRjid5t1U0QSTEQ5pz9AIC6q8bH70FJ4aZQCDWJqKNJyr3ycyLJSaCN90CqyH6rc3E//yeqkO6l7GoiTVNCKLRUHKoY7hLAE4YJISzSeGYCKZuRWSIZaYaJNT3oTw9Sn8n7RLJii7fFsuNi6XceTAMTgBZ8ABNdAA16AJWoCAe/AAnsCzNbYerRfrddG6Yi1njsAPWG+fMeCRwA==</latexit>

⌦1 � U



<latexit sha1_base64="hRgxSUhtmu6IYPaqFsmVnp+AEKo="></latexit>

I(0, T ) =
3

8
⌦2

1 +
ln 2

2
⌦1T +

⇡2 + 2 ln2 2

4
T 2

<latexit sha1_base64="3hAXgDgOZ51MnDzBHI8ad+DjmBI=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBIvgQkqm9uWu6MadFfqCzlAyaToNTWaGJCOUoeCvuHGhiFu/w51/Y/oQVPTAhZNz7iX3Hj/mTGmEPqyl5ZXVtfXMRnZza3tn197bb6kokYQ2ScQj2fGxopyFtKmZ5rQTS4qFz2nbH11N/fYdlYpFYUOPY+oJHIRswAjWRurZh003CGD7DLo3gga450yfjZ6dQ3mnXCpcVCDKo2Kl5CBDyueFEqpCJ49myIEF6j373e1HJBE01IRjpboOirWXYqkZ4XSSdRNFY0xGOKBdQ0MsqPLS2foTeGKUPhxE0lSo4Uz9PpFiodRY+KZTYD1Uv72p+JfXTfSg6qUsjBNNQzL/aJBwqCM4zQL2maRE87EhmEhmdoVkiCUm2iSWNSF8XQr/J62CCSpfvC3mapeLODLgCByDU+CACqiBa1AHTUBACh7AE3i27q1H68V6nbcuWYuZA/AD1tsnY+SUgg==</latexit>

U � W,⌦1 � T

dominates

0

<latexit sha1_base64="jwarn/zsK9ST4ojf0+ZQelQbwpQ=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GntiNm9BLx4jmgWSIfR0epImPQvdPUIY8glePCji1S/y5t/YWQQVfVDweK+KqnpeLLjSGH9YmZXVtfWN7GZua3tndy+/f9BSUSIpa9JIRLLjEcUED1lTcy1YJ5aMBJ5gbW98NfPb90wqHoV3ehIzNyDDkPucEm2kW+es2M8XsO1UysWLKsI2LlXLDjakcl4s4xpybDxHAZZo9PPvvUFEk4CFmgqiVNfBsXZTIjWngk1zvUSxmNAxGbKuoSEJmHLT+alTdGKUAfIjaSrUaK5+n0hJoNQk8ExnQPRI/fZm4l9eN9F+zU15GCeahXSxyE8E0hGa/Y0GXDKqxcQQQiU3tyI6IpJQbdLJmRC+PkX/k1bRBGWXbkqF+uUyjiwcwTGcggNVqMM1NKAJFIbwAE/wbAnr0XqxXhetGWs5cwg/YL19AsHijXo=</latexit>

1/2

<latexit sha1_base64="b0WNh0s0EJR5YexzybkUXdumXec=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GnpiNm9BLx4TMAskQ+jp9CRteha6e4Qw5Au8eFDEq5/kzb+xswgq+qDg8V4VVfW8WHClMf6wMmvrG5tb2e3czu7e/kH+8KitokRS1qKRiGTXI4oJHrKW5lqwbiwZCTzBOt7keu537plUPApv9TRmbkBGIfc5JdpITWeQL2DbqZSLl1WEbVyqlh1sSOWiWMY15Nh4gQKs0Bjk3/vDiCYBCzUVRKmeg2PtpkRqTgWb5fqJYjGhEzJiPUNDEjDlpotDZ+jMKEPkR9JUqNFC/T6RkkCpaeCZzoDosfrtzcW/vF6i/Zqb8jBONAvpcpGfCKQjNP8aDblkVIupIYRKbm5FdEwkodpkkzMhfH2K/iftognKLjVLhfrVKo4snMApnIMDVajDDTSgBRQYPMATPFt31qP1Yr0uWzPWauYYfsB6+wTkdI0F</latexit>

1



<latexit sha1_base64="r25S0atRn2iXILASJXLN2aK3gFc="></latexit>

I(T, 0) ⇡ c0 + c1T + c2T
2 +O(T 3)



Mottness

<latexit sha1_base64="7SnXF/jyBZS/tbKvtsXqt620cSE=">AAACAnicdVDLSgMxFM3UV62vUVfiJlgEVyVT+3JXVMRlBVsLnVIyadqGJpkhyQhlKG78FTcuFHHrV7jzb0wfgooeuHByzr3k3hNEnGmD0IeTWlhcWl5Jr2bW1jc2t9ztnYYOY0VonYQ8VM0Aa8qZpHXDDKfNSFEsAk5vguHZxL+5pUqzUF6bUUTbAvcl6zGCjZU67p7sJENfs77AY19SaJ++EvDifNxxsyjnlYr5kzJEOVQoFz1kSek4X0QV6OXQFFkwR63jvvvdkMSCSkM41rrloci0E6wMI5yOM36saYTJEPdpy1KJBdXtZHrCGB5apQt7obIlDZyq3ycSLLQeicB2CmwG+rc3Ef/yWrHpVdoJk1FsqCSzj3oxhyaEkzxglylKDB9ZgolidldIBlhhYmxqGRvC16Xwf9LI26ByhatCtno6jyMN9sEBOAIeKIMquAQ1UAcE3IEH8ASenXvn0XlxXmetKWc+swt+wHn7BIt1l4s=</latexit>

nk� 6= nFD

strange 
metallicity

forward 
scattering


