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Discussion: Experimental  transport 
phenomenology and some theoretical models 

of non-Fermi liquids 

Correlated gapless quantum matter program, KITP
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Fermi surface  
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k

• States of fermionic matter at finite density. 

• Compressible:  as . 

• Large number of gapless excitations (the most 
gapless systems!).



Fermi liquid theory
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Fermi surface
Screening leads to gapped boson

Fermions interact with gapped boson and become renormalized quasiparticles.
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<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>
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The small damping rate means that fermion quasiparticles are well defined additive excitations 
in a Fermi liquid 

Screened interaction is similar to a 
weak contact interaction

<latexit sha1_base64="IpVFZntZ+ygThtsyBh5OasQMesM=">AAACCnicbVDLSgNBEJyNrxhfqx69jAYhgoRdCeox6EGPEfKC7BJ6J5NkyMzuMjMrhiVnL/6KFw+KePULvPk3Th4HTSxoKKq66e4KYs6UdpxvK7O0vLK6ll3PbWxube/Yu3t1FSWS0BqJeCSbASjKWUhrmmlOm7GkIAJOG8Hgeuw37qlULAqrehhTX0AvZF1GQBupbR96NyAEYI9z7AnQfSlSAQ+jghcJ2oPT6knbzjtFZwK8SNwZyaMZKm37y+tEJBE01ISDUi3XibWfgtSMcDrKeYmiMZAB9GjL0BAEVX46eWWEj43Swd1Imgo1nqi/J1IQSg1FYDrH16p5byz+57US3b30UxbGiaYhmS7qJhzrCI9zwR0mKdF8aAgQycytmPRBAtEmvZwJwZ1/eZHUz4ruebF0V8qXr2ZxZNEBOkIF5KILVEa3qIJqiKBH9Ixe0Zv1ZL1Y79bHtDVjzWb20R9Ynz9T25oK</latexit>
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Fermi liquid theory



Transport in conventional metals

• Low :  from Umklapp QP decay in FL. 

• High :  from phonons 

• Residual resistivity  from impurities
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• High-  Phonons can be either non-dispersive 
(Holstein) or dispersive (Bloch-Grüniesen)

<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>
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<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>
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nFL transport phenomenology



Non-Fermi liquids in experiment
(a.k.a strange metals)

-linear resistivity down to 
<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T
<latexit sha1_base64="iOmMJjn/HRP39gF8Tt5XsHh1VYA=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWOEvCBZw+xkkgyZnV1meg1hyX948aCIV//Fm3/jJNmDJhY0FFXddHcFsRQGXffbWVvf2Nzazu3kd/f2Dw4LR8cNEyWa8TqLZKRbATVcCsXrKFDyVqw5DQPJm8HobuY3n7g2IlI1nMTcD+lAib5gFK30WOtoMRgi1ToaE7dbKLoldw6ySryMFCFDtVv46vQiloRcIZPUmLbnxuinVKNgkk/zncTwmLIRHfC2pYqG3Pjp/OopObdKj/QjbUshmau/J1IaGjMJA9sZUhyaZW8m/ue1E+zf+KlQcYJcscWifiIJRmQWAekJzRnKiSWUaWFvJWxINWVog8rbELzll1dJ47LklUvlh6ti5TaLIwencAYX4ME1VOAeqlAHBhqe4RXenLHz4rw7H4vWNSebOYE/cD5/ADuXklo=</latexit>

T ! 0

Michon et al, PRX 8, 041010 (2018) 
Cuprate

Nguyen et al, Nat. Comm 12, 4341 (2021) 
Heavy fermion Jaoui et al, Nat. Phys. 18, 633–638 (2022) 

 (magic angle twisted bilayer graphene)



Non-Fermi liquids in experiment
(a.k.a strange metals)

-linear resistivity at high  can be “large” (some strange metals can be bad metals) 
<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T
<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T

<latexit sha1_base64="NaXY5t/598/eoHDZOmtRxfQrWXI=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxlaRChbECBsYi0YfUhMhxncaqnUS2g1RF+QEWfoWFAYRY2dn4G5y2A7QcydLROffI9x4/YVQqy/o2SkvLK6tr5fXKxubW9o65u9eRcSowaeOYxaLnI0kYjUhbUcVILxEEcZ+Rrj+6KvzuAxGSxtGdGifE5WgY0YBipLTkmUeOCGMvqzscqVDw7DrPoTNUOsChE/pInJL7umdWrZo1AVwk9oxUwQwtz/xyBjFOOYkUZkjKvm0lys2QUBQzklecVJIE4REakr6mEeJEutnkmhwea2UAg1joFyk4UX8nMsSlHHNfTxZLy3mvEP/z+qkKLtyMRkmqSISnHwUpgyqGRTVwQAXBio01QVhQvSvEIRIIK11gRZdgz5+8SDr1mt2oNW7Pqs3LWR1lcAAOwQmwwTloghvQAm2AwSN4Bq/gzXgyXox342M6WjJmmX3wB8bnD1nqm7w=</latexit>

⇢2D & ~/e2
<latexit sha1_base64="ne8ZOkN9NRQHJmnfmFKPnBbCOyE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Jv2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5pdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PIqaV1UvVq1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6IejXI=</latexit>

}



Strange metals

• 2D or quasi-2D (layered) 
materials. 

• -linear electrical resistivity   
• (Usually) proximate to 

quantum critical points.

<latexit sha1_base64="EqeA+mbLkNRXGR722P9vRZdlcXk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cE8oJkCbOT3mTM7OwyMyuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vJ7e2vrG5ld8u7Ozu7R8UD4+aOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjdz/zWEyrNY1k34wT9iA4kDzmjxkq1eq9YcsvuHGSVeBkpQYZqr/jV7ccsjVAaJqjWHc9NjD+hynAmcFrophoTykZ0gB1LJY1Q+5P5oVNyZpU+CWNlSxoyV39PTGik9TgKbGdEzVAvezPxP6+TmvDWn3CZpAYlWywKU0FMTGZfkz5XyIwYW0KZ4vZWwoZUUWZsNgUbgrf88ippXpS96/JV7bJUucviyMMJnMI5eHADFXiAKjSAAcIzvMKb8+i8OO/Ox6I152Qzx/AHzucPsumM4g==</latexit>

T



Do strange metals arise due to phonons?

•  - linear in strange metals extends down to  < 5 - 10 K, which is usually too low for 
phonon mechanisms. 

• High-  electron-phonon scattering that gives -linear resistivity is elastic

<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T
<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T

<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T
<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T

Short answer: not in most cases

<latexit sha1_base64="R1YBeGXYF89q0P6YLq9EMF67uKs=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MWbFewHNKFstpN26WYTdjdCKf0bXjwo4tU/481/47bNQasPBh7vzTAzL0wF18Z1v5zCyura+kZxs7S1vbO7V94/aOkkUwybLBGJ6oRUo+ASm4YbgZ1UIY1Dge1wdDPz24+oNE/kgxmnGMR0IHnEGTVW8v27GAe0J8kVcXvlilt15yB/iZeTCuRo9Mqffj9hWYzSMEG17npuaoIJVYYzgdOSn2lMKRvRAXYtlTRGHUzmN0/JiVX6JEqULWnIXP05MaGx1uM4tJ0xNUO97M3E/7xuZqLLYMJlmhmUbLEoygQxCZkFQPpcITNibAllittbCRtSRZmxMZVsCN7yy39J66zq1aq1+/NK/TqPowhHcAyn4MEF1OEWGtAEBik8wQu8Opnz7Lw574vWgpPPHMIvOB/fj7WQvA==</latexit>

⌦n = 0

• Plenty of evidence for strongly inelastic electron scattering in strange metals 

• Electron-electron interactions are important



Inelastic scattering in strange metals
Inelastic scattering from optical measurements

LSCO, p = 0.24

Michon et al, Nat. Comm. 14, 3033 (2023)

<latexit sha1_base64="yy/wU2pvcySx++VzHSrpFwfT/dI="></latexit>
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<latexit sha1_base64="DWlPFuDvtbqckcHSNGNPMGnwx8U="></latexit>

1

⌧(!)
/ |!|�

✓
~!
kBT

◆

Large, frequency dependent 
(therefore inelastic) scattering 
rate in optical conductivity.

Also seen in photoemission 
(Reber et al, Nat. Comm. 10, 5737 (2019))



Inelastic scattering in strange metals
Inelastic scattering from shot noise

Chen et al, Science 382, 907-911 (2023)

• Shot noise reflects 
granularity of current. 

• Inelastic scattering into a 
boson bath degrades 
momentum and energy and 
reduces granularity, 
suppressing shot noise.

(Strange metal)



More strange transport: magnetoresistance
-linear magnetoresistance<latexit sha1_base64="NyHPVUVlO6gTN6ogtLJ2PdsLuH0=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY8ELx4hkUcCGzI7NDAyO7uZmTUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeTu7nffkKleSQfzDRGP6QjyYecUWOlRq1fLLlldwGyTryMlCBDvV/86g0iloQoDRNU667nxsZPqTKcCZwVeonGmLIJHWHXUklD1H66OHRGLqwyIMNI2ZKGLNTfEykNtZ6Gge0MqRnrVW8u/ud1EzO89VMu48SgZMtFw0QQE5H512TAFTIjppZQpri9lbAxVZQZm03BhuCtvrxOWldlr1KuNK5L1VoWRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJfzjNE=</latexit>

B

Ataei et al, Nat. Phys. 18 1420-1424 (2022) I. M. Hayes, Nat. Phys. 12 916-919 (2016) 



More strange transport: magnetoresistance
-linear magnetoresistance<latexit sha1_base64="NyHPVUVlO6gTN6ogtLJ2PdsLuH0=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY8ELx4hkUcCGzI7NDAyO7uZmTUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeTu7nffkKleSQfzDRGP6QjyYecUWOlRq1fLLlldwGyTryMlCBDvV/86g0iloQoDRNU667nxsZPqTKcCZwVeonGmLIJHWHXUklD1H66OHRGLqwyIMNI2ZKGLNTfEykNtZ6Gge0MqRnrVW8u/ud1EzO89VMu48SgZMtFw0QQE5H512TAFTIjppZQpri9lbAxVZQZm03BhuCtvrxOWldlr1KuNK5L1VoWRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJfzjNE=</latexit>

B

Ataei et al, Nat. Phys. 18 1420-1424 (2022)  
Grissonnanche et al, Nature 595, 667-672 (2021)

• In cuprates, it can be explained 
by anisotropic transport 
scattering rate on the FS



More strange transport: Hall effect
Strong -dependence of  at higher <latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T
<latexit sha1_base64="9UhL/dcocfYhNCwYcpNx+n+P4Vo=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELxzxwSOBDZkdemHC7OxmZtaEED7BiweN8eoXefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzThBP6IDyUPOqLHSw32v1iuW3LI7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaF2WvUq7cXZaqN1kceTiBUzgHD66gCjWoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4A+CuNnA==</latexit>

RH

<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T

H. Kontani, Rep. Prog. Phys. 71 026501 (2008) 

• With ,  is 
approximately  over intermediate  
range. 

• Associated with crossover to “bad 
metal” regime.

<latexit sha1_base64="bHlqvE9pmVrqa4fDLhlNtpiMBzg=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OKxQr+gu5Zsmm1Ds8mSZJVS+j+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8MOFMG9f9dnJr6xubW/ntws7u3v5B8fCopWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2Obmd++5EqzaRomHFCgxgPBIsYwcZKD74aynLjHPmaxajRK5bcijsHWiVeRkqQod4rfvl9SdKYCkM41rrruYkJJlgZRjidFvxU0wSTER7QrqUCx1QHk/nVU3RmlT6KpLIlDJqrvycmONZ6HIe2M8ZmqJe9mfif101NdB1MmEhSQwVZLIpSjoxEswhQnylKDB9bgoli9lZEhlhhYmxQBRuCt/zyKmldVLxqpXp/WardZHHk4QROoQweXEEN7qAOTSCg4Ble4c15cl6cd+dj0Zpzsplj+APn8wcJtJGU</latexit>

⇢(T ) ⇠ T
<latexit sha1_base64="m/gdYHBy8ltoFZMNNGljTRkAuzU=">AAACB3icbVDLSgMxFM3UV62vqktBgkWomzojUt0IRTddVukLOsOQSdM2NDMZkjtCKd258VfcuFDErb/gzr8xbWeh1QOXezjnXpJ7glhwDbb9ZWWWlldW17LruY3Nre2d/O5eU8tEUdagUkjVDohmgkesARwEa8eKkTAQrBUMb6Z+654pzWVUh1HMvJD0I97jlICR/PyhSyVgFwYMiF/FV9hVA1msn5ze+VXT/HzBLtkz4L/ESUkBpaj5+U+3K2kSsgioIFp3HDsGb0wUcCrYJOcmmsWEDkmfdQyNSMi0N57dMcHHRuninlSmIsAz9efGmIRaj8LATIYEBnrRm4r/eZ0EepfemEdxAiyi84d6icAg8TQU3OWKURAjQwhV3PwV0wFRhIKJLmdCcBZP/kuaZyWnXCrfnhcq12kcWXSAjlAROegCVVAV1VADUfSAntALerUerWfrzXqfj2asdGcf/YL18Q3AnZdR</latexit>

cot ✓H = ⇢(T )/RH(T )
<latexit sha1_base64="wYe50O8f+T1HcoPAaoLjqy7KtVQ=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9ktUj0WvXis0C9o15JNs21okt0mWaEs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZeEHOmjet+O7mNza3tnfxuYW//4PCoeHzS0lGiCG2SiEeqE2BNOZO0aZjhtBMrikXAaTsY38399hNVmkWyYaYx9QUeShYygo2VOj3NBGo8VvrFklt2F0DrxMtICTLU+8Wv3iAiiaDSEI617npubPwUK8MIp7NCL9E0xmSMh7RrqcSCaj9d3DtDF1YZoDBStqRBC/X3RIqF1lMR2E6BzUivenPxP6+bmPDGT5mME0MlWS4KE45MhObPowFTlBg+tQQTxeytiIywwsTYiAo2BG/15XXSqpS9arn6cFWq3WZx5OEMzuESPLiGGtxDHZpAgMMzvMKbM3FenHfnY9mac7KZU/gD5/MHSR2Pfg==</latexit>

⇠ T 2 <latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T



Old models of nFL



non-Fermi Liquid Metal
<latexit sha1_base64="MO2cRXw+lQl58GasXz2c9am9mas="></latexit>
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<latexit sha1_base64="Esuk39WEFhcV+v8k+y2OSSKCbvM="></latexit>

“Yukawa” coupling: g

Z
d2rd⌧  †(r, ⌧) (r, ⌧)�(r, ⌧)

kx

ky

+ A. J. Millis, Phys. Rev. B 48, 7183 (1993)

J. A. Hertz, Phys. Rev. B 14, 1165 (1976)

<latexit sha1_base64="RjwGJ0wZ5ltjckJfF7j0SzX9UP4="></latexit>
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✓
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◆
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<latexit sha1_base64="XZySOIzwKdiSd88w3f8LE5Zv3n8=">AAACHnicbVDLSgMxFM3UV62vUZdugkWoIGVGrLoRinXhskJf0JZyJ03b0ExmSDKFMrQ/4sZfceNCEcGV/o3pY6GtBwKHc+7l5hwv5Expx/m2Eiura+sbyc3U1vbO7p69f1BRQSQJLZOAB7LmgaKcCVrWTHNaCyUF3+O06vULE786oFKxQJT0MKRNH7qCdRgBbaSWnWv4oHvSj0sShOJTFTgfjpkYgGQg9Ohs3JC9oBXfFUaZ0im+wU62ZaedrDMFXibunKTRHMWW/dloByTyqdCEg1J11wl1MwapGeF0lGpEioZA+tCldUMF+FQ142m8ET4xSht3Amme0Hiq/t6IwVdq6HtmchJGLXoT8T+vHunOdTNmIow0FWR2qBNxrAM86Qq3maRE86EhQCQzf8WkBxKINo2mTAnuYuRlUjnPupfZ3MNFOn87ryOJjtAxyiAXXaE8ukdFVEYEPaJn9IrerCfrxXq3PmajCWu+c4j+wPr6AeJ6otw=</latexit>

Translationally invariant, ⇢DC(T ) = 0.



non-Fermi Liquid Metal

<latexit sha1_base64="t4+H9TroSzFTtyfix0p/nKo6RUM="></latexit>

Eliashberg solution for electron (G) and boson (D) Green’s functions at small !:

⌃(k̂, i!) ⇠ �isgn(!)|!|2/3 , G(k, i!) =
1

i! � "(k)� ⌃(k̂, i!)
, D(q, i⌦) =

1

⌦2 + q2 + �|⌦|/q
P.A. Lee, Phys. Rev. Lett 63, 680 (1989)

(in two spatial dimensions)

<latexit sha1_base64="Esuk39WEFhcV+v8k+y2OSSKCbvM="></latexit>

“Yukawa” coupling: g

Z
d2rd⌧  †(r, ⌧) (r, ⌧)�(r, ⌧)

(Boson is massless 
but damped at QCP)
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Strong inelastic forward 
scattering, no well-
defined quasiparticles.

Also, not possible to solve exactly… 



non-Fermi Liquid Metal
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• Quasiparticles destroyed only at “hot spots” 
• Rest of the FS “short-circuits” hot spots in 

bulk fermion properties such as transport, 
which remain boring.

<latexit sha1_base64="fSMpLzYp2VpPk22u9lNWV4JKO3I=">AAAB9HicbVBNSwMxEM36WetX1aOXYBE8lV2R6rHoxWML9gPatWSzs21oNlmTbKEs/R1ePCji1R/jzX9j2u5BWx8MPN6bYWZekHCmjet+O2vrG5tb24Wd4u7e/sFh6ei4pWWqKDSp5FJ1AqKBMwFNwwyHTqKAxAGHdjC6m/ntMSjNpHgwkwT8mAwEixglxko+PGas0aOhNFhN+6WyW3HnwKvEy0kZ5aj3S1+9UNI0BmEoJ1p3PTcxfkaUYZTDtNhLNSSEjsgAupYKEoP2s/nRU3xulRBHUtkSBs/V3xMZibWexIHtjIkZ6mVvJv7ndVMT3fgZE0lqQNDFoijl2Eg8SwCHTAE1fGIJoYrZWzEdEkWosTkVbQje8surpHVZ8aqVauOqXLvN4yigU3SGLpCHrlEN3aM6aiKKntAzekVvzth5cd6dj0XrmpPPnKA/cD5/ALW7khQ=</latexit>

eiQ·r



Current and Momentum
• Momentum is conserved in translationally invariant electron systems 
• Finite charge density implies current can’t be relaxed,  if not 

for Umklapp processes and phonons.  
• Need strong momentum dissipation to get -linear resistivity at low . 

Phonons and Umklapp insufficient.

<latexit sha1_base64="sy5RYsK2P8CBLMoCuQBNx8ivKDI=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyyCqzIjvjZCsS5cVrAP6AxDJk3b0EwyJBmhjLPwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhzKjSjvNtLSwuLa+sltbK6xubW9v2zm5LiURi0sSCCdkJkSKMctLUVDPSiSVBUchIOxzVc7/9QKSigt/rcUz8CA047VOMtJECe9+TQxGkXoT0UEbpTT3L4BV0ArviVJ0J4DxxC1IBBRqB/eX1BE4iwjVmSKmu68TaT5HUFDOSlb1EkRjhERqQrqEcRUT56SR/Bo+M0oN9Ic3jGk7U3xspipQaR6GZzHOqWS8X//O6ie5f+inlcaIJx9ND/YRBLWBeBuxRSbBmY0MQltRkhXiIJMLaVFY2JbizX54nrZOqe149uzut1K6LOkrgAByCY+CCC1ADt6ABmgCDR/AMXsGb9WS9WO/Wx3R0wSp29sAfWJ8/RjmVng==</latexit>

⇢DC = 0

<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T
<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T

• Partial exception: clean two-band models can dump momentum into 
second band with high DOS and strong Umklapp, allowing nFL transport 
at lower  than clean single-band models. But many strange metals are 
single-band.

<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T

• Will not discuss highly exotic possibilities as strange metals are a very 
generic phenomenon in correlated electron materials.

• The only other generic thing left is disorder.



Solvable models of nFL



Toy model for metal without quasiparticles
Sachdev-Ye-Kitaev (SYK) model

H =
N !"!

i,j,k,l =1

Jijkl f  
i f  

j f k f l , { f  
i , f j } = ! ij

! Jijkl " = 0 , ! |Jijkl |2 " = J 2/ (8N 3)

• Fermions interacting randomly on 
large number of sites (N) 

• Purely inelastic scattering 
• Exact Schwinger-Dyson equations 

in large N limit
! (! ) = ! J 2G2(! )G(! ! ),

G(i " n ) =
1

i " n ! ! (i " n )
.

<latexit sha1_base64="0KJKbdef/Gu8PmJlyLy+qErZ+4s="></latexit><latexit sha1_base64="0KJKbdef/Gu8PmJlyLy+qErZ+4s="></latexit><latexit sha1_base64="0KJKbdef/Gu8PmJlyLy+qErZ+4s="></latexit><latexit sha1_base64="0KJKbdef/Gu8PmJlyLy+qErZ+4s="></latexit>

S. Sachdev and J. Ye, PRL 70, 3339 (1993) 
S. Sachdev, PRX 041025 (2015) 
A. Kitaev, KITP Talks (2015)



Toy model for metal without quasiparticles
Sachdev-Ye-Kitaev (SYK) model
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! Jijkl " = 0 , ! |Jijkl |2 " = J 2/ (8N 3)

• Fermions interacting randomly on 
large number of sites (N) 

• Purely inelastic scattering 
• Exact Schwinger-Dyson equations 

in large N limit

S. Sachdev and J. Ye, PRL 70, 3339 (1993) 
S. Sachdev, PRX 041025 (2015) 
A. Kitaev, KITP Talks (2015)

G(i ! n ! J ) =
Csgn(! n )
!

J |! n |
.
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(T = 0)

No quasiparticle peak



SYK Model: Saddle-point action
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<latexit sha1_base64="AP1GKE831ATthHd/5R6XRwc0Lig=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzQOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTP3WE9WGKflgxwkNBR5IFjOCrZOa3Xs2ELhXrvhVfwa0TIKcVCBHvVf+6vYVSQWVlnBsTCfwExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauOrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCMHiy8ukeVYNLqrnd+eV2nUeRxGO4BhOIYBLqMEt1KEBBB7hGV7hzVPei/fufcxbC14+cwh/4H3+AG5Njww=</latexit>
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S. Sachdev and J. Ye, PRL 70, 3339 (1993) 
S. Sachdev, PRX 041025 (2015) 

A. Kitaev, KITP Talks (2015)



SYK Model: Many-body spectrum
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J

• Low-lying states have 
level spacing ~ . 

• Incompatible with 
quasiparticle structure 
of 
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Lattices of SYK models
One-band versions

<latexit sha1_base64="LIJf2p9y90srWcO755jlCMKDJ34="></latexit>
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DMFT formulation: O. Parcollet and A. Georges, PRB 59, 5341 (1998) 

X.-Y. Song, C.-M. Jian and L. Balents, PRL 119, 216601 (2017) 
D. Chowdhury, Y. Werman, E. Berg, and T. Senthil, PRX 8, 031024 (2018)

Variant with infinite-ranged interactions instead of on-site large- N:  
X. Wu, C.-M. Jian. Y.-Z. You, C. Xu, PRB 98, 165117 (2018)
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<latexit sha1_base64="1X+wht8s7o3HIvUvUBSJUTpkcsU=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU90tUj0WRRBPFewHtNuSTdM2NMkuSVYpS/+HFw+KePW/ePPfmLZ70NYHA4/3ZpiZF0ScaeO6305mZXVtfSO7mdva3tndy+8f1HUYK0JrJOShagZYU84krRlmOG1GimIRcNoIRtdTv/FIlWahfDDjiPoCDyTrM4KNlTo3XYLamglkOqWzu26+4BbdGdAy8VJSgBTVbv6r3QtJLKg0hGOtW54bGT/ByjDC6STXjjWNMBnhAW1ZKrGg2k9mV0/QiVV6qB8qW9Kgmfp7IsFC67EIbKfAZqgXvan4n9eKTf/ST5iMYkMlmS/qxxyZEE0jQD2mKDF8bAkmitlbERlihYmxQeVsCN7iy8ukXip65WL5/rxQuUrjyMIRHMMpeHABFbiFKtSAgIJneIU358l5cd6dj3lrxklnDuEPnM8f4YuReg==</latexit>

Ec ! t2/J

MIR
<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0



Lattices of SYK models
Two-band versions

A. A. Patel, J. McGreevy, D. P. Arvoas, S. Sachdev, PRX 8, 021049 (2018) 
D. Chowdhury, Y. Werman, E. Berg, and T. Senthil, PRX 8, 031024 (2018)

<latexit sha1_base64="vhhR4F1Tx01J2RCZHfYpj6z5Zpk="></latexit>

H = ! t
N!

! xy " ,i =1

"
c 

ix ciy + h .c.
#

+
N!

x,ijkl =1

gijkl c 
ix f  

jx ckx f lx

N!

x,ijkl =1

Jijkl f  
ix f  

jx f kx f lx

<latexit sha1_base64="ExPOFqwgX7g7fJydxXWEELr0MCc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqsH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4AyfeM8g==</latexit>c

<latexit sha1_base64="+qqeNhg7gs2baKY/L31S1IZaCLI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqhP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBzoOM9Q==</latexit>

f

<latexit sha1_base64="SiLPLV005ZxAX9YhaOTdoQ5Uq0k=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahgpREpLosunFZIX1AE8pkOmmGTjJhZqKU0O7c+CtuXCji1k9w5984bbPQ6oELh3Pu5d57/IRRqSzryygsLa+srhXXSxubW9s75u5eS/JUYNLEnHHR8ZEkjMakqahipJMIgiKfkbY/vJ767TsiJOWxo0YJ8SI0iGlAMVJa6pmHrgh5xTmBrqQRdE4nE8cVdBAqJAS/h1bPLFtVawb4l9g5KYMcjZ756fY5TiMSK8yQlF3bSpSXIaEoZmRcclNJEoSHaEC6msYoItLLZo+M4bFW+jDgQles4Ez9OZGhSMpR5OvOCKlQLnpT8T+vm6rg0stonKSKxHi+KEgZVBxOU4F9KghWbKQJwoLqWyEOkUBY6exKOgR78eW/pHVWtWvV2u15uX6Vx1EEB+AIVIANLkAd3IAGaAIMHsATeAGvxqPxbLwZ7/PWgpHP7INfMD6+AT9JmOA=</latexit>

! (T) ! T, T " 0

“Marginal Fermi liquid” of Varma et al

This model is weird, cannot be connected to picture of nFL near phase transitions



Yukawa-SYK model
<latexit sha1_base64="pxr+/BbvgU1+nZMbIoHe0Ym+RGs="></latexit>

H =
!

ij

t ij !  
i ! j +

!

!

1
2

"
" 2

! + #2
! $2

!

#
+

!

ij !

gij ! !
 
i ! j $!

<latexit sha1_base64="4C0E6ZdKVLrPX1g5XoShuZh/qsE="></latexit>

Leads to fully self-consistent Migdal-Eliashberg equations
! ! ! g2G! G" , ! " ! g2G! G! in a SYK-like large N limit.

! =
<latexit sha1_base64="pk3ZmbMDJBp861UaFugr9daoJp8=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAiuyswgqAuh6MZlRfuAdiiZNNOGJpkhyQhl6Ee4caGIW7/HnX9j+lho64ELh3Pu5d57olRwYz3vG62srq1vbBa2its7u3v7pYPDhkkyTVmdJiLRrYgYJrhidcutYK1UMyIjwZrR8HbiN5+YNjxRj3aUslCSvuIxp8Q6qdl54H1Jrrulslfxgis/CLAjU2B/kZRhjlq39NXpJTSTTFkqiDFt30ttmBNtORVsXOxkhqWEDkmftR1VRDIT5tNzx/jUKT0cJ9qVsniq/p7IiTRmJCPXKYkdmEVvIv7ntTMbX4Y5V2lmmaKzRXEmsE3w5Hfc45pRK0aOEKq5uxXTAdGEWpdQ0YWw9PIyaQQV36v49+fl6s08jgIcwwmcgQ8XUIU7qEEdKAzhGV7hDaXoBb2jj1nrCprPHMEfoM8fCEKPWw==</latexit><latexit sha1_base64="pk3ZmbMDJBp861UaFugr9daoJp8=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAiuyswgqAuh6MZlRfuAdiiZNNOGJpkhyQhl6Ee4caGIW7/HnX9j+lho64ELh3Pu5d57olRwYz3vG62srq1vbBa2its7u3v7pYPDhkkyTVmdJiLRrYgYJrhidcutYK1UMyIjwZrR8HbiN5+YNjxRj3aUslCSvuIxp8Q6qdl54H1Jrrulslfxgis/CLAjU2B/kZRhjlq39NXpJTSTTFkqiDFt30ttmBNtORVsXOxkhqWEDkmftR1VRDIT5tNzx/jUKT0cJ9qVsniq/p7IiTRmJCPXKYkdmEVvIv7ntTMbX4Y5V2lmmaKzRXEmsE3w5Hfc45pRK0aOEKq5uxXTAdGEWpdQ0YWw9PIyaQQV36v49+fl6s08jgIcwwmcgQ8XUIU7qEEdKAzhGV7hDaXoBb2jj1nrCprPHMEfoM8fCEKPWw==</latexit><latexit sha1_base64="pk3ZmbMDJBp861UaFugr9daoJp8=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAiuyswgqAuh6MZlRfuAdiiZNNOGJpkhyQhl6Ee4caGIW7/HnX9j+lho64ELh3Pu5d57olRwYz3vG62srq1vbBa2its7u3v7pYPDhkkyTVmdJiLRrYgYJrhidcutYK1UMyIjwZrR8HbiN5+YNjxRj3aUslCSvuIxp8Q6qdl54H1Jrrulslfxgis/CLAjU2B/kZRhjlq39NXpJTSTTFkqiDFt30ttmBNtORVsXOxkhqWEDkmftR1VRDIT5tNzx/jUKT0cJ9qVsniq/p7IiTRmJCPXKYkdmEVvIv7ntTMbX4Y5V2lmmaKzRXEmsE3w5Hfc45pRK0aOEKq5uxXTAdGEWpdQ0YWw9PIyaQQV36v49+fl6s08jgIcwwmcgQ8XUIU7qEEdKAzhGV7hDaXoBb2jj1nrCprPHMEfoM8fCEKPWw==</latexit><latexit sha1_base64="pk3ZmbMDJBp861UaFugr9daoJp8=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAiuyswgqAuh6MZlRfuAdiiZNNOGJpkhyQhl6Ee4caGIW7/HnX9j+lho64ELh3Pu5d57olRwYz3vG62srq1vbBa2its7u3v7pYPDhkkyTVmdJiLRrYgYJrhidcutYK1UMyIjwZrR8HbiN5+YNjxRj3aUslCSvuIxp8Q6qdl54H1Jrrulslfxgis/CLAjU2B/kZRhjlq39NXpJTSTTFkqiDFt30ttmBNtORVsXOxkhqWEDkmftR1VRDIT5tNzx/jUKT0cJ9qVsniq/p7IiTRmJCPXKYkdmEVvIv7ntTMbX4Y5V2lmmaKzRXEmsE3w5Hfc45pRK0aOEKq5uxXTAdGEWpdQ0YWw9PIyaQQV36v49+fl6s08jgIcwwmcgQ8XUIU7qEEdKAzhGV7hDaXoBb2jj1nrCprPHMEfoM8fCEKPWw==</latexit> G

<latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit>

<latexit sha1_base64="iDLsTrJLEJJoGF2ewg+2nrH4V1k=">AAAB6HicbVDJSgNBEK2JW4xb1KOXxiB4CjOD6y2oB48JmAWSIfR0apI2PQvdPUIY8gVePCji1U/y5t/YWQ6a+KDg8V4VVfX8RHClbfvbyq2srq1v5DcLW9s7u3vF/YOGilPJsM5iEcuWTxUKHmFdcy2wlUikoS+w6Q9vJ37zCaXicfSgRwl6Ie1HPOCMaiPV7rrFkl223WvHdYkhUxBnkZRgjmq3+NXpxSwNMdJMUKXajp1oL6NScyZwXOikChPKhrSPbUMjGqLysumhY3JilB4JYmkq0mSq/p7IaKjUKPRNZ0j1QC16E/E/r53q4MrLeJSkGiM2WxSkguiYTL4mPS6RaTEyhDLJza2EDaikTJtsCiaEpZeXScMtOxfl89pZqXIzjyMPR3AMp+DAJVTgHqpQBwYIz/AKb9aj9WK9Wx+z1pw1nzmEP7A+fwCzzozj</latexit>

D
<latexit sha1_base64="GeLjeJ3GeCC47QfLzsS1vptzGkI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVB71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHz7WM9Q==</latexit>g <latexit sha1_base64="GeLjeJ3GeCC47QfLzsS1vptzGkI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVB71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHz7WM9Q==</latexit>g

<latexit sha1_base64="O76XellgtLk8CAD0tEs2v6wnduc=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKewuPg9C0IvHCOYByRJmJ7PJkJnZZWZWCEt+wYsHRbz6Q978G2eTHDSxoKGo6qa7K0w408Z1v53Cyura+kZxs7S1vbO7V94/aOo4VYQ2SMxj1Q6xppxJ2jDMcNpOFMUi5LQVju5yv/VElWaxfDTjhAYCDySLGMEml7p1dtMrV9yq6197vo8smQJ5i6QCc9R75a9uPyapoNIQjrXueG5iggwrwwink1I31TTBZIQHtGOpxILqIJveOkEnVumjKFa2pEFT9fdEhoXWYxHaToHNUC96ufif10lNdBVkTCapoZLMFkUpRyZG+eOozxQlho8twUQxeysiQ6wwMTaekg1h6eVl0vSr3kX1/OGsUrudx1GEIziGU/DgEmpwD3VoAIEhPMMrvDnCeXHenY9Za8GZzxzCHzifP73zjg8=</latexit>

! =
G

<latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit>

G
<latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit>

<latexit sha1_base64="GeLjeJ3GeCC47QfLzsS1vptzGkI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVB71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHz7WM9Q==</latexit>g <latexit sha1_base64="GeLjeJ3GeCC47QfLzsS1vptzGkI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVB71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHz7WM9Q==</latexit>g

! =
<latexit sha1_base64="pk3ZmbMDJBp861UaFugr9daoJp8=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAiuyswgqAuh6MZlRfuAdiiZNNOGJpkhyQhl6Ee4caGIW7/HnX9j+lho64ELh3Pu5d57olRwYz3vG62srq1vbBa2its7u3v7pYPDhkkyTVmdJiLRrYgYJrhidcutYK1UMyIjwZrR8HbiN5+YNjxRj3aUslCSvuIxp8Q6qdl54H1Jrrulslfxgis/CLAjU2B/kZRhjlq39NXpJTSTTFkqiDFt30ttmBNtORVsXOxkhqWEDkmftR1VRDIT5tNzx/jUKT0cJ9qVsniq/p7IiTRmJCPXKYkdmEVvIv7ntTMbX4Y5V2lmmaKzRXEmsE3w5Hfc45pRK0aOEKq5uxXTAdGEWpdQ0YWw9PIyaQQV36v49+fl6s08jgIcwwmcgQ8XUIU7qEEdKAzhGV7hDaXoBb2jj1nrCprPHMEfoM8fCEKPWw==</latexit><latexit sha1_base64="pk3ZmbMDJBp861UaFugr9daoJp8=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAiuyswgqAuh6MZlRfuAdiiZNNOGJpkhyQhl6Ee4caGIW7/HnX9j+lho64ELh3Pu5d57olRwYz3vG62srq1vbBa2its7u3v7pYPDhkkyTVmdJiLRrYgYJrhidcutYK1UMyIjwZrR8HbiN5+YNjxRj3aUslCSvuIxp8Q6qdl54H1Jrrulslfxgis/CLAjU2B/kZRhjlq39NXpJTSTTFkqiDFt30ttmBNtORVsXOxkhqWEDkmftR1VRDIT5tNzx/jUKT0cJ9qVsniq/p7IiTRmJCPXKYkdmEVvIv7ntTMbX4Y5V2lmmaKzRXEmsE3w5Hfc45pRK0aOEKq5uxXTAdGEWpdQ0YWw9PIyaQQV36v49+fl6s08jgIcwwmcgQ8XUIU7qEEdKAzhGV7hDaXoBb2jj1nrCprPHMEfoM8fCEKPWw==</latexit><latexit sha1_base64="pk3ZmbMDJBp861UaFugr9daoJp8=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAiuyswgqAuh6MZlRfuAdiiZNNOGJpkhyQhl6Ee4caGIW7/HnX9j+lho64ELh3Pu5d57olRwYz3vG62srq1vbBa2its7u3v7pYPDhkkyTVmdJiLRrYgYJrhidcutYK1UMyIjwZrR8HbiN5+YNjxRj3aUslCSvuIxp8Q6qdl54H1Jrrulslfxgis/CLAjU2B/kZRhjlq39NXpJTSTTFkqiDFt30ttmBNtORVsXOxkhqWEDkmftR1VRDIT5tNzx/jUKT0cJ9qVsniq/p7IiTRmJCPXKYkdmEVvIv7ntTMbX4Y5V2lmmaKzRXEmsE3w5Hfc45pRK0aOEKq5uxXTAdGEWpdQ0YWw9PIyaQQV36v49+fl6s08jgIcwwmcgQ8XUIU7qEEdKAzhGV7hDaXoBb2jj1nrCprPHMEfoM8fCEKPWw==</latexit><latexit sha1_base64="pk3ZmbMDJBp861UaFugr9daoJp8=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAiuyswgqAuh6MZlRfuAdiiZNNOGJpkhyQhl6Ee4caGIW7/HnX9j+lho64ELh3Pu5d57olRwYz3vG62srq1vbBa2its7u3v7pYPDhkkyTVmdJiLRrYgYJrhidcutYK1UMyIjwZrR8HbiN5+YNjxRj3aUslCSvuIxp8Q6qdl54H1Jrrulslfxgis/CLAjU2B/kZRhjlq39NXpJTSTTFkqiDFt30ttmBNtORVsXOxkhqWEDkmftR1VRDIT5tNzx/jUKT0cJ9qVsniq/p7IiTRmJCPXKYkdmEVvIv7ntTMbX4Y5V2lmmaKzRXEmsE3w5Hfc45pRK0aOEKq5uxXTAdGEWpdQ0YWw9PIyaQQV36v49+fl6s08jgIcwwmcgQ8XUIU7qEEdKAzhGV7hDaXoBb2jj1nrCprPHMEfoM8fCEKPWw==</latexit> G

<latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit>

<latexit sha1_base64="iDLsTrJLEJJoGF2ewg+2nrH4V1k=">AAAB6HicbVDJSgNBEK2JW4xb1KOXxiB4CjOD6y2oB48JmAWSIfR0apI2PQvdPUIY8gVePCji1U/y5t/YWQ6a+KDg8V4VVfX8RHClbfvbyq2srq1v5DcLW9s7u3vF/YOGilPJsM5iEcuWTxUKHmFdcy2wlUikoS+w6Q9vJ37zCaXicfSgRwl6Ie1HPOCMaiPV7rrFkl223WvHdYkhUxBnkZRgjmq3+NXpxSwNMdJMUKXajp1oL6NScyZwXOikChPKhrSPbUMjGqLysumhY3JilB4JYmkq0mSq/p7IaKjUKPRNZ0j1QC16E/E/r53q4MrLeJSkGiM2WxSkguiYTL4mPS6RaTEyhDLJza2EDaikTJtsCiaEpZeXScMtOxfl89pZqXIzjyMPR3AMp+DAJVTgHqpQBwYIz/AKb9aj9WK9Wx+z1pw1nzmEP7A+fwCzzozj</latexit>

D
<latexit sha1_base64="GeLjeJ3GeCC47QfLzsS1vptzGkI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVB71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHz7WM9Q==</latexit>g <latexit sha1_base64="GeLjeJ3GeCC47QfLzsS1vptzGkI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVB71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHz7WM9Q==</latexit>g

<latexit sha1_base64="O76XellgtLk8CAD0tEs2v6wnduc=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKewuPg9C0IvHCOYByRJmJ7PJkJnZZWZWCEt+wYsHRbz6Q978G2eTHDSxoKGo6qa7K0w408Z1v53Cyura+kZxs7S1vbO7V94/aOo4VYQ2SMxj1Q6xppxJ2jDMcNpOFMUi5LQVju5yv/VElWaxfDTjhAYCDySLGMEml7p1dtMrV9yq6197vo8smQJ5i6QCc9R75a9uPyapoNIQjrXueG5iggwrwwink1I31TTBZIQHtGOpxILqIJveOkEnVumjKFa2pEFT9fdEhoXWYxHaToHNUC96ufif10lNdBVkTCapoZLMFkUpRyZG+eOozxQlho8twUQxeysiQ6wwMTaekg1h6eVl0vSr3kX1/OGsUrudx1GEIziGU/DgEmpwD3VoAIEhPMMrvDnCeXHenY9Za8GZzxzCHzifP73zjg8=</latexit>

! =
G

<latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit><latexit sha1_base64="h54fE11dOI0reWNP9NuJ3oUhZUU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGQb0FPegxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLLbuXaq1SIJTMQb5mUYIFar/jV7ccsjVAaJqjWHc9NjJ9RZTgTOCl0U40JZSM6wI6lkkao/Wx26IScWaVPwljZkobM1N8TGY20HkeB7YyoGeplbyr+53VSE175GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7AhrLy8SpqVsueWvfpFqXqziCMPJ3AK5+DBJVThHmrQAAYIz/AKb86j8+K8Ox/z1pyzmDmGP3A+fwC1Gozc</latexit>
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I. Esterlis and J. Schmalian,  
PRB 100 , 115132 (2019) 

See also Yuxuan Wang,  
PRL 124 , 017002 (2020)
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with gij ! independent random numbers with zero mean. The largeN equations for the GreenÕs
functions and self energies of the fermions (G, ! ) and bosons (D, " ) are

G(i#n ) =
1

i#n + µ ! ! (i#n )
, D (i#n ) =

1
#2

n + #2
0 ! " (i#n )

! (%) = g2G(%)D(%) , " (%) = ! g2G(%)G(! %)

Make the low frequency ansatz

G(i#) " ! i sgn(#)|#|! (1 ! 2! ) , D (i#) " |#|1! 4! ,
1
4

< # <
1
2

A consistent solution exists for

4# ! 1
2(2# ! 1)[sec(2" # ) ! 1]

= 1 , # = 0 .42037. . .

Yukawa-SYK model

Many-body spectrum is similar to SYK model, no quasiparticle excitations



From Yukawa-SYK to 2D non-Fermi Liquid Metal
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“Yukawa” coupling: g

Z
d2rd⌧  †(r, ⌧) (r, ⌧)�(r, ⌧)
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• Promote fermions and bosons to large N flavors per spatial 
site  

• Make  flavor random (but not spatially random). 
• Spatially extended version of Yukawa-SYK model with exact 

Migdal-Eliashberg equations at large N saddle point.
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I. Esterlis, H. Guo, A. A. P, S. Sachdev, PRB 103 235129 (2021) 



non-Fermi Liquid Metal
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Eliashberg solution for electron (G) and boson (D) Green’s functions at small !:

⌃(k̂, i!) ⇠ �isgn(!)|!|2/3 , G(k, i!) =
1

i! � "(k)� ⌃(k̂, i!)
, D(q, i⌦) =

1

⌦2 + q2 + �|⌦|/q
P.A. Lee, Phys. Rev. Lett 63, 680 (1989)

(in two spatial dimensions)
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“Yukawa” coupling: g

Z
d2rd⌧  †(r, ⌧) (r, ⌧)�(r, ⌧)

(Boson is massless 
but damped at QCP)
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Strong inelastic 
scattering, no well-
defined quasiparticles.



Contrast with zero-dimensional SYK/Yukawa SYK
• Green’s functions defined by saddle point like in SYK. 
• But, no soft fluctuations about saddle point, unlike non-spatially extended SYK 

or Yukawa SYK discussed earlier.

• Fluctuations about the large N saddle point are “weak”.  
• Large N theory saddle point is thus expected to be valid even at finite N.

(No unit eigenvalue of K, therefore no soft fluctuating mode)

I. Esterlis, H. Guo, A. A. P, S. Sachdev, PRB 103 235129 (2021) 



Comparison with finite N numerics

Klein et al, PRX 10, 031053 (2020)

• Comparison of fermion  and boson  between different versions of 
Migdal-Eliashberg theory and sign-problem free quantum Monte Carlo. 

• MET: Continuum Migdal-Eliashberg theory, LT: Lattice discretization. 
• Reasonably good agreement. 
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Still has no or low resistance with single band due to momentum conservation, short circuiting etc… 
Two-band case can be interesting: see talk by Tessa Cookmeyer on Thursday for application to heavy fermions.



Towards models of nFL that are realistic, 
 and work for transport purposes…



non-Fermi Liquid Metal with Potential Disorder
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Spatially random potential v(r ) with v(r ) = 0, v(r )v(r !) = v2! (r ! r !)

Singularity in low-energy fermion Green’s function is softened. 
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non-Fermi Liquid Metal with Potential Disorder
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Marginal Fermi liquid self energy and T ln(1/T ) speciÞc heat

(in two spatial dimensions, 
at QCP)
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non-Fermi Liquid Metal with Potential Disorder

• Forward scattering (boson q~0), no current relaxation. 
• Marginal Fermi liquid self energy  doesn’t contribute to 

the resistivity; no strange metal behavior.
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A. A. P., H. Guo, I. Esterlis, a nd S. Sa chdev,  Science 381 (6659) 790-793 (2023) 



non-Fermi Liquid Metal with Disordered Interactions

<latexit sha1_base64="DU2g875jWFKAcsoR+54SjAOzIZA="></latexit>

Random potential
!

d2rd! v(r ) "   (r, ! )" (r, ! )

<latexit sha1_base64="sZnNSVfJygD/UCSUM3m/SUruph0="></latexit>

ÒYukawaÓ coupling:
!

d2rd! [g + g!(r )] "   (r, ! )" (r, ! )#(r, ! )

<latexit sha1_base64="xBHDk8c8tvwUhMR8A4h8EyFaS1g="></latexit>

Spatially random Yukawa coupling g!(r ) with g!(r ) = 0, g!(r )g!(r !) = g!2! (r ! r !)

(in two spatial 
dimensions, at QCP)

<latexit sha1_base64="MO2cRXw+lQl58GasXz2c9am9mas="></latexit>

L� =
1

2

⇥
(@⌧�)

2 + (r�)2 + (�� �c)�
2
⇤+

<latexit sha1_base64="RjwGJ0wZ5ltjckJfF7j0SzX9UP4="></latexit>

L =  †
k

✓
@

@⌧
+ "(k)

◆
 k

A. A. P., H. Guo, I. Esterlis, a nd S. Sa chdev,  
Science 381 (6659) 790-793 (2023) 



non-Fermi Liquid Metal with Disordered Interactions

• Disordered interaction  couples fermions to local 
bosonic fluctuations. 

• Large-angle scattering of fermions by critical bosons. 
• Transport determined by marginal FL behavior from 

, not .

<latexit sha1_base64="9jywz6mcgpWrG6kInj+9SxECXEM=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KokU9Vj04rGK/YA2lM120i7dbMLuRiih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9DM56pbJbcWcgy8TLSRly1Hulr24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1ns0sn5NQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpyiDcFbfHmZNC8q3mWlel8t127yOApwDCdwDh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeuuLkM0fwB87nDy/ZjSU=</latexit>

g!

<latexit sha1_base64="9jywz6mcgpWrG6kInj+9SxECXEM=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KokU9Vj04rGK/YA2lM120i7dbMLuRiih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9DM56pbJbcWcgy8TLSRly1Hulr24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1ns0sn5NQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpyiDcFbfHmZNC8q3mWlel8t127yOApwDCdwDh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeuuLkM0fwB87nDy/ZjSU=</latexit>

g!
<latexit sha1_base64="GeLjeJ3GeCC47QfLzsS1vptzGkI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVB71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHz7WM9Q==</latexit>g

<latexit sha1_base64="9jywz6mcgpWrG6kInj+9SxECXEM=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KokU9Vj04rGK/YA2lM120i7dbMLuRiih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9DM56pbJbcWcgy8TLSRly1Hulr24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1ns0sn5NQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpyiDcFbfHmZNC8q3mWlel8t127yOApwDCdwDh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeuuLkM0fwB87nDy/ZjSU=</latexit>

g!
<latexit sha1_base64="hwVgoZFcvXkrrgf8Px7Fv1gxEyY=">AAACG3icbVDLSsNAFJ34tr6iLt0Ei1AXlqSIuhTduHBRwVahiWUyvUkHJ5MwcyOU2P9w46+4caGIK8GFf+P0sVDrgYHDOefOzD1hJrhG1/2ypqZnZufmFxZLS8srq2v2+kZTp7li0GCpSNV1SDUILqGBHAVcZwpoEgq4Cm9PB/7VHSjNU3mJvQyChMaSR5xRNFLbru1xP00gpr6QvoAIK36kKCv8c3NHh97U+sX9KHDf9xWPu7jbtstu1R3CmSTemJTJGPW2/eF3UpYnIJEJqnXLczMMCqqQMwH9kp9ryCi7pTG0DJU0AR0Uw936zo5ROk6UKnMkOkP150RBE617SWiSCcWu/usNxP+8Vo7RUVBwmeUIko0einLhYOoMinI6XAFD0TOEMsXNXx3WpaYbNHWWTAne35UnSbNW9Q6q+xf75eOTcR0LZItskwrxyCE5JmekThqEkQfyRF7Iq/VoPVtv1vsoOmWNZzbJL1if3x3Soh0=</latexit>

! i ! ln
!

! 2

|! |

"

<latexit sha1_base64="6BZusFGQjdGgMiwOJwDtTlG6IZg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NQEI8RzQOSJcxOepMhs7PLzKwQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSATXxnW/nMLS8srqWnG9tLG5tb1T3t1r6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0PfVbj6g0j+WDGSfoR3QgecgZNVa6H/VueuWKW3VnIH+Jl5MK5Kj3yp/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiRVfokjJUtachM/TmR0UjrcRTYzoiaoV70puJ/Xic14aWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyX9I8qXrn1bO700rtKo+jCAdwCMfgwQXU4Bbq0AAGA3iCF3h1hPPsvDnv89aCk8/swy84H98a9o2y</latexit>

kF

<latexit sha1_base64="z6Zsi/AyB0oLjWeIwpHMm2cbZ+Y=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9gHtUDJppg3NJCHJiGXoR7hxoYhbv8edf2PazkJbD1w4nHMv994TKc6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqaa0AaRXOp2hA3lTNCGZZbTttIUJxGnrWh0O/Vbj1QbJsWDHSsaJnggWMwItk5qdbFSWj71yhW/6s+AlkmQkwrkqPfKX92+JGlChSUcG9MJfGXDDGvLCKeTUjc1VGEywgPacVTghJowm507QSdO6aNYalfCopn6eyLDiTHjJHKdCbZDs+hNxf+8Tmrj6zBjQqWWCjJfFKccWYmmv6M+05RYPnYEE83crYgMscbEuoRKLoRg8eVl0jyrBpfVi/vzSu0mj6MIR3AMpxDAFdTgDurQAAIjeIZXePOU9+K9ex/z1oKXzxzCH3ifP5aij8A=</latexit>!

<latexit sha1_base64="mfvB0JXS9ZkMZtIDmEhBsV6Y68Y="></latexit>

Conductivity: ! (" ) ! [1/ #trans (" ) " i " m! (" )/m ]" 1

1
#trans (" )

! v2 + g#2|" | ;
m! (" )

m
!

2g#2

$
ln( ! / " )

Residual resistivity is determined by v2; Linear-in-T resistivity determined by g#2.

<latexit sha1_base64="tHanWBGpA8Ix+yJkAfclfj+Au64=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjF6IrsEH0eiF4+YyCOBlcwOszAyO7OZmTUhG/7BiweN8er/ePNvHGAPClbSSaWqO91dQcyZNq777eRWVtfWN/Kbha3tnd294v5BU8tEEdogkkvVDrCmnAnaMMxw2o4VxVHAaSsY3Uz91hNVmklxb8Yx9SM8ECxkBBsrNdPB6eSh0iuW3LI7A1omXkZKkKHeK351+5IkERWGcKx1x3Nj46dYGUY4nRS6iaYxJiM8oB1LBY6o9tPZtRN0YpU+CqWyJQyaqb8nUhxpPY4C2xlhM9SL3lT8z+skJrzyUybixFBB5ovChCMj0fR11GeKEsPHlmCimL0VkSFWmBgbUMGG4C2+vEyalbJ3UT6/q5Zq11kceTiCYzgDDy6hBrdQhwYQeIRneIU3RzovzrvzMW/NOdnMIfyB8/kDG4WO1g==</latexit>

g!2<latexit sha1_base64="kj+QngHNFsh+EQ0Abu67rJX+dcQ=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB6CjPidhGCXjxGNAskY+jp9EyadPcM3T1KGPIfXjwo4tV/8ebf2FkOmvig4PFeFVX1goQzbVz328ktLC4tr+RXC2vrG5tbxe2duo5TRWiNxDxWzQBrypmkNcMMp81EUSwCThtB/3rkNx6p0iyW92aQUF/gSLKQEWys9NC+Y5HAnSw6HKJL1CmW3LI7Bpon3pSUYIpqp/jV7sYkFVQawrHWLc9NjJ9hZRjhdFhop5ommPRxRFuWSiyo9rPx1UN0YJUuCmNlSxo0Vn9PZFhoPRCB7RTY9PSsNxL/81qpCS/8jMkkNVSSyaIw5cjEaBQB6jJFieEDSzBRzN6KSA8rTIwNqmBD8GZfnif147J3Vj69PSlVrqZx5GEP9uEIPDiHCtxAFWpAQMEzvMKb8+S8OO/Ox6Q150xnduEPnM8fT5CRvw==</latexit>

! g! =

Critical bosons with z = 2 produce  in d = 2
<latexit sha1_base64="/DOSxAiPbwMr5CzUM1yYoe0FL6g=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQNzURX8tiNy4r9AVNCJPptB06MwkzEyGE+ituXCji1g9x5984bbPQ1gMXDufcy733hDGjSjvOt1VYW9/Y3Cpul3Z29/YP7MOjjooSiUkbRyySvRApwqggbU01I71YEsRDRrrhpDHzu49EKhqJlk5j4nM0EnRIMdJGCuxyI+hAT1EOW9Bjouqet84Cu+LUnDngKnFzUgE5moH95Q0inHAiNGZIqb7rxNrPkNQUMzIteYkiMcITNCJ9QwXiRPnZ/PgpPDXKAA4jaUpoOFd/T2SIK5Xy0HRypMdq2ZuJ/3n9RA9v/YyKONFE4MWiYcKgjuAsCTigkmDNUkMQltTcCvEYSYS1yatkQnCXX14lnYuae127eris1O/yOIrgGJyAKnDBDaiDe9AEbYBBCp7BK3iznqwX6936WLQWrHymDP7A+vwB4uOS/w==</latexit>

CV ! T ln(1/T )

A. A. P., H. Guo, I. Esterlis, a nd S. Sa chdev,  Science 381 (6659) 790-793 (2023) 



Beyond large-N

• Randomness in Yukawa interactions induces a “random-mass” operator 
for the Bosons, that is relevant at low T. 

• Strongly disordered boson sector with localized modes, but fermions 
remain more or less clean. Similar in spirit to Milovanović, Sachdev, 
Bhatt, PRL 63, 82 (1989). 

• -linear resistivity gets extended to a “critical phase” instead of a QCP…<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T

Mean-Field: A. A. Pa tel, P. Lunts, a nd S. Sa chdev,  PNAS 121 (14) e2402052121 (2024) 
Exact QMC: A. A. Pa tel*, P. Lunts*, M. Albergo, to a ppe a r (see ta lk by Peter Lunts on Thursd a y)



Transport scattering rate

<latexit sha1_base64="Nc8JBoLJwLH74YabXkCw/VqIA9Q=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiTia1l047KCtYU2lMlk0g6dTMLMjVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjLdYIhPdCajhUijeQoGSd1LNaRxI3g5Gt1O//cS1EYl6wHHK/ZgOlIgEo2ildk/aaEj71Zpbd2cgy8QrSA0KNPvVr16YsCzmCpmkxnQ9N0U/pxoFk3xS6WWGp5SN6IB3LVU05sbPZ+tOyIlVQhIl2j6FZKb+nshpbMw4Dmwypjg0i95U/M/rZhhd+7lQaYZcsflHUSYJJmR6OwmF5gzl2BLKtLC7EjakmjK0DVVsCd7iycvk8azuXdYv7s9rjZuijjIcwTGcggdX0IA7aEILGIzgGV7hzUmdF+fd+ZhHS04xcwh/4Hz+AEAFj4c=</latexit>

!

• Extended region with exponent ~ 1: a strange metal phase…

<latexit sha1_base64="ocXZv3fgaBgYnDAIfHrePdnxXmM=">AAACAXicbZDLSgMxFIbP1Futt6obwU2wCBWhzIi3jVB147JCb9COJZOmbWhmMiQZoQx146u4caGIW9/CnW9jpp2FVg8EPv7/HE7O74WcKW3bX1Zmbn5hcSm7nFtZXVvfyG9u1ZWIJKE1IriQTQ8ryllAa5ppTpuhpNj3OG14w+vEb9xTqZgIqnoUUtfH/YD1GMHaSJ38TlsORLF6gC5QQh0bHaJLVL0zVsEu2ZNCf8FJoQBpVTr5z3ZXkMingSYcK9Vy7FC7MZaaEU7HuXakaIjJEPdpy2CAfarceHLBGO0bpYt6QpoXaDRRf07E2Fdq5Hum08d6oGa9RPzPa0W6d+7GLAgjTQMyXdSLONICJXGgLpOUaD4ygIlk5q+IDLDERJvQciYEZ/bkv1A/KjmnpZPb40L5Ko0jC7uwB0Vw4AzKcAMVqAGBB3iCF3i1Hq1n6816n7ZmrHRmG36V9fENyI6UjA==</latexit>

! (T) = ! 0 + AT n

Cooper et al, Science 323, 603 (2009), LSCO

A. A. Pa tel., P. Lunts, a nd S. Sa chdev,  PNAS 121 (14) e2402052121 (2024) 



DC resistivity

• Extended region in  with -linear resistivity: a strange metal phase…
<latexit sha1_base64="Nc8JBoLJwLH74YabXkCw/VqIA9Q=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiTia1l047KCtYU2lMlk0g6dTMLMjVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjLdYIhPdCajhUijeQoGSd1LNaRxI3g5Gt1O//cS1EYl6wHHK/ZgOlIgEo2ildk/aaEj71Zpbd2cgy8QrSA0KNPvVr16YsCzmCpmkxnQ9N0U/pxoFk3xS6WWGp5SN6IB3LVU05sbPZ+tOyIlVQhIl2j6FZKb+nshpbMw4Dmwypjg0i95U/M/rZhhd+7lQaYZcsflHUSYJJmR6OwmF5gzl2BLKtLC7EjakmjK0DVVsCd7iycvk8azuXdYv7s9rjZuijjIcwTGcggdX0IA7aEILGIzgGV7hzUmdF+fd+ZhHS04xcwh/4Hz+AEAFj4c=</latexit>

!
<latexit sha1_base64="EqeA+mbLkNRXGR722P9vRZdlcXk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cE8oJkCbOT3mTM7OwyMyuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vJ7e2vrG5ld8u7Ozu7R8UD4+aOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjdz/zWEyrNY1k34wT9iA4kDzmjxkq1eq9YcsvuHGSVeBkpQYZqr/jV7ccsjVAaJqjWHc9NjD+hynAmcFrophoTykZ0gB1LJY1Q+5P5oVNyZpU+CWNlSxoyV39PTGik9TgKbGdEzVAvezPxP6+TmvDWn3CZpAYlWywKU0FMTGZfkz5XyIwYW0KZ4vZWwoZUUWZsNgUbgrf88ippXpS96/JV7bJUucviyMMJnMI5eHADFXiAKjSAAcIzvMKb8+i8OO/Ox6I152Qzx/AHzucPsumM4g==</latexit>

T

A. A. Pa tel., P. Lunts, a nd S. Sa chdev,  PNAS 121 (14) e2402052121 (2024) 



Open challenges/future directions

• Reproduce experimentally observed cause of -linear magnetoresistance  

• Understand crossover to bad metals and Hall effect 

• Interplay of dirty bosons and superconductivity 

• Effects of disordered interactions on pseudogap physics 

• Derive disordered Yukawa models from Hubbard-type models or first-principles 
calculations in doped materials (which have plenty of intrinsic randomness)

<latexit sha1_base64="NyHPVUVlO6gTN6ogtLJ2PdsLuH0=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY8ELx4hkUcCGzI7NDAyO7uZmTUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeTu7nffkKleSQfzDRGP6QjyYecUWOlRq1fLLlldwGyTryMlCBDvV/86g0iloQoDRNU667nxsZPqTKcCZwVeonGmLIJHWHXUklD1H66OHRGLqwyIMNI2ZKGLNTfEykNtZ6Gge0MqRnrVW8u/ud1EzO89VMu48SgZMtFw0QQE5H512TAFTIjppZQpri9lbAxVZQZm03BhuCtvrxOWldlr1KuNK5L1VoWRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJfzjNE=</latexit>
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