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Principles and phenomenology
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• States of fermionic matter at finite density. 

• Compressible:  as . 

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



Fermi liquid theory

kx

Occupied states

Empty states

ky

<latexit sha1_base64="ouRQRFJ8whkcRZWqD+sBi7zsLCQ="></latexit>

"(k) < 0

<latexit sha1_base64="HfH/fIN4OhTEZPPEuFm0Tq29UHA="></latexit>

"(k) > 0

Fermi surface
Screening leads to gapped boson

Fermions interact with gapped boson and become renormalized quasiparticles.
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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>

� ⌧ max(!, T )

<latexit sha1_base64="QL6ZZ0MneDyUoeruknd/YwsXOj4="></latexit>

� ⇠
Z

d✏k1d✏k2d✏k3nf (✏k1)(1� nf (✏k2))(1� nf (✏k3))

⇥ �(! + ✏k1 � ✏k2 � ✏k3)

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k

<latexit sha1_base64="VtZHfGUnD6OuAGffO/Qa+2mF3BA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MO57/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH6wY2c</latexit>

k1

<latexit sha1_base64="Iqe950pMW+5W/vjpx9uYGQSsZnE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOl+3G/1i9X3Ko7B1klXk4qkKPZL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhFd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6Rdq3oX1fpdvdK4zuMowgmcwjl4cAkNuIUmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w/8RY2d</latexit>

k2

<latexit sha1_base64="p6ET8pbiZSYjiUe/HeBxZ1FzHmg=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBZBEEtSi7oRim5cVrAPaEOYTKftkMmDmYkQQv0VNy4UceuHuPNvnLZZaOuBezmccy9z53gxZ1JZ1rdRWFldW98obpa2tnd298z9g7aMEkFoi0Q8El0PS8pZSFuKKU67saA48DjteP7t1O88UiFZFD6oNKZOgEchGzKClZZcs+y75+ga+egU+a6NznSvuWbFqlozoGVi56QCOZqu+dUfRCQJaKgIx1L2bCtWToaFYoTTSamfSBpj4uMR7Wka4oBKJ5sdP0HHWhmgYSR0hQrN1N8bGQ6kTANPTwZYjeWiNxX/83qJGl45GQvjRNGQzB8aJhypCE2TQAMmKFE81QQTwfStiIyxwETpvEo6BHvxy8ukXavaF9X6fb3SuMnjKMIhHMEJ2HAJDbiDJrSAQArP8ApvxpPxYrwbH/PRgpHvlOEPjM8fkSWSJg==</latexit>

k3 = k + k1 � k2

Fermi liquid theory
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The momentum bottleneck

• Current carries momentum 
• Resistance requires current relaxation —> momentum relaxation

• Generic sources of momentum relaxation in solids: Umklapp, 
phonons, disorder. Translational invariance has to be broken.



Transport in conventional metals

• Low :  from Fermi liquid Umklapp processes. 

• High :  from phonons 

• Residual resistivity  from impurities
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• Both Umklapp and phonons are “gapped”  bosons 
that can’t produce anything more than  at low 
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T



Strange metals

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

• -linear electrical resistivity   
• Sometimes proximate to 

putative quantum critical 
points.

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

T



Transport in 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 



Transport 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>

�(!) =
K

1
⌧(!) � i!m⇤(!)

m

<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))



Transport constraints in strange metals

• Need -linear DC resistivity at low  
• Finite DC resistivity requires momentum relaxation 
• —> 3 generic options: Umklapp, phonons, disorder 
• Finite activation gap for phonons and Umklapp —> weak scattering at 

low , doesn’t give -linear as 

<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
<latexit sha1_base64="vv4TsovH/M5LVjFwvqq1AtbzSpE=">AAAB+HicbVBNSwMxEM36WetHVz16CRbBU9kVqR6LXjxW6Be0S8mm2TY0myzJrFKX/hIvHhTx6k/x5r8xbfegrQ8GHu/NMDMvTAQ34Hnfztr6xubWdmGnuLu3f1ByD49aRqWasiZVQulOSAwTXLImcBCsk2hG4lCwdji+nfntB6YNV7IBk4QFMRlKHnFKwEp9t9TAPc2HIyBaq0fs9d2yV/HmwKvEz0kZ5aj33a/eQNE0ZhKoIMZ0fS+BICMaOBVsWuylhiWEjsmQdS2VJGYmyOaHT/GZVQY4UtqWBDxXf09kJDZmEoe2MyYwMsveTPzP66YQXQcZl0kKTNLFoigVGBSepYAHXDMKYmIJoZrbWzEdEU0o2KyKNgR/+eVV0rqo+NVK9f6yXLvJ4yigE3SKzpGPrlAN3aE6aiKKUvSMXtGb8+S8OO/Ox6J1zclnjtEfOJ8/Cs2StQ==</latexit>

T ! 0



Transport constraints in strange metals

• Furthermore, -linear AC scattering rate  
• —> Inelastic scattering 
• Electron-phonon scattering is elastic in -linear regime 
• Electron-potential disorder scattering is also elastic

<latexit sha1_base64="muzUIeYxUeBoMDCCLI2QqUEOOxU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1ekrQIe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDWrV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPk8OPJg==</latexit>!

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

T



Transport constraints in strange metals

• None of phonons, Umklapp, potential disorder seem to work 
• Disordered interactions can overcome inadequacies of these 

mechanisms, by providing momentum-relaxing inelastic scattering that 
can be strong at low  

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

T



Origin of Disordered Interactions

<latexit sha1_base64="+Bu1OKef93JSYu5gnyidBgSEIPo=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwVRLxtSy6cVnBPqANZTK5aYdOJmFmItSQL3HjQhG3foo7/8ZpmoW2HrhwOOfeuXOPn3CmtON8Wyura+sbm5Wt6vbO7l7N3j/oqDiVFNo05rHs+UQBZwLammkOvUQCiXwOXX9yO/O7jyAVi8WDnibgRWQkWMgo0UYa2rVsUDySSQhyrPOhXXcaTgG8TNyS1FGJ1tD+GgQxTSMQmnKiVN91Eu1lRGpGOeTVQaogIXRCRtA3VJAIlJcVO3N8YpQAh7E0JTQu1N8TGYmUmka+6YyIHqtFbyb+5/VTHV57GRNJqkHQ+aIw5VjHeJYCDpgEqvnUEEIlM3/FdEwkodpkVTUhuIsnL5POWcO9bFzcn9ebN2UcFXSEjtEpctEVaqI71EJtRFGKntErerOerBfr3fqYt65Y5cwh+gPr8wdNU5OF</latexit>

t
<latexit sha1_base64="O5C9aKfeASudMGkalDGZNlKiiDY=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtSy6cVnBtIU2lMn0ph06mYSZSaGE/IkbF4q49U/c+TdO0yy09cCFwzn3zp17goQzpR3n26qsrW9sblW3azu7e/sH9uFRW8WppODRmMeyGxAFnAnwNNMcuokEEgUcOsHkfu53piAVi8WTniXgR2QkWMgo0UYa2HbWLx7JAp5Cjr18YNedhlMArxK3JHVUojWwv/rDmKYRCE05UarnOon2MyI1oxzyWj9VkBA6ISPoGSpIBMrPiqU5PjPKEIexNCU0LtTfExmJlJpFgemMiB6rZW8u/uf1Uh3e+hkTSapB0MWiMOVYx3geAx4yCVTzmSGESmb+iumYSEK1CatmQnCXT14l7YuGe924erysN+/KOKroBJ2ic+SiG9RED6iFPETRFD2jV/RmZdaL9W59LForVjlzjP7A+vwB7tqT3Q==</latexit>

U<latexit sha1_base64="S5DxlI+houhRy749zR2W2gbKaKY=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVZLia1l0I64qmLbQxDKZTtqhM5MwMxFqCP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPWHCqNKO820tLC4tr6yW1srrG5tb2/bOblPFqcTEwzGLZTtEijAqiKepZqSdSIJ4yEgrHF6N/dYDkYrG4k6PEhJw1Bc0ohhpI3Xt/RvoK8qhH0mEM31fyzMv79oVp+pMAOeJW5AKKNDo2l9+L8YpJ0JjhpTquE6igwxJTTEjedlPFUkQHqI+6RgqECcqyCbX5/DIKD0YxdKU0HCi/p7IEFdqxEPTyZEeqFlvLP7ndVIdXQQZFUmqicDTRVHKoI7hOArYo5JgzUaGICypuRXiATI5aBNY2YTgzr48T5q1qntWPb09qdQvizhK4AAcgmPggnNQB9egATyAwSN4Bq/gzXqyXqx362PaumAVM3vgD6zPH/KglO0=</latexit>

J ⇠ t2

U

<latexit sha1_base64="O5C9aKfeASudMGkalDGZNlKiiDY=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtSy6cVnBtIU2lMn0ph06mYSZSaGE/IkbF4q49U/c+TdO0yy09cCFwzn3zp17goQzpR3n26qsrW9sblW3azu7e/sH9uFRW8WppODRmMeyGxAFnAnwNNMcuokEEgUcOsHkfu53piAVi8WTniXgR2QkWMgo0UYa2HbWLx7JAp5Cjr18YNedhlMArxK3JHVUojWwv/rDmKYRCE05UarnOon2MyI1oxzyWj9VkBA6ISPoGSpIBMrPiqU5PjPKEIexNCU0LtTfExmJlJpFgemMiB6rZW8u/uf1Uh3e+hkTSapB0MWiMOVYx3geAx4yCVTzmSGESmb+iumYSEK1CatmQnCXT14l7YuGe924erysN+/KOKroBJ2ic+SiG9RED6iFPETRFD2jV/RmZdaL9W59LForVjlzjP7A+vwB7tqT3Q==</latexit>

U

<latexit sha1_base64="bDflJVGz3d4WiCt4WM/m6T/0LWU=">AAACA3icbVDJSgNBEO1xjXEb9aaXxiAIQpgRt2PQi8cIZoFMCD09laRJz0J3jRCGgBd/xYsHRbz6E978GzvJHDTxQcHjvaqurucnUmh0nG9rYXFpeWW1sFZc39jc2rZ3dus6ThWHGo9lrJo+0yBFBDUUKKGZKGChL6HhD27GfuMBlBZxdI/DBNoh60WiKzhDI3Xs/cybPJIpCEYU6Qn1ApDIKI46dskpOxPQeeLmpERyVDv2lxfEPA0hQi6Z1i3XSbCdMYWCSxgVvVRDwviA9aBlaMRC0O1ssn5Ej4wS0G6sTEVIJ+rviYyFWg9D33SGDPt61huL/3mtFLtX7UxESYoQ8emibiopxnQcCA2EAo5yaAjjSpi/Ut5ninE0sRVNCO7syfOkflp2L8rnd2elynUeR4EckENyTFxySSrkllRJjXDySJ7JK3mznqwX6936mLYuWPnMHvkD6/MHXJ2XWA==</latexit>

t+ �t

• Randomness in hopping strengths (and also ) 
leads to randomness in exchange interactions.

<latexit sha1_base64="CbadVzphvBFuQ86nG4JDCn6mUDQ=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF0xbaUDbbSbt2swm7G6GU/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6m/mtJ1SaJ/LBjFMMYjqQPOKMGis1/F6p7FbcOcgq8XJShhz1Xumr209YFqM0TFCtO56bmmBCleFM4LTYzTSmlI3oADuWShqjDibzQ6fk3Cp9EiXKljRkrv6emNBY63Ec2s6YmqFe9mbif14nM9FNMOEyzQxKtlgUZYKYhMy+Jn2ukBkxtoQyxe2thA2poszYbIo2BG/55VXSvKx41Uq1cVWu3eZxFOAUzuACPLiGGtxDHXxggPAMr/DmPDovzrvzsWhdc/KZE/gD5/MHtL+M5A==</latexit>

U

A simple example

<latexit sha1_base64="yPK+yVOPan51OYw3lyC/p0cz6l0=">AAACKHicbZDLSsNAFIYn9VbrrerSzWARBKEkItWdRTfSVQXTFppQJpNJO3RyYeZEKCGP48ZXcSOiSLc+idPLwrb+MPDznXM4c34vEVyBaY6Nwtr6xuZWcbu0s7u3f1A+PGqpOJWU2TQWsex4RDHBI2YDB8E6iWQk9ARre8P7Sb39zKTicfQEo4S5IelHPOCUgEa98q0TSEIzx2cCCG7kWSPHjuIhXuCQZ5Dji0Vo55md98oVs2pOhVeNNTcVNFezV/5w/JimIYuACqJU1zITcDMigVPB8pKTKpYQOiR91tU2IiFTbjY9NMdnmvg4iKV+EeAp/TuRkVCpUejpzpDAQC3XJvC/WjeF4MbNeJSkwCI6WxSkAkOMJ6lhn0tGQYy0IVRy/VdMB0SHATrbkg7BWj551bQuq1atWnu8qtTv5nEU0Qk6RefIQteojh5QE9mIohf0hj7Rl/FqvBvfxnjWWjDmM8doQcbPL5Iipuw=</latexit>
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U



Microscopic disorder in correlated electron materials

Twist angle disorder in moiré materialsRandomness in dopant and charge density in cuprates

• These can lead to randomness in hopping 
strengths (and also randomness in  itself) in 
effective Hubbard-type models

<latexit sha1_base64="CbadVzphvBFuQ86nG4JDCn6mUDQ=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF0xbaUDbbSbt2swm7G6GU/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6m/mtJ1SaJ/LBjFMMYjqQPOKMGis1/F6p7FbcOcgq8XJShhz1Xumr209YFqM0TFCtO56bmmBCleFM4LTYzTSmlI3oADuWShqjDibzQ6fk3Cp9EiXKljRkrv6emNBY63Ec2s6YmqFe9mbif14nM9FNMOEyzQxKtlgUZYKYhMy+Jn2ukBkxtoQyxe2thA2poszYbIo2BG/55VXSvKx41Uq1cVWu3eZxFOAUzuACPLiGGtxDHXxggPAMr/DmPDovzrvzsWhdc/KZE/gD5/MHtL+M5A==</latexit>

U

Zhou and Ceperley, Phys. Rev. A 81, 013402 (2010)

Andrei and MacDonald, Nat. Mater. 19, 1265–1275 (2020)Campi et al, Nature 525,  359–362 (2015)



Microscopic disorder in correlated electron materials

• Disorder in dopant arrangement 
leads to disorder in the strength 
of the effective interactions that 
lead to CDW formation.
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Theoretical models



non-Fermi Liquid Metal
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Translationally invariant, ⇢DC(T ) = 0.

Strong electron-electron interactions



non-Fermi Liquid Metal
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(in two spatial dimensions)
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(Boson is massless but 
damped at QCP)
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Strong inelastic forward 
scattering, no well-defined 
quasiparticles, but no 
momentum relaxation.
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non-Fermi Liquid Metal with Disordered Interactions
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“Yukawa” coupling:
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Spatially random Yukawa coupling g0(r) with g0(r) = 0, g0(r)g0(r0) = g02�(r�r0)
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A. A. P., H. Guo, I. Esterlis and S. Sachdev, 
Science 381 (6659) 790-793 (2023) 

Strong and disordered electron-electron interactions

• Hubbard-Stratonovich decomposition of random 4-
Fermi term (such as exchange) produces random 
Yukawa coupling.



non-Fermi Liquid Metal with Disordered Interactions

(in two spatial dimensions, at QCP)

A. A. P., H. Guo, I. Esterlis and S. Sachdev, 
Science 381 (6659) 790-793 (2023) 

• Self-consistent 1-loop calculation (Eliashberg), equivalent to a large-  saddle point
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Strong and disordered electron-electron interactions



non-Fermi Liquid Metal with Disordered Interactions

• Disordered interaction  vertex does 
not conserve momentum 

• —> Current and momentum relaxing 
scattering of fermions by critical bosons

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

g0
<latexit sha1_base64="9jywz6mcgpWrG6kInj+9SxECXEM=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KokU9Vj04rGK/YA2lM120i7dbMLuRiih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9DM56pbJbcWcgy8TLSRly1Hulr24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1ns0sn5NQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpyiDcFbfHmZNC8q3mWlel8t127yOApwDCdwDh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeuuLkM0fwB87nDy/ZjSU=</latexit>

g0
<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 + g02|!| ;

m⇤(!)

m
⇠ 2g02

⇡
ln(⇤/!)
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non-Fermi Liquid Metal with Disordered Interactions
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LSCO, p = 0.24

Michon et al, Nat. Comm. 14, 3033 (2023)
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Numerics beyond mean-field/Eliashberg



Mean field/large-N phase diagram 

A. A. P., H. Guo, I. Esterlis and S. Sachdev, Science 381 (6659) 790-793 (2023)

C. Li, D. Valentinis, A. A. P., H. Guo, J. Schmalian, S. Sachdev, I. Esterlis, Phys. Rev. Lett. 133, 186502 (2024)



Model for sign-free QMC

Two-band structure: Berg, 
Metlitski, Sachdev, Science 338 
1606-1609 (2012).

A. A. P., P. Lunts, M. S. Albergo, arXiv:2410.05365 
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Model for sign-free Quantum Monte Carlo
<latexit sha1_base64="ga41iben8Ofi8N4tRgEcDuYvsBc="></latexit>

S[�, , †] =

Z
d⌧

X

r,r0

X

↵=a,b

X

�=",#

2X

j=1

 †
↵,�,j,r [(@⌧ � µ↵)�r,r0 � t↵,r,r0 ] ↵,�,j,r0

+

Z
d⌧

X

r

h 1

2c2
(@⌧�r)

2 +
1

2
(r�r)

2 +
�

2
(�r)

2 +
u

4
(�r · �r)

2
i

+
1p
2

X

�,�0=",#

2X

j=1

Z
d⌧

X

r

g0r eiQAF·r �r ·
h
 †
↵,�,j,r ⌧�,�0  b,�0,j,r + h.c.

i
.

• Integrate out fermions : 
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•  is Hermitian positive definite, legitimate probability distribution.
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A

A. A. P., P. Lunts, M. S. Albergo, arXiv:2410.05365 



Facing the determinant

• Need large system size to see enough disorder 
• Lattice:  sites,  imaginary time points. 
• Compute  directly:  cost, very bad. 
• Usual determinant QMC method with low-rank updates: .  
• Requires storing and applying an extensively-sized dense matrix , 

prohibitive memory and bandwidth costs for large .  

<latexit sha1_base64="NtzU47arC34A8UJHcXbTddHXtUo=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04sFDRPOAZA2zk0kyZHZ2mekVwpJP8OJBEa9+kTf/xkmyB00saCiquunuCmIpDLrut7O0vLK6tp7byG9ube/sFvb26yZKNOM1FslINwNquBSK11Cg5M1YcxoGkjeC4fXEbzxxbUSkHnAUcz+kfSV6glG00v3tY7lTKLoldwqySLyMFCFDtVP4ancjloRcIZPUmJbnxuinVKNgko/z7cTwmLIh7fOWpYqG3Pjp9NQxObZKl/QibUshmaq/J1IaGjMKA9sZUhyYeW8i/ue1Euxd+qlQcYJcsdmiXiIJRmTyN+kKzRnKkSWUaWFvJWxANWVo08nbELz5lxdJvVzyzktnd6fFylUWRw4O4QhOwIMLqMANVKEGDPrwDK/w5kjnxXl3PmatS042cwB/4Hz+AMvYjX4=</latexit>

L2 <latexit sha1_base64="jbEPxKJvmRAE7G4rDpxC2EtD6pY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiyeJaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQaMFDUVVN91dQSKFQdf9cgpLyyura8X10sbm1vZOeXevaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsYXU/91iPXRsTqAccJ9yM6UCIUjKKV7m972CtX3Ko7A/lLvJxUIEe9V/7s9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5skqfhLG2pZDM1J8TGY2MGUeB7YwoDs2iNxX/8zophpd+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyX9I8qXrn1bO700rtKo+jCAdwCMfgwQXU4Abq0AAGA3iCF3h1pPPsvDnv89aCk8/swy84H980gI3D</latexit>

Nt
<latexit sha1_base64="ixtYtVgnx/wi0/aH6GlUvebEMhE=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KIVJdVNy4r2Ae0oUwmk3bozCTMTIQa+iVuXCji1k9x5984abPQ1gMDh3Pu5Z45QcKo0q77bZXW1jc2t8rblZ3dvf2qfXDYUXEqMWnjmMWyFyBFGBWkralmpJdIgnjASDeY3OZ+95FIRWPxoKcJ8TkaCRpRjLSRhnZ1wJEeS56FRM/61/7Qrrl1dw5nlXgFqUGB1tD+GoQxTjkRGjOkVN9zE+1nSGqKGZlVBqkiCcITNCJ9QwXiRPnZPPjMOTVK6ESxNE9oZ67+3sgQV2rKAzOZx1TLXi7+5/VTHV35GRVJqonAi0NRyhwdO3kLTkglwZpNDUFYUpPVwWMkEdamq4opwVv+8irpnNe9Rr1xf1Fr3hR1lOEYTuAMPLiEJtxBC9qAIYVneIU368l6sd6tj8VoySp2juAPrM8fEc2TXw==</latexit>

det[A]
<latexit sha1_base64="krdaVt9ZU0tA7xF8mio1or9h9l4=">AAAB8nicbVDLTgJBEJzFF+IL9ehlIjHBC9n1gR6JXjwYxUQeybKQ2WGACbM7m5leE7LhM7x40Bivfo03/8YB9qBgJZ1UqrrT3eVHgmuw7W8rs7S8srqWXc9tbG5t7+R39+paxoqyGpVCqqZPNBM8ZDXgIFgzUowEvmANf3g98RtPTGkuw0cYRcwLSD/kPU4JGMm9L962y3cdaJ8ed/IFu2RPgReJk5ICSlHt5L9aXUnjgIVABdHadewIvIQo4FSwca4VaxYROiR95hoakoBpL5mePMZHRuninlSmQsBT9fdEQgKtR4FvOgMCAz3vTcT/PDeG3qWX8DCKgYV0tqgXCwwST/7HXa4YBTEyhFDFza2YDogiFExKOROCM//yIqmflJxy6fzhrFC5SuPIogN0iIrIQReogm5QFdUQRRI9o1f0ZoH1Yr1bH7PWjJXO7KM/sD5/AIz+kCQ=</latexit>

O(L6
N

3
t )

<latexit sha1_base64="2FSN8Jt6CF1hXKKco/LZNe3wIpA=">AAAB8HicbVBNSwMxEM36WetX1aOXYBHqpeyKVo9FLx5EK9gPadeSTdM2NMkuyaxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4gEN+C6387C4tLyympmLbu+sbm1ndvZrZkw1pRVaShC3QiIYYIrVgUOgjUizYgMBKsHg8uxX39i2vBQ3cMwYr4kPcW7nBKw0sNt4fqxdNOGo3Yu7xbdCfA88VKSRykq7dxXqxPSWDIFVBBjmp4bgZ8QDZwKNsq2YsMiQgekx5qWKiKZ8ZPJwSN8aJUO7obalgI8UX9PJEQaM5SB7ZQE+mbWG4v/ec0Yuud+wlUUA1N0uqgbCwwhHn+PO1wzCmJoCaGa21sx7RNNKNiMsjYEb/bleVI7Lnql4undSb58kcaRQfvoABWQh85QGV2hCqoiiiR6Rq/ozdHOi/PufExbF5x0Zg/9gfP5A2Fij38=</latexit>

O(L6
Nt)

<latexit sha1_base64="xmBBnrQX2zbVbBK0U83smbUZUYI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXSvVY9eKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2DppaJIrRBJJeqHWBNORO0YZjhtB0riqOA01Ywupn6rSeqNJPi3oxj6kd4IFjICDZWal49pGfepFcsuWV3BrRMvIyUIEO9V/zq9iVJIioM4VjrjufGxk+xMoxwOil0E01jTEZ4QDuWChxR7aezayfoxCp9FEplSxg0U39PpDjSehwFtjPCZqgXvan4n9dJTHjpp0zEiaGCzBeFCUdGounrqM8UJYaPLcFEMXsrIkOsMDE2oIINwVt8eZk0z8tetVy9q5Rq11kceTiCYzgFDy6gBrdQhwYQeIRneIU3RzovzrvzMW/NOdnMIfyB8/kD6K2Otg==</latexit>

A�1

<latexit sha1_base64="9QxjpMFlTIBW+lH+bCcbdl2mgJM=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4kDAjbsegFw8iEcwCyRB6Oj1Jm57pobtGCEP+wYsHRbz6P978GzvLQaMPCh7vVVFVL0ikMOi6X05uYXFpeSW/Wlhb39jcKm7v1I1KNeM1pqTSzYAaLkXMayhQ8maiOY0CyRvB4GrsNx65NkLF9zhMuB/RXixCwShaqX5zRG472CmW3LI7AflLvBkpwQzVTvGz3VUsjXiMTFJjWp6boJ9RjYJJPiq0U8MTyga0x1uWxjTixs8m147IgVW6JFTaVoxkov6cyGhkzDAKbGdEsW/mvbH4n9dKMbzwMxEnKfKYTReFqSSoyPh10hWaM5RDSyjTwt5KWJ9qytAGVLAhePMv/yX147J3Vj69OylVLmdx5GEP9uEQPDiHClxDFWrA4AGe4AVeHeU8O2/O+7Q158xmduEXnI9vjDmOeQ==</latexit>

L,Nt



Hybrid Monte Carlo

• Avoid evaluating det by sampling over .  
• Solve linear system with  at each step to determine .  
• Cost of the (iterative) linear solve depends upon the condition number of  

which can become large at low , preconditioning is generally required. 
• Uses far less memory and bandwidth, GPU friendly, , scales to large sizes 
• We go up to .

<latexit sha1_base64="IQW8SEQo4vf6qI3+qQG1jDS+PGE=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9gHtUDJppg1NMiHJFMrQj3DjQhG3fo87/8a0nYW2HrhwOOde7r0nUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqQhsk4YluR9hQziRtWGY5bStNsYg4bUWj+5nfGlNtWCKf7ETRUOCBZDEj2Dqp1R1jrYasV674VX8OtEqCnFQgR71X/ur2E5IKKi3h2JhO4CsbZlhbRjidlrqpoQqTER7QjqMSC2rCbH7uFJ05pY/iRLuSFs3V3xMZFsZMROQ6BbZDs+zNxP+8Tmrj2zBjUqWWSrJYFKcc2QTNfkd9pimxfOIIJpq5WxEZYo2JdQmVXAjB8surpHlRDa6rV4+XldpdHkcRTuAUziGAG6jBA9ShAQRG8Ayv8OYp78V79z4WrQUvnzmGP/A+fwB+io+w</latexit>'
<latexit sha1_base64="t3P7Bo1K+RmSOF3TbywBl80y8Tw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPqxSMk8khgQ2aHBkZmZzczsyZkwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0N/WbT6g0j+SDGcfoh3QgeZ8zaqxUu+kWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LldssjjwcwTGcggdXUIF7qEIdGCA8wyu8OY/Oi/PufMxbc042cwh/4Hz+AJYdjM8=</latexit>

A
<latexit sha1_base64="i5pIjb00joh4XZX/rNi/i3OxpMU=">AAACAnicbZDLSsNAFIZP6q3WW9SVuAkWoS4siUh1WXXjsoK9QBPLZDpth04mYWZSKCG48VXcuFDErU/hzrdx2mahrT8MfPznHM6c348Ylcq2v43c0vLK6lp+vbCxubW9Y+7uNWQYC0zqOGShaPlIEkY5qSuqGGlFgqDAZ6TpD28m9eaICElDfq/GEfEC1Oe0RzFS2uqYB1cPyamTltwRwYkbDWh64o6Q0NAxi3bZnspaBCeDImSqdcwvtxviOCBcYYakbDt2pLwECUUxI2nBjSWJEB6iPmlr5Cgg0kumJ6TWsXa6Vi8U+nFlTd3fEwkKpBwHvu4MkBrI+drE/K/WjlXv0ksoj2JFOJ4t6sXMUqE1ycPqUkGwYmMNCAuq/2rhARIIK51aQYfgzJ+8CI2zslMpV+7Oi9XrLI48HMIRlMCBC6jCLdSgDhge4Rle4c14Ml6Md+Nj1pozspl9+CPj8we9oJcL</latexit>

A�1(~�)'
<latexit sha1_base64="t3P7Bo1K+RmSOF3TbywBl80y8Tw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPqxSMk8khgQ2aHBkZmZzczsyZkwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0N/WbT6g0j+SDGcfoh3QgeZ8zaqxUu+kWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LldssjjwcwTGcggdXUIF7qEIdGCA8wyu8OY/Oi/PufMxbc042cwh/4Hz+AJYdjM8=</latexit>

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

T
<latexit sha1_base64="As1Eb+ioySj96NqmoqTV9TB5Ygw=">AAACAHicbVC7SgNBFJ31GeNr1cLCZjAIsQm7QaJl0MZCNIJ5QLJZZieTZMjsg5m7Qli28VdsLBSx9TPs/BsnyRaaeGDgcM653LnHiwRXYFnfxtLyyuraem4jv7m1vbNr7u03VBhLyuo0FKFseUQxwQNWBw6CtSLJiO8J1vRGVxO/+cik4mHwAOOIOT4ZBLzPKQEtuebhXfGmW8a3LnQT0hmATvrYTk9ds2CVrCnwIrEzUkAZaq751emFNPZZAFQQpdq2FYGTEAmcCpbmO7FiEaEjMmBtTQPiM+Uk0wNSfKKVHu6HUr8A8FT9PZEQX6mx7+mkT2Co5r2J+J/XjqF/4SQ8iGJgAZ0t6scCQ4gnbeAel4yCGGtCqOT6r5gOiSQUdGd5XYI9f/IiaZRLdqVUuT8rVC+zOnLoCB2jIrLROaqia1RDdURRip7RK3oznowX4934mEWXjGzmAP2B8fkD3gCVUw==</latexit>

O(L2
N

a&1
t )

<latexit sha1_base64="cifX9G94ZHPcA7i7S5dWZZJBc3g=">AAACCXicbZDLSgMxFIYzXmu9VV26CRahgpQZKbUboejGhUgFe4G2DJk004ZmMkNyRiilXbrxVdy4UMStb+DOtzFtZ6GtPwS+/OcckvN7keAabPvbWlpeWV1bT22kN7e2d3Yze/s1HcaKsioNRagaHtFMcMmqwEGwRqQYCTzB6l7/alKvPzCleSjvYRCxdkC6kvucEjCWm8E3+AIX7NPx+NYFgyXbHo9zLY8Bmd5O3EzWzttT4UVwEsiiRBU389XqhDQOmAQqiNZNx46gPSQKOBVslG7FmkWE9kmXNQ1KEjDdHk43GeFj43SwHypzJOCp+3tiSAKtB4FnOgMCPT1fm5j/1Zox+KX2kMsoBibp7CE/FhhCPIkFd7hiFMTAAKGKm79i2iOKUDDhpU0IzvzKi1A7yzvFfPGukC1fJnGk0CE6QjnkoHNURteogqqIokf0jF7Rm/VkvVjv1sesdclKZg7QH1mfP+L9lqs=</latexit>

L = 40, Nt = 800 (� = 80)

S. Duane et al, Phys. Lett. B 195, 216-222 (1987)

<latexit sha1_base64="leRSbMRKtjNn3xuUYq6U4WMJo70="></latexit>

Z =

Z
D[~�]e�SB [~�]det[A(~�)]

<latexit sha1_base64="B48Xj3a/WmESELQwik2KtR4x/T4="></latexit>

Z =

Z
D[~�]D[','⇤]e�SB [~�]e�'⇤A�1(~�)'



• Sample  from distribution, use fictitious Hamiltonian dynamics to update , 
repeat iteratively.

<latexit sha1_base64="VYegSXrWFWGv9Msy7Nh/i0Rq2IE=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2A9ol5JNs21oNhuSbKEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZeqAQ31vO+UWFjc2t7p7hb2ts/ODwqH5+0TJJqypo0EYnuhMQwwSVrWm4F6yjNSBwK1g7H93O/PWHa8EQ+2aliQUyGkkecEuukdm9CtBrxfrniVb0F8Drxc1KBHI1++as3SGgaM2mpIMZ0fU/ZICPacirYrNRLDVOEjsmQdR2VJGYmyBbnzvCFUwY4SrQrafFC/T2RkdiYaRy6zpjYkVn15uJ/Xje10W2QcalSyyRdLopSgW2C57/jAdeMWjF1hFDN3a2Yjogm1LqESi4Ef/XlddK6qvrX1dpjrVK/y+MowhmcwyX4cAN1eIAGNIHCGJ7hFd6QQi/oHX0sWwsonzmFP0CfP344j68=</latexit>'
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

(randomly sampled fictitious momentum )

<latexit sha1_base64="B48Xj3a/WmESELQwik2KtR4x/T4="></latexit>

Z =

Z
D[~�]D[','⇤]e�SB [~�]e�'⇤A�1(~�)'

• Integrator time step size and number of steps are chosen in a warmup phase to 
maximize change in . (P. Lunts et al, Nat. Comm. 14, 2547 (2023)).

<latexit sha1_base64="CSyXaWxx6UzyxtLAdkiwM8Z5mag=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5VvfFwWWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWyI5J</latexit>

�

S. Duane et al, Phys. Lett. B 195, 216-222 (1987) 
P. Lunts et al, Nat. Comm. 14, 2547 (2023)

•  is set equal to a running estimate of the  propagator for optimal updates 
(P. Lunts et al, Nat. Comm. 14, 2547 (2023)).

<latexit sha1_base64="n+7Jilqnm6mZ1mtQN0HM6RZdxno=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgxbAr8XEMevEiRDAPSNYwO5lNxszOLDOzQljyD148KOLV//Hm3zhJ9qCJBQ1FVTfdXUHMmTau++3klpZXVtfy64WNza3tneLuXkPLRBFaJ5JL1QqwppwJWjfMcNqKFcVRwGkzGF5P/OYTVZpJcW9GMfUj3BcsZAQbKzVuH9ITb9wtltyyOwVaJF5GSpCh1i1+dXqSJBEVhnCsddtzY+OnWBlGOB0XOommMSZD3KdtSwWOqPbT6bVjdGSVHgqlsiUMmqq/J1IcaT2KAtsZYTPQ895E/M9rJya89FMm4sRQQWaLwoQjI9HkddRjihLDR5Zgopi9FZEBVpgYG1DBhuDNv7xIGqdl77x8dlcpVa+yOPJwAIdwDB5cQBVuoAZ1IPAIz/AKb450Xpx352PWmnOymX34A+fzB/rHjsE=</latexit>

M�1
<latexit sha1_base64="NiKFS9bVN7VrwICo4J+i2jD+8eY=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5oHZJcxOOsmQ2dllZjYQlvyFFw+KePVvvPk3TpI9aLSgoajqprsrTATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqh1Sj4BIbhhuB7UQhjUKBrXB0O/NbY1Sax/LBTBIMIjqQvM8ZNVZ69MfIMj8Z8mm3XHGr7hzkL/FyUoEc9W750+/FLI1QGiao1h3PTUyQUWU4Ezgt+anGhLIRHWDHUkkj1EE2v3hKTqzSI/1Y2ZKGzNWfExmNtJ5Eoe2MqBnqZW8m/ud1UtO/DjIuk9SgZItF/VQQE5PZ+6THFTIjJpZQpri9lbAhVZQZG1LJhuAtv/yXNM+q3mX14v68UrvJ4yjCERzDKXhwBTW4gzo0gIGEJ3iBV0c7z86b875oLTj5zCH8gvPxDenrkRc=</latexit>

~�

Hybrid Monte Carlo



Non-perturbative phase diagram 

A. A. P., P. Lunts, M. S. Albergo, arXiv:2410.05365 



Non-perturbative phase diagram 

• Extended region of -linear 
resistivity ( ) 

• Gapless SRO boson phase for , 
eventual crossover to LRO for 

, no sharp QPT to LRO.

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

T
<latexit sha1_base64="Iod5Cz+TM4f/+t7ZE+dvB/buFJc=">AAACCHicbZDLSsNAFIZPvNZ6i7p04WARXJVEpLpwUXShywr2Am0Ik8mkHTqZhJmJUEqXbnwVNy4UcesjuPNtnLYBtfWHgY//nMOZ8wcpZ0o7zpe1sLi0vLJaWCuub2xubds7uw2VZJLQOkl4IlsBVpQzQeuaaU5bqaQ4DjhtBv2rcb15T6ViibjTg5R6Me4KFjGCtbF8+6DDTXOIfYUuUM4/5F/7dskpOxOheXBzKEGumm9/dsKEZDEVmnCsVNt1Uu0NsdSMcDoqdjJFU0z6uEvbBgWOqfKGk0NG6Mg4IYoSaZ7QaOL+nhjiWKlBHJjOGOuemq2Nzf9q7UxH596QiTTTVJDpoijjSCdonAoKmaRE84EBTCQzf0WkhyUm2mRXNCG4syfPQ+Ok7FbKldvTUvUyj6MA+3AIx+DCGVThBmpQBwIP8AQv8Go9Ws/Wm/U+bV2w8pk9+CPr4xvMCpiT</latexit>

�s < � < �G
<latexit sha1_base64="jEKWEasoopdp+PoGnPq5i2lIUa8=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlEqgsXRTcuK9gHtCFMJpN26GQSZiZCCfVX3LhQxK0f4s6/cdpmoa0HBg7nnMu9c4KUM6Ud59sqra1vbG6Vtys7u3v7B/bhUUclmSS0TRKeyF6AFeVM0LZmmtNeKimOA067wfh25ncfqVQsEQ96klIvxkPBIkawNpJvVwfchEOMrlHBfOXbNafuzIFWiVuQGhRo+fbXIExIFlOhCcdK9V0n1V6OpWaE02llkCmaYjLGQ9o3VOCYKi+fHz9Fp0YJUZRI84RGc/X3RI5jpSZxYJIx1iO17M3E/7x+pqMrL2cizTQVZLEoyjjSCZo1gUImKdF8YggmkplbERlhiYk2fVVMCe7yl1dJ57zuNuqN+4ta86aoowzHcAJn4MIlNOEOWtAGAhN4hld4s56sF+vd+lhES1YxU4U/sD5/AMk0lDw=</latexit>

� < �s

<latexit sha1_base64="V9UOJqDaCwnHKsHiOEM2FlwoXoA=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5KIVBcuim5cVrAPaEK4mUzaoZNJmJkIpXbhr7hxoYhbf8Odf+O0zUJbDwwczjmXe+eEGWdKO863tbS8srq2Xtoob25t7+zae/stleaS0CZJeSo7ISjKmaBNzTSnnUxSSEJO2+HgZuK3H6hULBX3ephRP4GeYDEjoI0U2IceN+EI8BUuWOCB0oFdcarOFHiRuAWpoAKNwP7yopTkCRWacFCq6zqZ9kcgNSOcjstermgGZAA92jVUQEKVP5reP8YnRolwnErzhMZT9ffECBKlhklokgnovpr3JuJ/XjfX8aU/YiLLNRVktijOOdYpnpSBIyYp0XxoCBDJzK2Y9EEC0aaysinBnf/yImmdVd1atXZ3XqlfF3WU0BE6RqfIRReojm5RAzURQY/oGb2iN+vJerHerY9ZdMkqZg7QH1ifPxxolYs=</latexit>

� < �⇤

A. A. P., P. Lunts, M. S. Albergo, arXiv:2410.05365 



<latexit sha1_base64="KQZO2/kdSC27z04BOI2d4yMO+hY=">AAACB3icbVBLSwMxGMzWV62vqkdBgkWoCGVXpHqsevFYoS/oriWbZtvQ7CYkWbEsvXnxr3jxoIhX/4I3/43Zdg9aHQhMZuYj+cYXjCpt219WbmFxaXklv1pYW9/Y3Cpu77QUjyUmTcwZlx0fKcJoRJqaakY6QhIU+oy0/dFV6rfviFSURw09FsQL0SCiAcVIG6lX3HflkJcbR9BFQkh+D9N7z4bH8AI2bk2gZFfsKeBf4mSkBDLUe8VPt89xHJJIY4aU6jq20F6CpKaYkUnBjRURCI/QgHQNjVBIlJdM95jAQ6P0YcClOZGGU/XnRIJCpcahb5Ih0kM176Xif1431sG5l9BIxJpEePZQEDOoOUxLgX0qCdZsbAjCkpq/QjxEEmFtqiuYEpz5lf+S1knFqVaqN6el2mVWRx7sgQNQBg44AzVwDeqgCTB4AE/gBbxaj9az9Wa9z6I5K5vZBb9gfXwDCKWXgg==</latexit>

⇢(T ) ⇡ ⇢0 +ATn

• Extended range of doping  with 
<latexit sha1_base64="xNbTxtfgDoC/DyF4+jr7rv/Rki4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqJP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB3auM/w==</latexit>p

<latexit sha1_base64="6tkIjE8GTnOC0hyH9ZQ15zyMnDw=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1JOoZJlDQL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7vFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmz6MB05RYPnEEE83crYiMsMbEuohKLoRg+eVV0rqoBrVq7f6yUr/J4yjCCZzCOQRwBXW4gwY0gQCHZ3iFN+/Re/HevY9Fa8HLZ47hD7zPHxA7j1k=</latexit>

n ⇠ 1



Dirty bosons 
• Key to new physics: strongly disordered bosons at low energies

<latexit sha1_base64="NEHxiGlHOI3SZD6n/hH8vgCiWtw=">AAACLHicbVDLSgMxFM34rPU16tJNsAgKUmZEqhuhWBcuK9gHdMqQSe+0oZnMmGSEMvSD3PgrgriwiFu/w/SxsNUDgZNz7uXee4KEM6UdZ2QtLa+srq3nNvKbW9s7u/befl3FqaRQozGPZTMgCjgTUNNMc2gmEkgUcGgE/crYbzyBVCwWD3qQQDsiXcFCRok2km9Xbk+YF0fQJb64ds6wFxHdC8Lscei7c79z7Al4nPNPp5Lj2wWn6EyA/xJ3Rgpohqpvv3mdmKYRCE05UarlOoluZ0RqRjkM816qICG0T7rQMlSQCFQ7mxw7xMdG6eAwluYJjSfq746MREoNosBUjndVi95Y/M9rpTq8amdMJKkGQaeDwpRjHeNxcrjDJFDNB4YQKpnZFdMekYRqk2/ehOAunvyX1M+LbqlYur8olG9mceTQITpCJ8hFl6iM7lAV1RBFz+gVfaCR9WK9W5/W17R0yZr1HKA5WN8/6Tqmzw==</latexit>

D(i!n = 0,q1,q2 6= q1) 6= 0

A. A. P., P. Lunts, M. S. Albergo, arXiv:2410.05365 



Boson density of states 

<latexit sha1_base64="qu4YxOMeaK/K/R3rmGggoqPugLU=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lEqseiF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJaPZpKgH9Gh5CFn1Fip3VOjuIIX/VLZrbpzkFXi5aQMORr90ldvELM0QmmYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZKGqH2s/m5U3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2e9kwBUyIyaWUKa4vZWwEVWUGZtQ0YbgLb+8SlqXVa9WrT1cleu3eRwFOIUzqIAH11CHe2hAExiM4Rle4c1JnBfn3flYtK45+cwJ/IHz+QOrjY8m</latexit>

⇢(e)

<latexit sha1_base64="T6jdnRXg6uZZ2SVmGcuaVtfG7vA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqYL9UdivuHGSVeDkpQ456v/TVG8QsjVAaJqjWXc9NjJ9RZTgTOC32Uo0JZWM6xK6lkkao/Wx+6JScW2VAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE974GZdJalCyxaIwFcTEZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGCM/wCm/Oo/PivDsfi9Y1J585gT9wPn8AzP+M9A==</latexit>e

<latexit sha1_base64="qu4YxOMeaK/K/R3rmGggoqPugLU=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lEqseiF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJaPZpKgH9Gh5CFn1Fip3VOjuIIX/VLZrbpzkFXi5aQMORr90ldvELM0QmmYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZKGqH2s/m5U3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2e9kwBUyIyaWUKa4vZWwEVWUGZtQ0YbgLb+8SlqXVa9WrT1cleu3eRwFOIUzqIAH11CHe2hAExiM4Rle4c1JnBfn3flYtK45+cwJ/IHz+QOrjY8m</latexit>

⇢(e)

<latexit sha1_base64="qu4YxOMeaK/K/R3rmGggoqPugLU=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lEqseiF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJaPZpKgH9Gh5CFn1Fip3VOjuIIX/VLZrbpzkFXi5aQMORr90ldvELM0QmmYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZKGqH2s/m5U3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2e9kwBUyIyaWUKa4vZWwEVWUGZtQ0YbgLb+8SlqXVa9WrT1cleu3eRwFOIUzqIAH11CHe2hAExiM4Rle4c1JnBfn3flYtK45+cwJ/IHz+QOrjY8m</latexit>

⇢(e)

<latexit sha1_base64="T6jdnRXg6uZZ2SVmGcuaVtfG7vA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqYL9UdivuHGSVeDkpQ456v/TVG8QsjVAaJqjWXc9NjJ9RZTgTOC32Uo0JZWM6xK6lkkao/Wx+6JScW2VAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE974GZdJalCyxaIwFcTEZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGCM/wCm/Oo/PivDsfi9Y1J585gT9wPn8AzP+M9A==</latexit>e
<latexit sha1_base64="wH0kJ3ObOWyG+PFBvmEKWfqYft4=">AAACG3icbZDLSsNAFIYn9VbrLerSzWARK0hJilQ3StGNywr2Ak0ok+mkHTrJhJmJUkJ9Dje+ihsXirgSXPg2TtosbPXAwM//ncOZ83sRo1JZ1reRW1hcWl7JrxbW1jc2t8ztnabkscCkgTnjou0hSRgNSUNRxUg7EgQFHiMtb3iV8tYdEZLy8FaNIuIGqB9Sn2KktNU1K44Y8BJxBO0PFBKC30PrCF5A6/ghJYczSJNzaHXNolW2JgX/CjsTRZBVvWt+Oj2O44CECjMkZce2IuUmSCiKGRkXnFiSCOEh6pOOliEKiHSTyW1jeKCdHvS50C9UcOL+nkhQIOUo8HRngNRAzrPU/I91YuWfuQkNo1iREE8X+TGDisM0KNijgmDFRlogLKj+K8QDJBBWOs6CDsGeP/mvaFbKdrVcvTkp1i6zOPJgD+yDErDBKaiBa1AHDYDBI3gGr+DNeDJejHfjY9qaM7KZXTBTxtcPu7KfVg==</latexit>

⇢(e ! 0) > 0, ⇢0(e ! 0) = 0

<latexit sha1_base64="T6jdnRXg6uZZ2SVmGcuaVtfG7vA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqYL9UdivuHGSVeDkpQ456v/TVG8QsjVAaJqjWXc9NjJ9RZTgTOC32Uo0JZWM6xK6lkkao/Wx+6JScW2VAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE974GZdJalCyxaIwFcTEZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGCM/wCm/Oo/PivDsfi9Y1J585gT9wPn8AzP+M9A==</latexit>e
<latexit sha1_base64="tD8FTV4NGT9UyEBNe2mq+roIAT4=">AAACG3icbZDLSsNAFIYn9VbrLerSzWARK0hJilQXIkU3LivYCzShTKaTdugkE2YmSgn1Odz4Km5cKOJKcOHbOGmzsNUDAz//dw5nzu9FjEplWd9GbmFxaXklv1pYW9/Y3DK3d5qSxwKTBuaMi7aHJGE0JA1FFSPtSBAUeIy0vOFVylt3REjKw1s1iogboH5IfYqR0lbXrDhiwEvEEbQ/UEgIfg+tI3gBreOHlBzOIE3OodU1i1bZmhT8K+xMFEFW9a756fQ4jgMSKsyQlB3bipSbIKEoZmRccGJJIoSHqE86WoYoINJNJreN4YF2etDnQr9QwYn7eyJBgZSjwNOdAVIDOc9S8z/WiZV/5iY0jGJFQjxd5McMKg7ToGCPCoIVG2mBsKD6rxAPkEBY6TgLOgR7/uS/olkp29Vy9eakWLvM4siDPbAPSsAGp6AGrkEdNAAGj+AZvII348l4Md6Nj2lrzshmdsFMGV8/uiyfVQ==</latexit>

⇢(e ! 0) > 0, ⇢0(e ! 0) < 0

<latexit sha1_base64="MATIPlWUzfJOKzHSxGYcAU3Zz2o=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0WsICVRqW6EohuXFewDmlAm00k7dJIJMxOlhPofbvwVNy4UceNC8G+ctFlo2wMXDufcy733eBGjUlnWj5FbWFxaXsmvFtbWNza3zO2dhuSxwKSOOeOi5SFJGA1JXVHFSCsSBAUeI01vcJ36zXsiJOXhnRpGxA1QL6Q+xUhpqWOeOqLPS8QRtNdXSAj+AK0jeAmt48fUOZxndcyiVbbGgLPEzkgRZKh1zC+ny3EckFBhhqRs21ak3AQJRTEjo4ITSxIhPEA90tY0RAGRbjJ+bgQPtNKFPhe6QgXH6t+JBAVSDgNPdwZI9eW0l4rzvHas/As3oWEUKxLiySI/ZlBxmCYFu1QQrNhQE4QF1bdC3EcCYaXzLOgQ7OmXZ0njpGxXypXbs2L1KosjD/bAPigBG5yDKrgBNVAHGDyBF/AG3o1n49X4MD4nrTkjm9kF/2B8/wIga59/</latexit>

⇢(e ! 0) = 0, ⇢0(e ! 0) = 0

A. A. P., P. Lunts, M. S. Albergo, arXiv:2410.05365 



Boson density of states 

<latexit sha1_base64="T6jdnRXg6uZZ2SVmGcuaVtfG7vA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqYL9UdivuHGSVeDkpQ456v/TVG8QsjVAaJqjWXc9NjJ9RZTgTOC32Uo0JZWM6xK6lkkao/Wx+6JScW2VAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE974GZdJalCyxaIwFcTEZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGCM/wCm/Oo/PivDsfi9Y1J585gT9wPn8AzP+M9A==</latexit>e
<latexit sha1_base64="wH0kJ3ObOWyG+PFBvmEKWfqYft4=">AAACG3icbZDLSsNAFIYn9VbrLerSzWARK0hJilQ3StGNywr2Ak0ok+mkHTrJhJmJUkJ9Dje+ihsXirgSXPg2TtosbPXAwM//ncOZ83sRo1JZ1reRW1hcWl7JrxbW1jc2t8ztnabkscCkgTnjou0hSRgNSUNRxUg7EgQFHiMtb3iV8tYdEZLy8FaNIuIGqB9Sn2KktNU1K44Y8BJxBO0PFBKC30PrCF5A6/ghJYczSJNzaHXNolW2JgX/CjsTRZBVvWt+Oj2O44CECjMkZce2IuUmSCiKGRkXnFiSCOEh6pOOliEKiHSTyW1jeKCdHvS50C9UcOL+nkhQIOUo8HRngNRAzrPU/I91YuWfuQkNo1iREE8X+TGDisM0KNijgmDFRlogLKj+K8QDJBBWOs6CDsGeP/mvaFbKdrVcvTkp1i6zOPJgD+yDErDBKaiBa1AHDYDBI3gGr+DNeDJejHfjY9qaM7KZXTBTxtcPu7KfVg==</latexit>

⇢(e ! 0) > 0, ⇢0(e ! 0) = 0

• Gapless constant low-energy DOS for 
 similar to  in mean 

field (quadratic dispersion in 2D) 
• But, boson eigenmodes are not plane-

wave states!  
• Spatial correlation length is not large!  
• Not a QCP!

<latexit sha1_base64="Iod5Cz+TM4f/+t7ZE+dvB/buFJc=">AAACCHicbZDLSsNAFIZPvNZ6i7p04WARXJVEpLpwUXShywr2Am0Ik8mkHTqZhJmJUEqXbnwVNy4UcesjuPNtnLYBtfWHgY//nMOZ8wcpZ0o7zpe1sLi0vLJaWCuub2xubds7uw2VZJLQOkl4IlsBVpQzQeuaaU5bqaQ4DjhtBv2rcb15T6ViibjTg5R6Me4KFjGCtbF8+6DDTXOIfYUuUM4/5F/7dskpOxOheXBzKEGumm9/dsKEZDEVmnCsVNt1Uu0NsdSMcDoqdjJFU0z6uEvbBgWOqfKGk0NG6Mg4IYoSaZ7QaOL+nhjiWKlBHJjOGOuemq2Nzf9q7UxH596QiTTTVJDpoijjSCdonAoKmaRE84EBTCQzf0WkhyUm2mRXNCG4syfPQ+Ok7FbKldvTUvUyj6MA+3AIx+DCGVThBmpQBwIP8AQv8Go9Ws/Wm/U+bV2w8pk9+CPr4xvMCpiT</latexit>

�s < � < �G

<latexit sha1_base64="UAw4JXRDcdj2+/6dwgLUxpDSZnk=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlEqhuh6MZlBfuANoTJZNIOnUzCzEQoof6KGxeKuPVD3Pk3TtsstPXAwOGcc7l3TpByprTjfFultfWNza3ydmVnd2//wD486qgkk4S2ScIT2QuwopwJ2tZMc9pLJcVxwGk3GN/O/O4jlYol4kFPUurFeChYxAjWRvLt6oCbcIjRNSqYT3y75tSdOdAqcQtSgwIt3/4ahAnJYio04Vipvuuk2sux1IxwOq0MMkVTTMZ4SPuGChxT5eXz46fo1CghihJpntBorv6eyHGs1CQOTDLGeqSWvZn4n9fPdHTl5UykmaaCLBZFGUc6QbMmUMgkJZpPDMFEMnMrIiMsMdGmr4opwV3+8irpnNfdRr1xf1Fr3hR1lOEYTuAMXLiEJtxBC9pAYALP8Apv1pP1Yr1bH4toySpmqvAH1ucPsoKULQ==</latexit>

� = �c

A. A. P., P. Lunts, M. S. Albergo, arXiv:2410.05365 



Boson eigenmodes 

<latexit sha1_base64="T6jdnRXg6uZZ2SVmGcuaVtfG7vA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqYL9UdivuHGSVeDkpQ456v/TVG8QsjVAaJqjWXc9NjJ9RZTgTOC32Uo0JZWM6xK6lkkao/Wx+6JScW2VAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE974GZdJalCyxaIwFcTEZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGCM/wCm/Oo/PivDsfi9Y1J585gT9wPn8AzP+M9A==</latexit>e

<latexit sha1_base64="8Pq85ueV4gdc0MgJxEPIFgdLJyw=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkWom5KIVJdFNy5cVLAPaGOZTG/boZNJmJkoJfQ/3LhQxK3/4s6/cdJmoa0HBg7n3Ms9c/yIM6Ud59vKrayurW/kNwtb2zu7e8X9g6YKY0mxQUMeyrZPFHImsKGZ5tiOJJLA59jyx9ep33pEqVgo7vUkQi8gQ8EGjBJtpIduQPSIEp7cTst42iuWnIozg71M3IyUIEO9V/zq9kMaByg05USpjutE2kuI1IxynBa6scKI0DEZYsdQQQJUXjJLPbVPjNK3B6E0T2h7pv7eSEig1CTwzWSaUi16qfif14n14NJLmIhijYLODw1ibuvQTiuw+0wi1XxiCKGSmaw2HRFJqDZFFUwJ7uKXl0nzrOJWK9W781LtKqsjD0dwDGVw4QJqcAN1aAAFCc/wCm/Wk/VivVsf89Gcle0cwh9Ynz8VnpJB</latexit>

L(e)

Localized

Extended

A. A. P., P. Lunts, M. S. Albergo, arXiv:2410.05365 



Boson eigenmodes 

<latexit sha1_base64="8Pq85ueV4gdc0MgJxEPIFgdLJyw=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkWom5KIVJdFNy5cVLAPaGOZTG/boZNJmJkoJfQ/3LhQxK3/4s6/cdJmoa0HBg7n3Ms9c/yIM6Ud59vKrayurW/kNwtb2zu7e8X9g6YKY0mxQUMeyrZPFHImsKGZ5tiOJJLA59jyx9ep33pEqVgo7vUkQi8gQ8EGjBJtpIduQPSIEp7cTst42iuWnIozg71M3IyUIEO9V/zq9kMaByg05USpjutE2kuI1IxynBa6scKI0DEZYsdQQQJUXjJLPbVPjNK3B6E0T2h7pv7eSEig1CTwzWSaUi16qfif14n14NJLmIhijYLODw1ibuvQTiuw+0wi1XxiCKGSmaw2HRFJqDZFFUwJ7uKXl0nzrOJWK9W781LtKqsjD0dwDGVw4QJqcAN1aAAFCc/wCm/Wk/VivVsf89Gcle0cwh9Ynz8VnpJB</latexit>

L(e)

<latexit sha1_base64="T6jdnRXg6uZZ2SVmGcuaVtfG7vA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqYL9UdivuHGSVeDkpQ456v/TVG8QsjVAaJqjWXc9NjJ9RZTgTOC32Uo0JZWM6xK6lkkao/Wx+6JScW2VAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE974GZdJalCyxaIwFcTEZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGCM/wCm/Oo/PivDsfi9Y1J585gT9wPn8AzP+M9A==</latexit>e

Delocalizing

• Gradual crossover to LRO 
for  associated with 
localized low-energy 
modes slowly delocalizing 
again

<latexit sha1_base64="V9UOJqDaCwnHKsHiOEM2FlwoXoA=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5KIVBcuim5cVrAPaEK4mUzaoZNJmJkIpXbhr7hxoYhbf8Odf+O0zUJbDwwczjmXe+eEGWdKO863tbS8srq2Xtoob25t7+zae/stleaS0CZJeSo7ISjKmaBNzTSnnUxSSEJO2+HgZuK3H6hULBX3ephRP4GeYDEjoI0U2IceN+EI8BUuWOCB0oFdcarOFHiRuAWpoAKNwP7yopTkCRWacFCq6zqZ9kcgNSOcjstermgGZAA92jVUQEKVP5reP8YnRolwnErzhMZT9ffECBKlhklokgnovpr3JuJ/XjfX8aU/YiLLNRVktijOOdYpnpSBIyYp0XxoCBDJzK2Y9EEC0aaysinBnf/yImmdVd1atXZ3XqlfF3WU0BE6RqfIRReojm5RAzURQY/oGb2iN+vJerHerY9ZdMkqZg7QH1ifPxxolYs=</latexit>

� < �⇤

A. A. P., P. Lunts, M. S. Albergo, arXiv:2410.05365 



Dirty bosons, clean fermions! 

Uniform real-space occupation

<latexit sha1_base64="izasAfv4XsFedV9wI1nWkI+jfZU=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcFUSkeqy6MZlBXuBJpTJdNIOnUzCzEQpsY/ixoUibn0Sd76N0zQLbf1h4OM/53DO/EHCmdKO822V1tY3NrfK25Wd3b39A7t62FFxKgltk5jHshdgRTkTtK2Z5rSXSIqjgNNuMLmZ17sPVCoWi3s9Tagf4ZFgISNYG2tgVz2OxYhTJJAncxrYNafu5EKr4BZQg0Ktgf3lDWOSRlRowrFSfddJtJ9hqRnhdFbxUkUTTCZ4RPsGBY6o8rP89Bk6Nc4QhbE0T2iUu78nMhwpNY0C0xlhPVbLtbn5X62f6vDKz5hIUk0FWSwKU450jOY5oCGTlGg+NYCJZOZWRMZYYqJNWhUTgrv85VXonNfdRr1xd1FrXhdxlOEYTuAMXLiEJtxCC9pA4BGe4RXerCfrxXq3PhatJauYOYI/sj5/AMJGk7I=</latexit>

hni

Co
un

ts

Fermi surface in momentum-
space occupation

<latexit sha1_base64="4Q2BaQSLb1lsbzzTls7l//BD8s0=">AAAB/HicbZDNSsNAFIUn9a/Wv2iXbgaL4KokItVl0Y3LCrYWmhAm09t26GQSZiZCCPVV3LhQxK0P4s63cZpmoa0HBj7OvZd754QJZ0o7zrdVWVvf2Nyqbtd2dvf2D+zDo56KU0mhS2Mey35IFHAmoKuZ5tBPJJAo5PAQTm/m9YdHkIrF4l5nCfgRGQs2YpRoYwV23eNEjDlgEUyxJwsO7IbTdArhVXBLaKBSncD+8oYxTSMQmnKi1MB1Eu3nRGpGOcxqXqogIXRKxjAwKEgEys+L42f41DhDPIqleULjwv09kZNIqSwKTWdE9EQt1+bmf7VBqkdXfs5EkmoQdLFolHKsYzxPAg+ZBKp5ZoBQycytmE6IJFSbvGomBHf5y6vQO2+6rWbr7qLRvi7jqKJjdILOkIsuURvdog7qIooy9Ixe0Zv1ZL1Y79bHorVilTN19EfW5w9MPZSQ</latexit> hn
k
i

<latexit sha1_base64="fOAGbrq2ecCECetMAXw8YkEDn/k=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlEqhuh6MZlBfuANoTJZNIOnUzCzEQoof6KGxeKuPVD3Pk3TtsstPXAwOGcc7l3TpByprTjfFultfWNza3ydmVnd2//wD486qgkk4S2ScIT2QuwopwJ2tZMc9pLJcVxwGk3GN/O/O4jlYol4kFPUurFeChYxAjWRvLt6oCbcIjRNSqYr3y75tSdOdAqcQtSgwIt3/4ahAnJYio04Vipvuuk2sux1IxwOq0MMkVTTMZ4SPuGChxT5eXz46fo1CghihJpntBorv6eyHGs1CQOTDLGeqSWvZn4n9fPdHTl5UykmaaCLBZFGUc6QbMmUMgkJZpPDMFEMnMrIiMsMdGmr4opwV3+8irpnNfdRr1xf1Fr3hR1lOEYTuAMXLiEJtxBC9pAYALP8Apv1pP1Yr1bH4toySpmqvAH1ucPysKUPQ==</latexit>

� = �s

A. A. P., P. Lunts, M. S. Albergo, arXiv:2410.05365 



Transport 

• Measure  from Kubo formula 

• Parametrize 

<latexit sha1_base64="6GjzLppRcGXyxyK3en4gxsm4bxE=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkWom5KIVJdFNy4r2Ac0IUymk3ToPMLMRCmxn+LGhSJu/RJ3/o3TNgttPXDhcM693HtPlFKitOt+W6W19Y3NrfJ2ZWd3b//Arh52lcgkwh0kqJD9CCpMCccdTTTF/VRiyCKKe9H4Zub3HrBURPB7PUlxwGDCSUwQ1EYK7aqvSMJgnfiC4QSG/Cy0a27DncNZJV5BaqBAO7S//KFAGcNcIwqVGnhuqoMcSk0QxdOKnymcQjSGCR4YyiHDKsjnp0+dU6MMnVhIU1w7c/X3RA6ZUhMWmU4G9UgtezPxP2+Q6fgqyAlPM405WiyKM+po4cxycIZEYqTpxBCIJDG3OmgEJUTapFUxIXjLL6+S7nnDazaadxe11nURRxkcgxNQBx64BC1wC9qgAxB4BM/gFbxZT9aL9W59LFpLVjFzBP7A+vwBzv+TuQ==</latexit>

�(i!n)

 non-interacting Drude weight
<latexit sha1_base64="kTVU4YT7xz1abVLg7cbvuNfHemo=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9CUA8eI5gHZJcwOzubDJl9MNMrhCW/4cWDIl79GW/+jZNkDxotaCiquunu8lMpNNr2l1VaWV1b3yhvVra2d3b3qvsHHZ1kivE2S2Siej7VXIqYt1Gg5L1UcRr5knf98c3M7z5ypUUSP+Ak5V5Eh7EIBaNoJNdFIQOe307JFRlUa3bdnoP8JU5BalCgNah+ukHCsojHyCTVuu/YKXo5VSiY5NOKm2meUjamQ943NKYR114+v3lKTowSkDBRpmIkc/XnRE4jrSeRbzojiiO97M3E/7x+huGll4s4zZDHbLEozCTBhMwCIIFQnKGcGEKZEuZWwkZUUYYmpooJwVl++S/pnNWdRr1xf15rXhdxlOEIjuEUHLiAJtxBC9rAIIUneIFXK7OerTfrfdFasoqZQ/gF6+MbL8uRJA==</latexit>

D̃ =

• Analyze functional form of  
• Extrapolation  gives DC scattering rate

<latexit sha1_base64="reqOs/S24ULmwwaOETB/MQ2NBmY=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQxCBAm7ItFj0IMeI+QF2RB6J5NkyMzsMjMrhCX+ihcPinj1Q7z5N04eB00saCiquunuCmPOtPG8byeztr6xuZXdzu3s7u0fuIdHDR0litA6iXikWiFoypmkdcMMp61YURAhp81wdDv1m49UaRbJmhnHtCNgIFmfETBW6rr54A6EgGIQCTqArjzHtbOuW/BK3gx4lfgLUkALVLvuV9CLSCKoNISD1m3fi00nBWUY4XSSCxJNYyAjGNC2pRIE1Z10dvwEn1qlh/uRsiUNnqm/J1IQWo9FaDsFmKFe9qbif147Mf3rTspknBgqyXxRP+HYRHiaBO4xRYnhY0uAKGZvxWQICoixeeVsCP7yy6ukcVHyy6Xyw2WhcrOII4uO0QkqIh9doQq6R1VURwSN0TN6RW/Ok/PivDsf89aMs5jJoz9wPn8AMA+T1g==</latexit>

�(!n, T )
<latexit sha1_base64="uFByjU5ijMOWctvdnm9O4raP0Fk=">AAACCnicbVDJSgNBEO1xN26jHr20BiGChBmR6DHoQY8K2SATQk2nkzTpZejuUULI2Yu/4sWDIl79Am/+jZ3loNEHBY/3qqiqFyecGRsEX97c/MLi0vLKamZtfWNzy9/eqRiVakLLRHGlazEYypmkZcssp7VEUxAxp9W4dznyq3dUG6ZkyfYT2hDQkazNCFgnNf396AqEgFykBO1AU+JIs07XgtbqHgfHuHTU9LNBPhgD/yXhlGTRFDdN/zNqKZIKKi3hYEw9DBLbGIC2jHA6zESpoQmQHnRo3VEJgprGYPzKEB86pYXbSruSFo/VnxMDEMb0Rew6BdiumfVG4n9ePbXt88aAySS1VJLJonbKsVV4lAtuMU2J5X1HgGjmbsWkCxqIdellXAjh7Mt/SeUkHxbyhdvTbPFiGscK2kMHKIdCdIaK6BrdoDIi6AE9oRf06j16z96b9z5pnfOmM7voF7yPb3GhmXc=</latexit>

�(!n ! 0, T )

<latexit sha1_base64="xNgqiu/2YlmGLedZ1RwytPPr3Wg="></latexit>

�(i!n) =
D̃

|!n|+ �(!n, T )

A. A. P., P. Lunts, M. S. Albergo, arXiv:2410.05365 



Transport 

• Universal form  for  
• “Marginal Fermi liquid” with extra  correction 

that becomes significant for  

<latexit sha1_base64="fv9J7cBYXBSReNnLEDipeLJtQKU="></latexit>

�(i!n � 2⇡T ) = �a!n ln!n + b!n + d!n ln
2 !n + c

<latexit sha1_base64="tt0iAfXj7kYKEJ4yCOVamPRr0pI=">AAAB/3icbVDLSgMxFL1TX7W+RgU3boJFcFVmRKrLogtdVrAP6AxDJpNpQzMPk4xQxi78FTcuFHHrb7jzb0zbWWjrgcDJOeeSm+OnnEllWd9GaWl5ZXWtvF7Z2Nza3jF399oyyQShLZLwRHR9LClnMW0ppjjtpoLiyOe04w+vJn7ngQrJkvhOjVLqRrgfs5ARrLTkmQcO1+EAI4fTe1RcvGvPrFo1awq0SOyCVKFA0zO/nCAhWURjRTiWsmdbqXJzLBQjnI4rTiZpiskQ92lP0xhHVLr5dP8xOtZKgMJE6BMrNFV/T+Q4knIU+ToZYTWQ895E/M/rZSq8cHMWp5miMZk9FGYcqQRNykABE5QoPtIEE8H0rogMsMBE6coqugR7/suLpH1as+u1+u1ZtXFZ1FGGQziCE7DhHBpwA01oAYFHeIZXeDOejBfj3fiYRUtGMbMPf2B8/gAncJWQ</latexit>

�  �G
<latexit sha1_base64="AFVOKFCkzhVzsTpavGCUgK/QzbY=">AAAB+3icbZDLSgMxFIYzXmu9jXXpJlgEV2WmSHVZdOOygr1AZyyZ9EwbmkmGJCOW0ldx40IRt76IO9/GtJ2Ftv4Q+PjPOZyTP0o508bzvp219Y3Nre3CTnF3b//g0D0qtbTMFIUmlVyqTkQ0cCagaZjh0EkVkCTi0I5GN7N6+xGUZlLcm3EKYUIGgsWMEmOtnlsKZAIDggMuHqoL7rllr+LNhVfBz6GMcjV67lfQlzRLQBjKidZd30tNOCHKMMphWgwyDSmhIzKArkVBEtDhZH77FJ9Zp49jqewTBs/d3xMTkmg9TiLbmRAz1Mu1mflfrZuZ+CqcMJFmBgRdLIozjo3EsyBwnymgho8tEKqYvRXTIVGEGhtX0YbgL395FVrVil+r1O4uyvXrPI4COkGn6Bz56BLV0S1qoCai6Ak9o1f05kydF+fd+Vi0rjn5zDH6I+fzB3xilBo=</latexit>

! ln2 !
<latexit sha1_base64="jEKWEasoopdp+PoGnPq5i2lIUa8=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlEqgsXRTcuK9gHtCFMJpN26GQSZiZCCfVX3LhQxK0f4s6/cdpmoa0HBg7nnMu9c4KUM6Ud59sqra1vbG6Vtys7u3v7B/bhUUclmSS0TRKeyF6AFeVM0LZmmtNeKimOA067wfh25ncfqVQsEQ96klIvxkPBIkawNpJvVwfchEOMrlHBfOXbNafuzIFWiVuQGhRo+fbXIExIFlOhCcdK9V0n1V6OpWaE02llkCmaYjLGQ9o3VOCYKi+fHz9Fp0YJUZRI84RGc/X3RI5jpSZxYJIx1iO17M3E/7x+pqMrL2cizTQVZLEoyjjSCZo1gUImKdF8YggmkplbERlhiYk2fVVMCe7yl1dJ57zuNuqN+4ta86aoowzHcAJn4MIlNOEOWtAGAhN4hld4s56sF+vd+lhES1YxU4U/sD5/AMk0lDw=</latexit>

� < �s

<latexit sha1_base64="fOAGbrq2ecCECetMAXw8YkEDn/k=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlEqhuh6MZlBfuANoTJZNIOnUzCzEQoof6KGxeKuPVD3Pk3TtsstPXAwOGcc7l3TpByprTjfFultfWNza3ydmVnd2//wD486qgkk4S2ScIT2QuwopwJ2tZMc9pLJcVxwGk3GN/O/O4jlYol4kFPUurFeChYxAjWRvLt6oCbcIjRNSqYr3y75tSdOdAqcQtSgwIt3/4ahAnJYio04Vipvuuk2sux1IxwOq0MMkVTTMZ4SPuGChxT5eXz46fo1CghihJpntBorv6eyHGs1CQOTDLGeqSWvZn4n9fPdHTl5UykmaaCLBZFGUc6QbMmUMgkJZpPDMFEMnMrIiMsMdGmr4opwV3+8irpnNfdRr1xf1Fr3hR1lOEYTuAMXLiEJtxBC9pAYALP8Apv1pP1Yr1bH4toySpmqvAH1ucPysKUPQ==</latexit>

� = �s
<latexit sha1_base64="obdguFr/Ld374dcKDQowYieh72c=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlEqhuh6EKXFewD2hAmk0k7dDIJMxMhlPorblwo4tYPceffOG2z0OqBgcM553LvnCDlTGnH+bJKK6tr6xvlzcrW9s7unr1/0FFJJgltk4QnshdgRTkTtK2Z5rSXSorjgNNuML6e+d0HKhVLxL3OU+rFeChYxAjWRvLt6oCbcIjRJSqYf+PbNafuzIH+ErcgNSjQ8u3PQZiQLKZCE46V6rtOqr0JlpoRTqeVQaZoiskYD2nfUIFjqrzJ/PgpOjZKiKJEmic0mqs/JyY4ViqPA5OMsR6pZW8m/uf1Mx1deBMm0kxTQRaLoowjnaBZEyhkkhLNc0MwkczcisgIS0y06atiSnCXv/yXdE7rbqPeuDurNa+KOspwCEdwAi6cQxNuoQVtIJDDE7zAq/VoPVtv1vsiWrKKmSr8gvXxDYgSlBE=</latexit>

� = �G

A. A. P., P. Lunts, M. S. Albergo, arXiv:2410.05365 



Transport 

• Polynomial spline extrapolation of   
• Largest slope of -linear at  
• Planckian , large RRR (clean fermions)

<latexit sha1_base64="uFByjU5ijMOWctvdnm9O4raP0Fk=">AAACCnicbVDJSgNBEO1xN26jHr20BiGChBmR6DHoQY8K2SATQk2nkzTpZejuUULI2Yu/4sWDIl79Am/+jZ3loNEHBY/3qqiqFyecGRsEX97c/MLi0vLKamZtfWNzy9/eqRiVakLLRHGlazEYypmkZcssp7VEUxAxp9W4dznyq3dUG6ZkyfYT2hDQkazNCFgnNf396AqEgFykBO1AU+JIs07XgtbqHgfHuHTU9LNBPhgD/yXhlGTRFDdN/zNqKZIKKi3hYEw9DBLbGIC2jHA6zESpoQmQHnRo3VEJgprGYPzKEB86pYXbSruSFo/VnxMDEMb0Rew6BdiumfVG4n9ePbXt88aAySS1VJLJonbKsVV4lAtuMU2J5X1HgGjmbsWkCxqIdellXAjh7Mt/SeUkHxbyhdvTbPFiGscK2kMHKIdCdIaK6BrdoDIi6AE9oRf06j16z96b9z5pnfOmM7voF7yPb3GhmXc=</latexit>

�(!n ! 0, T )
<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T
<latexit sha1_base64="fOAGbrq2ecCECetMAXw8YkEDn/k=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlEqhuh6MZlBfuANoTJZNIOnUzCzEQoof6KGxeKuPVD3Pk3TtsstPXAwOGcc7l3TpByprTjfFultfWNza3ydmVnd2//wD486qgkk4S2ScIT2QuwopwJ2tZMc9pLJcVxwGk3GN/O/O4jlYol4kFPUurFeChYxAjWRvLt6oCbcIjRNSqYr3y75tSdOdAqcQtSgwIt3/4ahAnJYio04Vipvuuk2sux1IxwOq0MMkVTTMZ4SPuGChxT5eXz46fo1CghihJpntBorv6eyHGs1CQOTDLGeqSWvZn4n9fPdHTl5UykmaaCLBZFGUc6QbMmUMgkJZpPDMFEMnMrIiMsMdGmr4opwV3+8irpnNfdRr1xf1Fr3hR1lOEYTuAMXLiEJtxBC9pAYALP8Apv1pP1Yr1bH4toySpmqvAH1ucPysKUPQ==</latexit>

� = �s
<latexit sha1_base64="ljvFEcACQet/ZZfPuPATse/SwVc=">AAACB3icbVDLSgNBEJyNrxhfqx4FGQyCp3VXQvQY4kGPEfKCbAi9k9lkyMzuMjMrhpCbF3/FiwdFvPoL3vwbJ4+DJhY0FFXddHcFCWdKu+63lVlZXVvfyG7mtrZ3dvfs/YO6ilNJaI3EPJbNABTlLKI1zTSnzURSEAGnjWBwPfEb91QqFkdVPUxoW0AvYiEjoI3UsY/9GxACsA9JIuMH7DoFPOiUcfXc7wcgO3beddwp8DLx5iSP5qh07C+/G5NU0EgTDkq1PDfR7RFIzQin45yfKpoAGUCPtgyNQFDVHk3/GONTo3RxGEtTkcZT9ffECIRSQxGYTgG6rxa9ifif10p1eNUesShJNY3IbFGYcqxjPAkFd5mkRPOhIUAkM7di0gcJRJvociYEb/HlZVK/cLyiU7wr5EvleRxZdIRO0Bny0CUqoVtUQTVE0CN6Rq/ozXqyXqx362PWmrHmM4foD6zPH08Ol7E=</latexit>

� ⇡ 0.4kBT/~

<latexit sha1_base64="xfFM/QkmvokpWnp9DlQM1Czy4X0=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlEqisputBlBfuANoTJZNIOnUzCzEQIpf6KGxeKuPVD3Pk3TtsstHpg4HDOudw7J0g5U9pxvqzSyura+kZ5s7K1vbO7Z+8fdFSSSULbJOGJ7AVYUc4EbWumOe2lkuI44LQbjK9nfveBSsUSca/zlHoxHgoWMYK1kXy7OuAmHGJ0iQrm3/h2zak7c6C/xC1IDQq0fPtzECYki6nQhGOl+q6Tam+CpWaE02llkCmaYjLGQ9o3VOCYKm8yP36Kjo0SoiiR5gmN5urPiQmOlcrjwCRjrEdq2ZuJ/3n9TEcX3oSJNNNUkMWiKONIJ2jWBAqZpETz3BBMJDO3IjLCEhNt+qqYEtzlL/8lndO626g37s5qzauijjIcwhGcgAvn0IRbaEEbCOTwBC/waj1az9ab9b6Ilqxipgq/YH18A4mglBI=</latexit>

� > �G

<latexit sha1_base64="fOAGbrq2ecCECetMAXw8YkEDn/k=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlEqhuh6MZlBfuANoTJZNIOnUzCzEQoof6KGxeKuPVD3Pk3TtsstPXAwOGcc7l3TpByprTjfFultfWNza3ydmVnd2//wD486qgkk4S2ScIT2QuwopwJ2tZMc9pLJcVxwGk3GN/O/O4jlYol4kFPUurFeChYxAjWRvLt6oCbcIjRNSqYr3y75tSdOdAqcQtSgwIt3/4ahAnJYio04Vipvuuk2sux1IxwOq0MMkVTTMZ4SPuGChxT5eXz46fo1CghihJpntBorv6eyHGs1CQOTDLGeqSWvZn4n9fPdHTl5UykmaaCLBZFGUc6QbMmUMgkJZpPDMFEMnMrIiMsMdGmr4opwV3+8irpnNfdRr1xf1Fr3hR1lOEYTuAMXLiEJtxBC9pAYALP8Apv1pP1Yr1bH4toySpmqvAH1ucPysKUPQ==</latexit>

� = �s
<latexit sha1_base64="obdguFr/Ld374dcKDQowYieh72c=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlEqhuh6EKXFewD2hAmk0k7dDIJMxMhlPorblwo4tYPceffOG2z0OqBgcM553LvnCDlTGnH+bJKK6tr6xvlzcrW9s7unr1/0FFJJgltk4QnshdgRTkTtK2Z5rSXSorjgNNuML6e+d0HKhVLxL3OU+rFeChYxAjWRvLt6oCbcIjRJSqYf+PbNafuzIH+ErcgNSjQ8u3PQZiQLKZCE46V6rtOqr0JlpoRTqeVQaZoiskYD2nfUIFjqrzJ/PgpOjZKiKJEmic0mqs/JyY4ViqPA5OMsR6pZW8m/uf1Mx1deBMm0kxTQRaLoowjnaBZEyhkkhLNc0MwkczcisgIS0y06atiSnCXv/yXdE7rbqPeuDurNa+KOspwCEdwAi6cQxNuoQVtIJDDE7zAq/VoPVtv1vsiWrKKmSr8gvXxDYgSlBE=</latexit>

� = �G

A. A. P., P. Lunts, M. S. Albergo, arXiv:2410.05365 



Transport 

• Residual resistivity onsets for , associated with SRO 
• -dependence changes to  (recall extra log term 

in -dependence). RRR becomes small(er)

<latexit sha1_base64="jEKWEasoopdp+PoGnPq5i2lIUa8=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlEqgsXRTcuK9gHtCFMJpN26GQSZiZCCfVX3LhQxK0f4s6/cdpmoa0HBg7nnMu9c4KUM6Ud59sqra1vbG6Vtys7u3v7B/bhUUclmSS0TRKeyF6AFeVM0LZmmtNeKimOA067wfh25ncfqVQsEQ96klIvxkPBIkawNpJvVwfchEOMrlHBfOXbNafuzIFWiVuQGhRo+fbXIExIFlOhCcdK9V0n1V6OpWaE02llkCmaYjLGQ9o3VOCYKi+fHz9Fp0YJUZRI84RGc/X3RI5jpSZxYJIx1iO17M3E/7x+pqMrL2cizTQVZLEoyjjSCZo1gUImKdF8YggmkplbERlhiYk2fVVMCe7yl1dJ57zuNuqN+4ta86aoowzHcAJn4MIlNOEOWtAGAhN4hld4s56sF+vd+lhES1YxU4U/sD5/AMk0lDw=</latexit>

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

T
<latexit sha1_base64="Vl6NNxt2FXfPPikN4W2b1ixYlxc=">AAAB8nicbVBNSwMxEJ31s9avqkcvwSLUS90VqR6LXjxW6Bdsl5JNs21oNlmSrFCW/gwvHhTx6q/x5r8xbfegrQ8GHu/NMDMvTDjTxnW/nbX1jc2t7cJOcXdv/+CwdHTc1jJVhLaI5FJ1Q6wpZ4K2DDOcdhNFcRxy2gnH9zO/80SVZlI0zSShQYyHgkWMYGMlv4l6XKBKeNm86JfKbtWdA60SLydlyNHol756A0nSmApDONba99zEBBlWhhFOp8VeqmmCyRgPqW+pwDHVQTY/eYrOrTJAkVS2hEFz9fdEhmOtJ3FoO2NsRnrZm4n/eX5qotsgYyJJDRVksShKOTISzf5HA6YoMXxiCSaK2VsRGWGFibEpFW0I3vLLq6R9VfVq1drjdbl+l8dRgFM4gwp4cAN1eIAGtICAhGd4hTfHOC/Ou/OxaF1z8pkT+APn8wdBb4/z</latexit>

T ln(b/T )

<latexit sha1_base64="muzUIeYxUeBoMDCCLI2QqUEOOxU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1ekrQIe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDWrV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPk8OPJg==</latexit>!

<latexit sha1_base64="r9FufIJ2yPC5CKcuixc7gQphLI8=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ie0Q8lkMm1okhmSjFCGfoUbF4q49XPc+Tem01lo64HA4Zxzyb0nSDjTxnW/ndLa+sbmVnm7srO7t39QPTzq6DhVhLZJzGPVC7CmnEnaNsxw2ksUxSLgtBtMbud+94kqzWL5YKYJ9QUeSRYxgo2VHgfcRkM81MNqza27OdAq8QpSgwKtYfVrEMYkFVQawrHWfc9NjJ9hZRjhdFYZpJommEzwiPYtlVhQ7Wf5wjN0ZpUQRbGyTxqUq78nMiy0norAJgU2Y73szcX/vH5qoms/YzJJDZVk8VGUcmRiNL8ehUxRYvjUEkwUs7siMsYKE2M7qtgSvOWTV0nnou416o37y1rzpqijDCdwCufgwRU04Q5a0AYCAp7hFd4c5bw4787HIlpyiplj+APn8wfOaZBu</latexit>

�s

A. A. P., P. Lunts, M. S. Albergo, arXiv:2410.05365 



Transport universality 

• At  and  slope of -linear is independent of interaction disorder  
• Boson propagator  for fixed  
• Fermion correlation functions become independent of  for fixed 

<latexit sha1_base64="fOAGbrq2ecCECetMAXw8YkEDn/k=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlEqhuh6MZlBfuANoTJZNIOnUzCzEQoof6KGxeKuPVD3Pk3TtsstPXAwOGcc7l3TpByprTjfFultfWNza3ydmVnd2//wD486qgkk4S2ScIT2QuwopwJ2tZMc9pLJcVxwGk3GN/O/O4jlYol4kFPUurFeChYxAjWRvLt6oCbcIjRNSqYr3y75tSdOdAqcQtSgwIt3/4ahAnJYio04Vipvuuk2sux1IxwOq0MMkVTTMZ4SPuGChxT5eXz46fo1CghihJpntBorv6eyHGs1CQOTDLGeqSWvZn4n9fPdHTl5UykmaaCLBZFGUc6QbMmUMgkJZpPDMFEMnMrIiMsMdGmr4opwV3+8irpnNfdRr1xf1Fr3hR1lOEYTuAMXLiEJtxBC9pAYALP8Apv1pP1Yr1bH4toySpmqvAH1ucPysKUPQ==</latexit>

� = �s
<latexit sha1_base64="obdguFr/Ld374dcKDQowYieh72c=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlEqhuh6EKXFewD2hAmk0k7dDIJMxMhlPorblwo4tYPceffOG2z0OqBgcM553LvnCDlTGnH+bJKK6tr6xvlzcrW9s7unr1/0FFJJgltk4QnshdgRTkTtK2Z5rSXSorjgNNuML6e+d0HKhVLxL3OU+rFeChYxAjWRvLt6oCbcIjRJSqYf+PbNafuzIH+ErcgNSjQ8u3PQZiQLKZCE46V6rtOqr0JlpoRTqeVQaZoiskYD2nfUIFjqrzJ/PgpOjZKiKJEmic0mqs/JyY4ViqPA5OMsR6pZW8m/uf1Mx1deBMm0kxTQRaLoowjnaBZEyhkkhLNc0MwkczcisgIS0y06atiSnCXv/yXdE7rbqPeuDurNa+KOspwCEdwAi6cQxNuoQVtIJDDE7zAq/VoPVtv1vsiWrKKmSr8gvXxDYgSlBE=</latexit>

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

T
<latexit sha1_base64="Eu07BynxyLHmOHh/9vWRuALVlNk=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KolI9Vj04rGK/YA2lM120i7dbMLuRiih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9DM56pbJbcWcgy8TLSRly1Hulr24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1ns0sn5NQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpyiDcFbfHmZNC8qXrVSvb8s127yOApwDCdwDh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeuuLkM0fwB87nDzB9jSc=</latexit>

g0
<latexit sha1_base64="veNMqyzsah0Z2zZaYIE3krfUkT0=">AAACC3icbVDLSgNBEJz1GeNr1aOXIUGMIHE3SPQY1IM3I5gHZGPonUySITO7y8ysEJbcvfgrXjwo4tUf8ObfOHkcNLGgoajqprvLjzhT2nG+rYXFpeWV1dRaen1jc2vb3tmtqjCWhFZIyENZ90FRzgJa0UxzWo8kBeFzWvP7lyO/9kClYmFwpwcRbQroBqzDCGgjtezMVY55N4J2oSWOsQc86sER9hQT2D1JuofD+0LLzjp5Zww8T9wpyaIpyi37y2uHJBY00ISDUg3XiXQzAakZ4XSY9mJFIyB96NKGoQEIqprJ+JchPjBKG3dCaSrQeKz+nkhAKDUQvukUoHtq1huJ/3mNWHfOmwkLoljTgEwWdWKOdYhHweA2k5RoPjAEiGTmVkx6IIFoE1/ahODOvjxPqoW8W8wXb0+zpYtpHCm0jzIoh1x0hkroGpVRBRH0iJ7RK3qznqwX6936mLQuWNOZPfQH1ucP/teZIg==</latexit>

D(i⌦m,↵) ⇠ 1/g0
2

<latexit sha1_base64="Sh7vylfR6dq22qCDWEjYDx7TnpY=">AAAB+HicbVBNS8NAFNzUr1o/WvXoJVgETyURqR6LXjxWsLXQhLLZvLRLN5uw+yLU0F/ixYMiXv0p3vw3btsctHVgYZh5w3s7QSq4Rsf5tkpr6xubW+Xtys7u3n61dnDY1UmmGHRYIhLVC6gGwSV0kKOAXqqAxoGAh2B8M/MfHkFpnsh7nKTgx3QoecQZRSMNalUPuQgh94TJhHQ6qNWdhjOHvUrcgtRJgfag9uWFCctikMgE1brvOin6OVXImYBpxcs0pJSN6RD6hkoag/bz+eFT+9QooR0lyjyJ9lz9nchprPUkDsxkTHGkl72Z+J/XzzC68nMu0wxBssWiKBM2JvasBTvkChiKiSGUKW5utdmIKsrQdFUxJbjLX14l3fOG22w07y7qreuijjI5JifkjLjkkrTILWmTDmEkI8/klbxZT9aL9W59LEZLVpE5In9gff4AKUuTbw==</latexit>

�̃
<latexit sha1_base64="Eu07BynxyLHmOHh/9vWRuALVlNk=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KolI9Vj04rGK/YA2lM120i7dbMLuRiih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9DM56pbJbcWcgy8TLSRly1Hulr24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1ns0sn5NQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpyiDcFbfHmZNC8qXrVSvb8s127yOApwDCdwDh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeuuLkM0fwB87nDzB9jSc=</latexit>

g0
<latexit sha1_base64="Sh7vylfR6dq22qCDWEjYDx7TnpY=">AAAB+HicbVBNS8NAFNzUr1o/WvXoJVgETyURqR6LXjxWsLXQhLLZvLRLN5uw+yLU0F/ixYMiXv0p3vw3btsctHVgYZh5w3s7QSq4Rsf5tkpr6xubW+Xtys7u3n61dnDY1UmmGHRYIhLVC6gGwSV0kKOAXqqAxoGAh2B8M/MfHkFpnsh7nKTgx3QoecQZRSMNalUPuQgh94TJhHQ6qNWdhjOHvUrcgtRJgfag9uWFCctikMgE1brvOin6OVXImYBpxcs0pJSN6RD6hkoag/bz+eFT+9QooR0lyjyJ9lz9nchprPUkDsxkTHGkl72Z+J/XzzC68nMu0wxBssWiKBM2JvasBTvkChiKiSGUKW5utdmIKsrQdFUxJbjLX14l3fOG22w07y7qreuijjI5JifkjLjkkrTILWmTDmEkI8/klbxZT9aL9W59LEZLVpE5In9gff4AKUuTbw==</latexit>

�̃

A. A. P., P. Lunts, M. S. Albergo, arXiv:2410.05365 

<latexit sha1_base64="3hsRt7NSMTBG37kpD8W5okjS9yQ=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0V0Y0lKqW6EohuXFewDmlgmk0k7dDIJMxOhhPyIG3/FjQtFXLgR/8ZpG0FbDwwczrmHO/d4MaNSWdaXUVhaXlldK66XNja3tnfM3b22jBKBSQtHLBJdD0nCKCctRRUj3VgQFHqMdLzR1cTv3BMhacRv1TgmbogGnAYUI6WlvllzFGU+SR2mMz7K4AV0AoHwjwBPYc76MkvTwXF2V836ZtmqWFPARWLnpAxyNPvmh+NHOAkJV5ghKXu2FSs3RUJRzEhWchJJYoRHaEB6mnIUEumm0+syeKQVHwaR0I8rOFV/J1IUSjkOPT0ZIjWU895E/M/rJSo4d1PK40QRjmeLgoRBFcFJVdCngmDFxpogLKj+K8RDpMtRutCSLsGeP3mRtKsVu16p39TKjcu8jiI4AIfgBNjgDDTANWiCFsDgATyBF/BqPBrPxpvxPhstGHlmH/yB8fkNVgmiFQ==</latexit>

�̃ =
�� �s

g02

<latexit sha1_base64="+oaxAMRRg2qT2+x8O2NlIqLwUlc=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdVMSkepGKLpxWcE+oA1hMpm2QyeTMDMRSij4K25cKOLW73Dn3zhts9DWAwOHc87l3jlBwpnSjvNtFVZW19Y3ipulre2d3T17/6Cl4lQS2iQxj2UnwIpyJmhTM81pJ5EURwGn7WB0O/Xbj1QqFosHPU6oF+GBYH1GsDaSbx9VetykQ4yuUc58debbZafqzICWiZuTMuRo+PZXL4xJGlGhCcdKdV0n0V6GpWaE00mplyqaYDLCA9o1VOCIKi+bnT9Bp0YJUT+W5gmNZurviQxHSo2jwCQjrIdq0ZuK/3ndVPevvIyJJNVUkPmifsqRjtG0CxQySYnmY0MwkczcisgQS0y0aaxkSnAXv7xMWudVt1at3V+U6zd5HUU4hhOogAuXUIc7aEATCGTwDK/wZj1ZL9a79TGPFqx85hD+wPr8AZnOlKI=</latexit>
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Transport universality 

Legros et al al, Nat. Phys. 15, 142 (2019)
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• Universality of  is a non-perturbative phenomenon
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Conclusions
• 2D metallic quantum criticality with disordered Yukawa interactions leads to 

strange metal behavior in both DC and AC transport in a disorder-averaged 
mean-field (Eliashberg) description 

• Without mean-field and disorder-averaging, exact QMC shows strong disorder 
in the bosonic sector, which still leads to robust strange metal behavior not 
associated with a QCP 

• Even though the bosonic sector is disordered, the fermions in the strange 
metal are clean, with large mean free path and a clear FS 

• Strongly disordered bosonic sector produces localized overdamped bosonic 
modes that serve as microscopic inelastic scatterers of electrons 

• -linear transport scattering rate in the non-perturbative strange metal is 
universal (Planckian) and independent of the interaction disorder strength
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