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Sachdey, Ye (1993); Kitaev (2015)

Entangle electrons pairwise randomly




The Sachdev-Ye-Kitaev (SYK) model

(See also: the “2-Body Random Ensemble” in nuclear physics; did not obtain the large N limit;
T.A. Brody, |. Flores, J.B. French, PA. Mello, A. Pandey, and S.5.M.Wong, Rev. Mod. Phys. 53, 385 (1981))

N
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_ T
= o > Uapnschege,Cs =1 ) cota

a,5,7,0=1
CaCs +cgCo =0 cac2 - c%ca = 0ap
1
Q=) cheo; [H,Q=0; 0<Q<1
87
Uap.~s are independent random variables with U,g.~s = 0 and |Uyg.~s|? = U?
N — oo yields critical strange metal. S.Sachdev and |.Ye, PRL 70, 3339 (1993)

A. Kitaev, unpublished; S. Sachdev, PRX 5,041025 (2015)
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The Sachdev-Ye-Kitaev (SYK) model

Feynman graph expansion in U,g.~s, and graph-by-graph average,
exact equations in the large /N limit:

G 5 ﬁ@
2. = G ! 0 5 Y

yields

S.Sachdev and J.Ye,
PRL 70, 3339 (1993)



The Sachdev-Ye-Kitaev (SYK) model

Feynman graph expansion in U,g.~s, and graph-by-graph average, yields
exact equations in the large /N limit:

S.Sachdev and J.Ye,
G v PRL 70,3339 (1993)




The complex SYK model

Solution of these equations, and of the free energy, yields universal results for the SYK
model:

e At long times, and at T = 0, G(7) ~ |7|~'/2? (= indication there are no quasiparticles)

S.Sachdev and J.Ye,
PRL 70, 3339 (1993)



The complex SYK model

Solution of these equations, and of the free energy, yields universal results for the SYK
model:

e At long times, and at T = 0, G(7) ~ |7|~'/2? (= indication there are no quasiparticles)

e At general charge O, there is a particle-hole asymmetry determined by a parameter

E:

_—1/2
G(T) ~ { _27757- —1/2 m>0 , 1'=0 S.Sachdev and |. Ye,
€ (—7) T <0 PRL 70, 3339 (1993)

A. Georges, O. Parcollet,

and S. Sachdey,
PRB 63, 134406 (2001)



The complex SYK model

Solution of these equations, and of the free energy, yields universal results for the SYK
model:

e At long times, and at T = 0, G(7) ~ |7|~'/2? (= indication there are no quasiparticles)

e At general charge O, there is a particle-hole asymmetry determined by a parameter

E:
_+—1/2
G(T) ~ { _27757- —1/2 T>0 ; 1T =0 S.Sachdev and |. Ye,
€ (—7) T <0 PRL 70, 3339 (1993)
e There is a universal ‘Luttinger relation’ between —oo < & < oo and the total charge
0<OQ<1
o sin(7w/4 4 0)
(& —
sin(7/4 — 0)
QO = | b Sln(26’) A. Georges, O. Parcollet,
2 T | and S. Sachdey,

PRB 63, 134406 (2001)



The SYK model

Consequences of emergent time-reparameterization and conformal symmetries
in low-energy theory in 041 spacetime dimensions:




The SYK model

Consequences of emergent time-reparameterization and conformal symmetries
in low-energy theory in 041 spacetime dimensions:

1. Planckian dynamics!

S.Sachdev and J.Ye, PRL 70, 3339 (1993)
A. Georges and O. Parcollet PRB 59, 5341 (1999)



The complex SYK model

6—2775T7‘ T 1/2 R
Gl7) = —O\/l + e—4me (Siﬂ(ﬂ'TT)) | —ImG (UJ) c=0
G (w) =
1 (o,
o T -1
—iCe~® (4 o T 25)
1/2 ' |
(27T r (3 w if) £ =0.26
4 27l

2mE Sin(ﬂ-/4 T 9)

T sin(n/d—0) [€=-026F—
i 1/4
¢ = (U2 cos(26’)> 0.5/
E is a known function of O Conformal ‘Planckian’ dynamics

with peak width ~ kpT/h

(Luttinger relation) and independent of U

S.Sachdev and |.Ye, PRL 70, 3339 (1993) -6 -4 -2 0 2

4 6
A. Georges and O. Parcollet PRB 59, 5341 (1999)
S. Sachdev, PRX 5, 041025 (2015) hw / (kB T)



The SYK model

Consequences of emergent time-reparameterization and conformal symmetries
in low-energy theory in 041 spacetime dimensions:

1. Planckian dynamics!
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The SYK model

Consequences of emergent time-reparameterization and conformal symmetries
in low-energy theory in 041 spacetime dimensions:

1. Planckian dynamics!

S.Sachdev and J.Ye, PRL 70, 3339 (1993)
A. Georges and O. Parcollet PRB 59,5341 (1999)

2. Zero temperature entropy
without exponential ground state degeneracy!

1
lim lim —S(T)=s9 , D(E —0)~e"* fiooth(E)

T'—0 N—o0

sg = 0.46484769917080510749.... for Q = 1/2.

b

A. Georges, O. Parcollet, and S. Sachdev, PRB 63, 134406 (2001)



The SYK model

and black holes

Semiclassical connection first proposed by S.S. in Physical Review Letters 105, 151602 (2010):
SY K model and charged black holes exhibit Planckian dynamics and zero temperature entropy.

Fully quantum connection established in 2015 by A. Kitaev, J. Maldacena, D. Stanford....



Black Holes Obey Information-Emission
April 22,2021 « Physics 14, s47

Li m itS —Christopher Crockett
G. Carullo, D. Laghi, J.Veitch,W. Del Pozzo, Phys. Rev. Lett. 126, 161102 (2021)

An analysis of the gravitational waves emitted from black hole mergers confirms that black holes are the fastest

known information dissipaters.

Planckian dynamics!
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Thermodynamics of quantum black holes with charge Q:

1 (3+1
Z(Q7 T) — /DQMVDAM €XP (_7_1 E(]inst)ein gravity+Maxwell EM [g,LW’ AH])

G

A. Chamblin, R. Emparan,
C.V.Johnson, and R.C. Myers,
PRD 60, 064018 (1999)

BT

Dlstancg i C

I outside horizon



Thermodynamics of quantum black holes with charge Q:

L (341
Z(Q7 T) — /DQMVDAM €XP (_7_1 ]E(]inst)ein gravity+Maxwell EM [g,u’/7 AM])

( . 1063 ) C
X exp
4/ iG A. Chamblin, R. Emparan,

C.V. Johnson, and R.C. Myers,
PRD 60, 064018 (1999)
Ag = 2GQ?%/c* is the area of the
charged black hole horizon at 1" = 0.
The Bekenstein-Hawking entropy
Agc® /(4h@G) is the analog of the T'— 0
GPS entropy, Vsg, of the SYK model.

BT

Distance

Sachdev (2010) 1 outside horizon C



Thermodynamics of quantum black holes with charge Q:

L -3+1)
Z(Q7 T) — /DQ,LWDA,LL CXPp <_7_i [Einstein gravity+Maxwell EM

~ A0\ [ pg. DA Ly
~ €XP ARG Guv p EXP _ﬁ JT gravity of AdS,+boundary graviton

Ag = 2GQ?%/c* is the area of the
charged black hole horizon at 1" = 0.
The Bekenstein-Hawking entropy
Agc® /(4h@G) is the analog of the T'— 0
GPS entropy, Vsg, of the SYK model.

Dist
Istance s

outside horizon C

Kitaev (2015); Maldacena, Stanford, Yang (201 6)
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Thermodynamics of quantum black holes with charge Q:

L (341
Z(Q7 T) — /DQMVDAM €XP <_7_i ]]g]inst)ein gravity+Maxwell EM [g,u’/7 AM]>

14()63 1 (141)
~ €Xp (4hG> /DQW/DAM CxXPp (_ﬁ IJT gravity of AdS,;+boundary graviton Lg,uV’ AM]

3 1
— exp (;1122) / Df(1)Dep(T) exp (—ﬁlé%{l)[time reparameterizations f(7), phase ¢(T)])

The path integral over the action [ é%)}l() can be

evaluated exactly,
and leads to a computation of D(FE)

BT

Z(0,T) = /dED(E) exp< ka>

Distance

Kitaev (2015) Maldacena, Stanford,Yang (2016); Cotler et al. (2017) == i 1o C



D(E) of charged black holes
from the SYK model

e For generic charged black holes in 3+1 di-
mensions with horizon area Ag at T' = 0 and

fixed charge Q (Ag = 2GQ?%/c?*), the density

of quantum states at small energy AE}(Bekenstein-Hawking)
~

A()63 —347/90 A()CS _ﬁAOS/QCQ
D(E) ~ inh 1)
(E) ( hG > P (4EG> - 2G
\ - —

D(E)




e For generic charged black holes in 3+1 di-
mensions with horizon area Ag at T' = 0 and

fixed charge Q (Ag = 2GQ?%/c?*), the density

D(E) of charged black holes

from the SYK model

of quantum states at small energy F is

/(Bekenstein-Hawking)

e i i
A()63 —347/90 A()CS ﬁAOS/QCQ
D(E) ~ inh
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D(E) of charged black holes
from the SYK model

e For generic charged black holes in 3+1 di-
mensions with horizon area Ag at T' = 0 and

fixed charge Q (Ag = 2GQ?%/c?*), the density

of quantum states at small energy AE}(Bekenstein-Hawking)
~

A()63 —347/90 A()CS ﬁAOS/QCQ
D(E) ~ inh b
(E) ( hG > P (4EG> - 2G

) / | D(E) |

@esiu, Murthy, Turiaci (ZOZZD

(Developments from the SYK modeD




D(E) of charged black holes
from the SYK model

e Lor generic charged black holes in 3+1 di-
mensions with horizon area Ag at T' = 0 and
fixed charge Q (Ag = 2GQ?%/c?*), the density

of quantum states at small energy F is

K
Apc? —347/90 Ao\
D<E)N(hG> exp(4hG>smh

_ i

g For supersymmetric charged black holes A

or SYK models: D(E) = e”§(E)
_ 1.e. exponential ground state degeneracy. Y




Quantum simulation of charged black holes
by the SYK model

The SYK model simulates
the low energy properties of
the interior of the black hole

for an outside observer
in (-7 co-ordinates.




Planckian dynamics 2+ 1| dimensions

Quantum phase transitions

of qubits




Quantum Ising model
H = —JZZZZ] —QZXZ
(i7) ?

(Quantum phase transition from a
“ferromagnet” with (Z;) # 0 for g < g.
to a “paramagnet with (Z;) =0 for g > g,

Related models describe numerous recent quantum simulators:

Ebadi et al., Rydberg atoms in optical tweezers, Science (2022)

King et al. Superconductmg Qubits, D-Wave Systems, Nature (2023)
Ma61ejewsk1 et al., Superconducting Qubits, Rigetti (2023)




Quantum Ising model ~
H = —JZZZZ] —QZXZ
(i7) z

» +(9 — ge)[¢]* + u o]
(Quantum phase transition from a
“ferromagnet” with (Z;) # 0 for g < g. with ¢ ~ Z
to a “paramagnet with (Z;) =0 for g > g, j

Wilson-Fisher
conformal field theory

L= K [87¢]2 + K [vr¢]2

S

Related models describe numerous recent quantum simulators:

Ebadi et al., Rydberg atoms in optical tweezers, Science (2022)

King et al. Superconductmg Qubits, D-Wave Systems, Nature (2023)
Ma01ejewsk1 et al., Superconducting Qubits, Rigetti (2023)




Quantum Ising model
H = —JZZZZ] _QZXZ
(i7) ?

(Quantum phase transition from a
“ferromagnet” with (Z;) # 0 for g < g.
to a “paramagnet with (Z;) =0 for g > g,

v Quantum -
\ .. V 4

« critical ¢
\ T 9
\ fan” ,

Related models describe numerous recent quantum simulators:

Ebadi et al., Rydberg atoms in optical tweezers, Science (2022)

King et al. Superconductmg Qubits, D-Wave Systems, Nature (2023)
Ma61ejewsk1 et al., Superconducting Qubits, Rigetti (2023)




Quantum Ising model 8 No quasiparticles and A

Planckian dynamics
H = —JZZZZ] —QZXZ
(27) ¢

for the strongly-interacting
C CFT in 241 dimensions y
\ / ' 4
/
(Quantum phase transition from a
“ferromagnet” with (Z;) # 0 for g < g.
to a “paramagnet with (Z;) =0 for g > g,

v Quantum -
\ .. V 4

s critical .
\ 0 3 V 4
\ fan” ,

Related models describe numerous recent quantum simulators:

Ebadi et al., Rydberg atoms in optical tweezers, Science (2022)

King et al. Superconductmg Qubits, D-Wave Systems, Nature (2023)
Ma01ejewsk1 et al., Superconducting Qubits, Rigetti (2023)




Quantum phase
transitions of metals
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Temperature (K)
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Reconciling scaling of the optical conductivity of cuprate superconductors
with Planckian resistivity and specific heat

B. Michon, C. Berthod, C. W. Rischau, A. Ataei, L. Chen, S. Komiya, S. Ono, L. Taillefer, D. van der Marel, A. Georges
Nature Communications 14, Article number: 3033 (2023)
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Planckian dynamics!

7(w)

h hw
F
knT

" knT

and entropy

S(T — 0) ~ Tn(1/T).

Lag_XSFXCUO4
p = 0.24
I.=19 K
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Temperature (K)
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View the strange metal as a
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quantum phase transition
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Quantum phase transitions of
Fermi surface change

Fermi surtace

\\ // _I_
h (uantum y scalar field ¢

critical .
N ’ with a ‘mass’ s

and
a boson-fermion
\ 7 Yukawa coupling g.




Quantum phase transitions in two-dimensional metals

Type |: Fermi surface deformation

\ v 4
I \\\ Quantum /// Ising field ¢
‘. critical ,’ +
ufanu ,' ky Fermi surface
/ k. Wlth A
,' boson-fermion
I' Yukawa coupling
I
I _



Quantum phase transitions in two-dimensional metals

Type ll: Fermi surface reconstruction

\ v 4
T \\\ Quantum ,// AFM field ¢,
‘. critical ,’ +
ccfanu ,' ky Fermi surface
/ k. Wlth A
,' boson-fermion
I' Yukawa coupling
I
I _



Quantum phase transitions in two-dimensional metals

Type lll: Fermi surface jump
Spin liquid

T \\ // 4
v« Quantum - Higes field o
Nobroken —~  critical +
SYmmetry \\ “fan” ,' y Fermi surface
=t i \ / A with a
i -/ \ X y X .
i§ <@ A / boson-fermion
J\Y \ / F| * “ I' F| Yukawa coupling
>\ " ’ o
A (B) # (@) =0
!
S S

Applies to hole-doped cuprates



Quantum criticality

in clean metals




Critical boson with no spatial disorder

Type I: a critical boson ¢
e.q. Ising ferromagnetism



Fermi surface + critical boson with no spatial disorder

Type I: a critical boson ¢
e.q. Ising ferromagnetism




Fermi surface + critical boson with no spatial disorder

Type I: a critical boson ¢
e.q. Ising ferromagnetism

+9 9T (r)p(r) o(r)

Yukawa coupling g between fermions and bosons



Fermi surface + critical boson with no spatial disorder

Type I: a critical boson ¢
e.q. Ising ferromagnetism

Large N limit of:

ol () (r) o ()

with o, 8,y =1... N
and g,3~ random in flavor space,

as 1n Yukawa-S YK models
of fermions and bosons




Fermi surface + critical boson with no spatial disorder

Type I: a critical boson ¢

e.q. Ising ferromagnetism




Fermi surface + critical boson with no spatial disorder

SY K-type self-consistent equations

M(r,r) = ¢°D(1,v)G(T, )
[(r,r) = —¢°G(—7, —r)G(T,1)

1
1) —
Gliw, k) iw—e(k)+ p— 3(iw, k)’
D(i€2, q) = :

V2 +q?+mj —113iQ,q)



Fermi surface + critical boson with no spatial disorder

SY K-type self-consistent equations

M(7,r) = ¢g°D(1,v)G(T, 1)
[(r,r) = —¢°G(—7, —r)G(T,1)

1
Gliw, k) =
(i, ko) iw—e(k) + p— X(iw, k)’
1
D (1€ — .
Solution of Migdal-Eliashberg equations for electron (G) P.A. Lee (1989)

and boson (D) Green’s functions at small w:

oy to) v sgn(W)lWl, G k) = ) — sy O T ey @i

Entropy S(T — 0) ~ T?/3
Sharp Fermi surface but no quasiparticles




Fermi surface + critical boson with no spatial disorder

Optical conductivity—Diagrams

O O O 4D ED

Re [O'((U)] — C |w‘_2/3
Yong Back Kim, A. Furusaki, Xi1ao-Gang Wen,
p(T) ~ T4/3 and P. A. Lee, PRB 50, 17917 (1994).




Fermi surface + critical boson with no spatial disorder

Optical conductivity—Diagrams

O O O 4D ED

Re [U(UJ)] — C |w‘_2/3
Yong Baek Kim, A. Furusaki, Xiao-Gang Wen,
p(T) ~ T4/3 and P. A. Lee, PRB 50, 17917 (1994),

' O
=0; o(w)=1D/(w—w.) +w +... B
e /
Haoyu Guo, Aavishkar Patel, llya Esterlis, S.S., PRB 106, | 5151 (2022); . -
Haoyu Guo, Davide Valentinis, J. Schmalian, S.S., Aavishkar Patel, PRB 109,075162 (2024); &
D.L. Maslov and A.V. Chubukov, Rep. Prog. Phys. 80, 026503 (2017); =

Zhengyan Darius Sh Dominic V. Else, Hart Goldman, T. Senthil, SciPost Phys. 14, | | 3 (2023);
Haoyu Guo, arXiv: 2406.12967




Fermi surface + critical boson with no spatial disorder

Type I, 11, or Il

. Quantum ’

\ /

. critical




Fermi surface + critical boson with no spatial disorder

Type I, 11, or Il

. Quantum ’
. critical

Entangled
“non-Fermi liquid” 0
metal with no

quasiparticles



Fermi surface + critical boson with no spatial disorder
Type I, II, or Il

\ Strange ¢
’ Metal? /

Entangled
“non-Fermi liquid” 0
metal with no

quasiparticles



Fermi surface + critical boson with no spatial disorder

S.A. Hartnoll, P K. Kovtun,
M. Muller, and S.S., PRB 76,

Type I I I O r I I I 144502 (2007); S.A. Hartnoll,
’ ) R. Mahajan, M. Punk, and S.S.,

PRB 89, 155130 (2014);

T \ ’ Aavishkar Patel and S.S., PRB

. A perfect ’ 90, 165146 (2014); Haoyu
0 ’ Guo, Aavishkar Patel, llya
. metal !

’ Esterlis, S.S., PRB 106,
115151 (2022); Haoyu Guo,

Ve Davide Valentinis,
Y J. Schmalian, S.S., Aavishkar
Patel, PRB 109,0/5162

kx (2024); D.L. Maslov and

A.V. Chubukov, Rep. Prog.

Phys. 80, 026503 (2017);

Zhengyan Darius Sh Dominic

V. Else, Hart Goldman,T.

Entangled Senthil, SciPost Phys. 14, | 13
“non-Fermi liquid” (2023); Haoyu Guo, arXiv:
— () 2406.12967

metal with no
quasiparticles

S
Extreme drag: the fermions v “drag” the bosons ¢ as they move, and so electrical current
_ does not relax, even though strong -¢ scattering leads to absence of ¢ quasiparticles. |




Universal theory of strange metals:

Quantum phase transitions
in inhomogeneous metals
described by the

two-dimensional Yukawa-SYK model

Theory applies for types I, 11, 111, with only minor differences.



Mg
o

llya Esterlis Haoyu Guo Aavishkar Patel Chenyuan Li
Wisconsin Cornell Flatiron Harvard = Rice

Davide Valentinis Joerg Schmalian Peter Lunts
KIT KIT Harvard

Aavishkar A. Patel, Haoyu Guo, llya Esterlis, S.S., Science 381, 790 (2023)
Aavishkar A. Patel, Peter Lunts, S.S., PNAS 121, e2402052121 (2024)
Chenyuan Li,Aavishkar A. Patel, Haoyu Guo, Davide Valentinis, Jorg Schmalian, S.S., llya Esterlis, arXiv:2406.07608



Fermi surface + critical boson with no spatial disorder

Type I, II, III: A critical boson ¢
e.q. Ising ferromagnetism,

spin-density wave order,
Higgs boson for Fermi-volume changing transition

+5 [p(r)]° +9 T (r)ip(r) ¢(r)




Fermi surface + critical boson with potential disorder

O Type I, II, III: A critical boson ¢
)Cw — 2; | 5(k) ka e.q. Ising ferromagnetism,
spin-density wave order,
Higgs boson for Fermi-volume changing transition
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Fermi surface + critical boson with potential and interaction disorder

Ly =1y ( ’ . 5(k)) Yk
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Type I, II, III: A critical boson ¢
e.q. Ising ferromagnetism,

spin-density wave order,

Higgs boson for Fermi-volume changing transition
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Fermi surface + critical boson with potential and interaction disorder

Ly =1y ( ’ . 5(k)) Yk

Wb
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Type I, II, III: A critical boson ¢
e.q. Ising ferromagnetism,

spin-density wave order,

Higgs boson for Fermi-volume changing transition
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Spatially random potential v(r) with v(r) = 0, v(r)v(r’') = v46(r — /)
Spatially random mass ds(r) with ds(r) = 0, ds(r)ds(r’) = ds%6(r — ')




2d-YSYK model: Fermi surface + critical boson with interaction disorder

a Type I, II, III: A critical boson ¢
ﬁw — ka | 5(k) ka .9 Ising f:erromagnetlsm,
spin-density wave order,
Higgs boson for Fermi-volume changing transition
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Spatially random Yukawa coupling ¢’(r) with ¢/(7) =0, ¢’(7)g'(7") = ¢"*6(r — ')




2d-YSYK model: Fermi surface + critical boson with interaction disorder

O Type I, II, III: A critical boson ¢
co= ek (2 c0) R

e.q. Ising ferromagnetism
spin-density wave order,

Higgs boson for Fermi-volume changing transition

@ (N +s [p(r)] + g

Kx

K [V¢(r))* 4+ u[p(r)]*

K J Aavishkar A. Patel, Haoyu Guo, llya Esterlis, S. Sachdey, Science 381, 790 (2023)

g'(r)] T (r)e(r) ¢(r)
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Spatially random potential v(r) with v(r) = 0, v(r)v(r’') = v46(r — /)

Spatially random Yukawa coupling ¢’(r) with ¢/(7) =0, ¢’(7)g'(7") = ¢"*6(r — ')

Analyze 2d-YSYK model in a self-averaging manner as in the SYK model.
Should be applicable as long as eigenmodes of ¢(r) are extended.



2d-YSYK model: Fermi surface + critical boson with interaction disorder

SY K-type self-consistent equations

S(r,1) = ¢?>D(1,1)G(7, 1) + V2 G(1,1)8%(r) + ¢'*G(7,v) D(1,1)6%(1),
(r,r) = —¢*G(—7, —1)G(7,r) — ¢ G(—7,1)G(1,1)5% (1),

1
1) —
Gliw, k) iw—e(k) + p— X(iw, k)’
1
D(i€2, q) =

0?2+ q? +m; —11(iQ,q)

SXNE

Conductivity: (a) (b) (c) (d) (e)
%9 939 OV,gq
2 72

all ladders and bubbles.....




2d-YSYK model: Fermi surface + critical boson with interaction disorder

Electron Green’s function: G(w) ~

1 1 2 m™ (w 2 [ g°
RS IV N0 3

T. Tin (W) V2 m v
Conductivity: o(w) :
onductivity: o(w) ~ *
1 - mtrans(w)
(A0V,
7-tlra,ms(w) g
1 2 /2 m;:k a s(w) 29/2
- , ran - In(A
Ttrans<w) v ‘w‘ | T /s n( /W)

Residual resistivity is determined by v?; Linear-in-T resistivity determined by ¢’*;
Transport insensitive to g; Marginal Fermi liquid self energy and 7' In(1/7") specific heat.
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Strange metal and superconductor in the g=0
two-dimensional Yukawa-Sachdev-Ye-Kitaev model

Chenyuan Li,Aavishkar A. Patel, Haoyu Guo, Davide Valentinis, Jorg Schmalian, S.S., llya Esterlis, arXiv:2406.07608
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Reconciling scaling of the optical conductivity of cuprate superconductors
with Planckian resistivity and specific heat

B. Michon, C. Berthod, C. W. Rischau, A. Ataei, L. Chen, S. Komiya, S. Ono, L. Taillefer, D. van der Marel, A. Georges
Nature Communications 14, Article number: 3033 (2023)
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Strange metal and superconductor in the g=0
two-dimensional Yukawa-Sachdev-Ye-Kitaev model
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Reconciling scaling of the optical conductivity of cuprate superconductors
with Planckian resistivity and specific heat
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Strange metal and superconductor in the g=0
two-dimensional Yukawa-Sachdev-Ye-Kitaev model
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Universal theory of strange metals:

Quantum phase transitions
in inhomogeneous metals
described by the

two-dimensional Yukawa-SYK model

Theory applies for types I, 11, 111, with only minor differences.



Universal theory of strange metals:

Quantum phase transitions
in inhomogeneous metals
described by the

two-dimensional Yukawa-SYK model

Boson localization and the “foot"
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The Sachdev-Ye-Kitaev model of many-particle entanglement:

& No quasiparticles: yields a metal in which current is carried not by individual

electrons, but by an entangled “quantum soup”.
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The Sachdev-Ye-Kitaev model of many-particle entanglement:

& No quasiparticles: yields a metal in which current is carried not by individual

electrons, but by an entangled “quantum soup”.
¢ Dual to low-energy theory of charged black holes in 3+ dimensions

Quantum phase transitions of qubits

¢ Described by a conformal field theory in 2+ dimensions

Quantum phase transitions of metals
& Breakdown of fermionic quasiparticles, but transport is that of a perfect metal.

Quantum phase transitions in inhomogeneous metals
described by the 2d-YSYK model

& Universal theory of strange metals, good agreement with transport and optical data.
The “foot” in phase diagram is associated with boson localization.



