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D. Mattuck. A Guide to Feynman Diagrams in the Many-Body Problem. Dover Publications, 1992



@ GEORG-AUGUST-UNIVERSITAT .
GOTTINGEN ' Ordlnary Metals

+ Fermi Liquid Theory: Real particle  Quasiparticle

6 90,9

.....



@ GEORG-AUGUST-UNIVERSITAT .
GOTTINGEN Ordlnary Metals

+ Fermi Liquid Theory: Real particle  Quasiparticle

| 1 J
‘.‘ .~‘

iy Q7 %
-~ %O:ﬁ
I... ‘ "'1
N
Elow energy [ﬁ] — Z €L NE + Z fk:pnknp -+ .-

v

k=1 quasiparticle energies k.p weak scattering



GEORG-AUGUST-UNIVERSITAT

ni + kapnknp + - -

2\ GOTTINGEN Ordinary Metals
e Fermi LIC]UId Theory: Real partlcle Qua3|part|cle
. 0 r‘a
08
N
Elow energy [ﬁ] — Z €k
k=1 : . : k,p
quasiparticle energies ’

R

~
weak scattering



GEORG-AUGUST-UNIVERSITAT

ni + kapnknp + - -

2\ GOTTINGEN Ordinary Metals
e Fermi LIC]UId Theory: Real partlcle Qua3|part|cle
. 0 r‘a
08
N
Elow energy [ﬁ] — Z €k
k=1 : . : k,p
quasiparticle energies ’

AR

——> Quasiparticles

~
weak scattering



GEORG-AUGUST-UNIVERSITAT

G  GOTTINGEN Ordinary Metals

+ Fermi Liquid Theory: Real particle  Quasiparticle

| 1 J
‘.‘ .~.

P T
8 90,9
...?9‘ o
N
Elow energy [’I’L] — E €L Nk + E fkpnknp + .-
~ T quasiparticle energies P eak scattering
Level spacing 1/N = Quasiparticles

Electrical resistivity ~— p o< 77

Equilibration rate Tgé x T2

——> Quasiparticles




GEORG-AUGUST-UNIVERSITAT
GOTTINGEN & e

Strange Metals

a

Strange resistivity p o 7'in high-T'. cuprates:
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Strange resistivity p o 7'in high-T'. cuprates:

Ordinary vs. High-T . superconductors:
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Strange resistivity p o 7'in high-T'. cuprates:

Ordinary vs. High-T . superconductors:
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Ha= Z Jj1j2 Ci, Ciy Ci2Ch1
1<211 <19 <N S~ \_\/—/
1<4j1<j2 <N (random coupling) 4-sites

: No quasiparticles
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Sachdev-Ye-Kitaev Model

_ 1119 T 1T .

Ha= Z lejz Ci, Ciy Ci2Ch1
1<211 <19 <N S~ \_V—/
1<j1<j2 <N (random coupling) 4-sites

Properties:
Non-integrable

Saturates Maldacena-Shenker-Stanford bound:

)\Lyapunov — )\Max =27 k'BT/h

Universal Planckian rate

N — o0 : Analytically solvable!

Conserved U(1) charge:

Q = %;<cjcz — 1/2>

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

: No quasipar‘ticles Kitaev, unpublished
Y. Gu, et. al., JHEP 02 (2020) 157

W. Fu, PhD Thesis (Harvard University, 2018)
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Fermi-liquid SYK model

Energy level spacing % e N
Quasiparticles Yes No
Equilibration rate Téa 04 2T2 ~ 1.%
Electric resistivity T2 T

A. A. Patel, PhD Thesis (Harvard University, 2019)
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Sachdev-Ye-Kitaev Model

Fermi-liquid SYK model

Energy level spacing % e —aN
Quasiparticles Yes No
Equilibration rate Téa 04 2T2 ~ 1.%
Electric resistivity T2 T

A. A. Patel, PhD Thesis (Harvard University, 2019)
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Sachdev-Ye-Kitaev Model

Fermi-liquid SYK model

Energy level spacing % e —aN
Quasiparticles Yes No
Equilibration rate Téa 04 2T2 ~ 1.%
Electric resistivity T2 T

A. A. Patel, PhD Thesis (Harvard University, 2019)

kT

h

—1

For high-T, materials: Teq = V-

50
40 ¢
30
A
QL
20
10

1.4

1.3

1.2

11

_T/n/'(r/n)%t

_p/psa

v t,/Y,=0.01
AN t/U,=003

0.5

To t,/U,=0.001

@0 t,/U,=0.005-

90O t,/U,=0.05 |;

20 30 40

T/Ec
Xue-Yang Song, et. al., PRL 119, 216601 (2017)

10

50



GEORG-AUGUST-UNIVERSITAT
GOTTINGEN 57 oo

€}

Sachdev-Ye-Kitaev Model

Fermi-liquid SYK model

Energy level spacing % e N
Quasiparticles Yes No
Equilibration rate Téa 04 2T2 ~ 1.kl;l—T
Electric resistivity T2 T

A. A. Patel, PhD Thesis (Harvard University, 2019)
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LCCO | TMTSF

A. Legros et al., Nat. Phys. 15 142-147




€}

GEORG-AUGUST-UNIVERSITAT
GOTTINGEN ! e

Sachdev-Ye-Kitaev Model

Energy level spacing

Quasiparticles

Equilibration rate Téa

Electric resistivity

_T/n}ﬁ/n)sat
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To t,/U,=0.001

50
Fermi-liquid SYK model
1 1.3
—aN -
~ e 0r,,
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Yes No 30|
W
a2T2 o1 ﬂ Q_ 05
h 20t
T* T
10
A. A. Patel, PhD Thesis (Harvard University, 2019)
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Z dv ®0O t/U, =005 [
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c

Xue-Yang Song, et. al., PRL 119, 216601 (2017)

A. Legros et al., Nat. Phys. 15 142-147

SYK Model = A model for strange metals!

LCCO | TMTSF
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Sachdev-Ye-Kitaev Model

Energy level spacing

Quasiparticles

Equilibration rate Téa

Electric resistivity
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SYK Model = A model for strange metals!
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d-dimensional lattice - /3 Thermal — 4
A O 4 - ,,',’ ‘\\\\ 6
B2
2 50.3
S
1 "g 0.2
0 : Chao@'f@ g-sites " 0.1F
2 4 6 q coupled :
0.0

Zanoci and B. Swingle, Phys. Rev. B 105, 235131 (2022)



@\ GEORG-AUGUST-UNIVERSITAT ] ]
GOTTINGEN 1715~ Generalization

d-dirilensional lattice 0 4: ',,,1~Therma| — =4
. -— Ity W
B
2 5 0.3F
§ )
1 EO.Z:—
' . O "
0 : Chaoﬁ'f@ g -sites 0.1F
2 4 6 q coupled :
VN0 of S B B 3

0 D 10 15 20

Zanoci and B. Swingle, Phys. Rev. B 105, 235131 (2022)

_ netez b e e

"Hq — Z J ]q/2 Czl C,iq/zchm le

over indices W—/ ~ ~~ -

random coupling q— Sites
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d-dil}lenSiOnal lattice 0 4: ',jfgﬁTherma| — =4
. -— Ity W
Bt
2 5 0.3F
) -
S
1 EO.Z:-
' . O "
0 : Chaoﬁ'f‘; g -sites 0.1F
2 4 6 q coupled :
ON0] off T P B BT 3

0 D 10 15 20

Zanoci and B. Swingle, Phys. Rev. B 105, 235131 (2022)

_ 11 lg/2 | P PR

A'Hq R Z le"'jq/2 Ciy c’iq/chQ/2 Cj1

over indices N— ~ ~~ -

random coupling q— Sites

Combining SYK models:

o0
H = E , J2q (t) Hag
—1 N "
g-site coupling strength

retains solvability!
J. Maldacena and D. Stanford, PRD 94, 106002 (2016)
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d-dimensional lattice :
‘ 0.4F
2 50.3}
S f
1 ’%0.2:—
0 __haote g-sites  ~0.f
2 4 6 ( coupled :
V IN0] of S PP P B 3
0 5 10 15 20

Zanoci and B. Swingle, Phys. Rev. B 105, 235131 (2022)

— § 11lq/2 | I B
\ A'Hq - le...jq/2 CZ]_ c’l:q/2c.7q/2 c]l

. . \ J
L over indices — N~

random coupling q— Sites

(Hq,'i + Hhopping z)

1=1 v Combining SYK models:
-_n:. &> ..-“ .-:“_-(’—\._- o0
e A = 8 =B H = Z Jo, (1) Hog
) J =1 v
g-site coupling strength

*Quadratic 2—body hopping ] N
retains solvability!

J. Maldacena and D. Stanford, PRD 94, 106002 (2016)

PRB 107, 235114 (2023) |
arXiv:2312.14644v2 [hep-th] *kg—body hopping where k = ¢ —,1,2
arXiv:2407.20733 [cond-mat.str-el] 2
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MoDEL:  H(t) = ZK@Q (t)Heg ZEiN H,
14

J. C. Louw and S. Kehrein, PRB 105, 075117 (2022)
A. Eberlein, et. al. Phys. Rev. B 96, 205123 (2017)

Thermalization Transport Thermodynamics

Mean-field SYK phase transition

J6q(t)
Joo(t < T>T,
() ZT) Jo(t) Zero-dimensional =
J"iq<t> ‘ J Y H dot § T=T.
, YA | “l (t > 0) 783_
B . - L : E
time ¢ No transport! % /\/ T<T
Equilibrium NEQ prOt0C0| Equilibrium charge density Q
Instantaneously van der Waals

thermalizes! universality class
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Ji 41 Jito

MODEL:

L
— Z (Hq,i + Hh0pping Z)

1=1 RJ and J. C. Louw, PRB 107, 235114 (2023)
J. C. Louw, L. v. Manen and RJ, arXiv:2312.14644v2 [hep-th]
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Ji 41 Jito

MODEL:

L
Z (Hq,i + Hh0pping 2)

1=1 RJ and J. C. Louw, PRB 107, 235114 (2023)
J. C. Louw, L. v. Manen and RJ, arXiv:2312.14644v2 [hep-th]

Thermalization Transport Thermodynamics

Uniformly coupled

Nonequilibrium & q/2-body hopping:

charge : transport

DOES NOT for 2-body hopping:
instantaneously thermalize! van der Waals

JJ( universality class
~U« (again)

) 4
Finite equilibration rate  Qi(t) = . [Qi—1(t) — 2Q4(t) + Qit1(?)]
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/ / /

MODEL: alyaw;

AN (x,x’)EA
/ / / / N——— "
On-site SYK dots

_J/

N

Nearest-neighbor r-body hopping

/ RJ and J. C. Louw, PRB 107, 235114 (2023)

/L
/
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MODEL: el
VA NvaNv4

/ / ’ /

AR

/
/

Thermalization

DOES NOT

Instantaneously thermalize!

\

Finite equilibration rate

Ht)= > Ho(t) + Y Hosw(t)

AN (x,x’)EA
H—/ \
On-site SYK dots

_J/

N

Nearest-neighbor r-body hopping

RJ and J. C. Louw, PRB 107, 235114 (2023)

Transport Thermodynamics

Nonequilibrium

charge : transport
FUTURE

\U( RESEARCH

Preserves closed-form
relation for charge dynamics
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iq--1
Large—qg complex SYK model: H =H, = E le---jZfi c,’{l oo c;-rq/2ch/2 ce Gy
over indices ——- ~~ o

random coupling q— Sites

J. C. Louw and S. Kehrein, PRB 107, 075132 (2023)
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G195, /o
Large—qg complex SYK model: H =H, = E le,,,j% c;-rl L C;'rq/2ch/2 c - Cjy
over indices ——- N ~~ o

random coupling q— Sites

J. C. Louw and S. Kehrein, PRB 107, 075132 (2023)

Large— g coupled complex SYK model: ‘H = /Cqu + Kq/ZHq/Z

where H,, = E Jrtarz o 6 gy,

Ji---Jg/2 11 leq/2 Jra/2
over indices

J. C. Louw, L. v. Manen and RJ, arXiv:2312.14644v2 [hep-th]
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G195, /o
Large—qg complex SYK model: H =H, = E le,,,j3;2 c,’{l L c,:-rq/2ch/2 c - Cjy
over indices ——- N ~~ o
random coupling q— Sites

J. C. Louw and S. Kehrein, PRB 107, 075132 (2023)

Large— g coupled complex SYK model: ‘H = /Cqu + Kq/ZHq/Z

where H,, = Z Jirtared ol e g

J1---Jq/2 1 lrg/2 Jra/2 1

over indices

J. C. Louw, L. v. Manen and RJ, arXiv:2312.14644v2 [hep-th]

/

/\ / T <T,

charge density O

chemical potential p
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G195, /o
Large—qg complex SYK model: H =H, = E le,,,j% c;fl L C;[q/2ch/2 c - Cjy
over indices ——- N ~~ o
random coupling q— Sites

J. C. Louw and S. Kehrein, PRB 107, 075132 (2023)

Large— g coupled complex SYK model: ‘H = ’Cqu + Kq/ZHq/Z

. j : il---iq/z ] ] . .
Where H,q,q — J . C’Ll c e Ci,q,q/2 CJFLq/2 * e CJ

J1---Jq/2 1

over indices

J. C. Louw, L. v. Manen and RJ, arXiv:2312.14644v2 [hep-th]

T T, N a B v 0
3k Critical exponents: 0 % 1 3
T="1T.

2

/—\ . T<L

charge density O

chemical potential p
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G195, /o
Large—qg complex SYK model: H =H, = E le,,,j3;2 c,’{l L c,:-rq/2ch/2 c - Cjy
over indices ——- N ~~ o
random coupling q— Sites

J. C. Louw and S. Kehrein, PRB 107, 075132 (2023)

Large— g coupled complex SYK model: ‘H = /Cqu + Kq/ZHq/Z

where H,, = Z Jirtared ol e g

J1---Jq/2 1 lrg/2 Jra/2 1

over indices

J. C. Louw, L. v. Manen and RJ, arXiv:2312.14644v2 [hep-th]

T T, N a B v 0
3k Critical exponents: 0 % 1 3
T="1T.

Ginzburg-Landau (mean-field)

/

/\ / T <T,

charge density O

chemical potential p
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G195, /o
Large—qg complex SYK model: H =H, = E le,,,j3;2 c,’{l L c,:-rq/2ch/2 c - Cjy
over indices ——- N ~~ o
random coupling q— Sites

J. C. Louw and S. Kehrein, PRB 107, 075132 (2023)

Large— g coupled complex SYK model: ‘H = /Cqu + Kq/ZHq/Z

where H,, = Z Jirtared ol e g

Ji---Jq/2 1 lhq/2 Jra/2 1

over indices

J. C. Louw, L. v. Manen and RJ, arXiv:2312.14644v2 [hep-th]

T T, N a B v 0
3k Critical exponents: 0 % 1 3

/ et Ginzburg-Landau (mean-field)
/ sk Both saturates MSS bound!

/\ / T <T,

charge density O

chemical potential p
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Large—qg complex SYK model: H =H, = E le,,,j3;2 c,’{l oo c;-rq/2ch/2 ce Gy
over indices ——- ~~ o
random coupling q— Sites

J. C. Louw and S. Kehrein, PRB 107, 075132 (2023)

Large— g coupled complex SYK model: ‘H = /Cqu + Kq/ZHq/Z

where H,, = Z Jirtared ol e g

Ji---Jq/2 1 lhq/2 Jra/2 1

over indices

J. C. Louw, L. v. Manen and RJ, arXiv:2312.14644v2 [hep-th]

T T, N a B v 0
3k Critical exponents: 0 % 1 3

/ et Ginzburg-Landau (mean-field)
/ sk Both saturates MSS bound!

/\ T <T.
— True for all large—qg SYK? H = Z KroHrqg

charge density O k>0

RJ, S. Kehrein, J. C. Louw, arXiv:2407.20733 [cond-mat.str-el]

chemical potential p
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) . dual
Holography: Gravity; <— Quantum,_,
: 1 dual - '
Coupling Strength7 &3 Coupling Strength J \/ AR
J. M. Maldacena, Adv.Theor.Math.Phys.2:231-252,1998 ‘ LA ‘- 1,. ? .1 /. -

SYK,—dot and SYK,+ SYK,, — uniform chain

< Dual to deformed JT gravity

-~ Mapping fails for very low temperatures
J. C. Louw and S. Kehrein, PRB 107, 075132 (2023)

A T J. C. Louw, L. v. I\{Ianen z.and RJ, arXiv:2312.14644v2 [hep-th]
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. dual
Holography: Gravity, & Quantum,_ 4

- l dual -
Coupling Strength 7 3 Coupling Strength J

J. M. Maldacena, Adv.Theor.Math.Phys.2:231-252,1998

SYK,—-dot and SYK,+ SYK,, — uniform chain Black Holes = SYK ?

< Dual to deformed JT gravity

© Mapping fails for very low temperatures ~ Maximally chaotic

J. C. Louw and S. Kehrein, PRB 107, 075132 2023)| @ 71 ~y 1 - kBT/h
A T J. C. Louw, L. v. Manen and RJ, arXiv:2312.14644v2 [hep-th] €q
_Crit. point: < van der Waals universality
Max- vdW universality
_ Y.-Q. Lei and X.-H. Ge, PRD 105, 084011 (2022)
chaotic C.V. Vishveshwara, Nature 227, 936 (1970)
G. Carullo, et. al, PRL 126, 161102 (2021)
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Large BH Max-
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SYK Liquid
Small BH
L4
eoe -




(G\&Emee ™™™ Holography = Black Holes

dual

Holography: Gravity; <— Quantum,_,

- l dual -
Coupling Strength 7 3 Coupling Strength J

J. M. Maldacena, Adv.Theor.Math.Phys.2:231-252,1998

SYK,—-dot and SYK,+ SYK,, — uniform chain

< Dual to deformed JT gravity

-~ Mapping fails for very low temperatures
J. C. Louw and S. Kehrein, PRB 107, 075132 (2023)

A T J. C. Louw, L. v. I\{Ianen z.and RJ, arXiv:2312.14644v2 [hep-th]
/|Crit. point:

Max- vdW universality

chaotic
SYK Gas

- Max-
Laree BH
=Soasls chaotic
SYK Liquid
Small BH
o ]
[ N N J >

\\00010
\“‘10107,.

Black Holes = SYK ?

o I\/Iaximally chaotic

hd T 1 kBT/h
o van der Waals universality

Y.-Q. Lei and X.-H. Ge, PRD 105,084011 (2022)
C.V. Vishveshwara, Nature 227, 936 (1970)
G. Carullo, et. al, PRL 126, 161102 (2021)

SYK Dimension > 1+1

FUTURE
RESEARCH
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SYK Charged Black Holes
— 1
AT /| Crit. point: AH
T Max- vdW universality
chaotic | 3 rge BH
Oa™)
J. High-entropy Max THP P~ _ _
phase ” Crit. point:
. chigofic o vdW universality
Small BH
@(Tz) Max- Low-lfntropy
b chaotic /\on- phase .
' chaotic > e Free AdS
[e—O@@?) — |0 ) —] > Opn
ouw and S. Kehrein, PRB 107, 075132 (2023)

J.C.L |
J. C. Louw, L. v. Manen and RJ, arXiv:2312.14644v2 [hep-th] D. Kubiznak, R.B. Mann, JHEP 07 (2012) 033
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High-T'. cuprates violate Fermi liquid (~ quasiparticle) behavior at low temperature

Non-fermi liquid (or strange metals) are without quasiparticles; Sachdev-Ye-Kitaev model and
its generalizations are candidates for strange metals

Analytical solvability (in large-N and large-g) despite being chaotic & non-integrable

d = 0 SYK dot:
(i) instantaneously thermalizes, &
(i) belongs to van der Waals universality class

d > 1 SYK lattices with nearest-neighbor quadratic hopping:
() closed form non-equilibrium charge transport independent of coupling strengths, &
(i) does not instantaneously thermalize

d = 1 uniformly coupled SYK chain with nearest-neighbor g/2—hopping:
(i) belongs to van der Waals universality class as d = 0 case, &

(i) saturates the maximum bound of chaos (MSS) as d = () case
Future research: %@ﬂé/

() finding thermodynamic properties, &
(i) holographic dual with Hawking-Page type transition

of d > 1 sheets /Z{%@ /ﬂL M nice /z%/

(iii) Lyapunov & critical exponents for general coupled SYK models
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[S. Sachdev, J. Ye, Phys. Rev. Lett. 70 (1993) 3339-3342; A. Kitaev, unpublished]

Majorana SYK Model

N
H=g > Jgaxixixexr  xixit = 6;)

i jk =1
4
Random Antisymmetric Couplings — Gaussian Ensemble:
2
= JijkiImnop = 25 0imOjnOkodip; Jijit = 0.
Large-N Limit: G
G
@ _ Go n Go (: ) Go + &@2@&04_ 0
Schwinger-Dyson Equations
1 1 -
¥(n1,m2) = S2G(n1,m2)’, i) = Goliw) — (iw)
4

[J. Maldacena, D. Stanford, Phys. Rev. D 94, 106002 (2016)]

SFB
1073
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(e Large-/N Limit in Complex SYK Model @ 1073

G(7)

G(7)
Go Y0 Y0 Y0 ' Y0
O D DD

Schwinger-Dyson Equations V g
£(r) = (-1)f 26(1E6(—n)I, gl = ghoy — T(iw) — i

Can be derived from the effective classical action:
Sefr [G,X] =N [—logdet [(0 — p) 6(7 — 7') — X(7,7')]

+ /deT, (GZ — (q.//22) (—G(r, T')G(T/,T))q/z)]




&

GEORG-AUGUST-UNIVERSITAT

GOTTINGEN

Large-g Limit

qg — 00

Strong coupling limit; Emergent (=) conformal symmetry

Analytically solvable Schwinger-Dyson equations

1

(17—

Scale invariant G, (7,7") VA is a solution if A = =

Generate another solution for arbitrary f(7):
Ge — Ger (1,7') = [F'(n)f' ()]° Ge (F(7), F (7))

Conformal symmetry allows finite temperature extrapolation:

1 2A
T 1 T

Gr = _ (A_— f(T)—tElh—)

TT
_Bsm 5 q I5;

Large-g Expansion:
G(r) = Go(7) [1+ BD| where 62g(r) = 27 5L e8(™

SFB

" 1

0723
\_) L)
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itz b
Hay= JZ J1J4/2 Ciy ’&4/2 94/2031
Dyson’s equation: G (1) = — [dtZ(t)G (1 — t)

G Gg

S R A\ WA Charge density

Q=G(0F)+£1/2

Energy density 2G(0™)

Effective interaction

GO G Z G 4—2

° J = J[-2G(07) 2G(07)] T
Self energy ———
1-209 1420

|
+
+
E

$(t) = 2J°G(t)G(—t)G(t)
= —2(J[-2G(£)2G ()] V* 1) G(¢) /4
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Figures from [l. Danshita, MT, and M. Hanada:
The SYK mOdel Butsuri 73(8), 569 (2018)]|
_ 3! e a a
H = N3/2 Z JabcaXaXpXcXa
1<sa<b<c<dsN
Analytically solvable in N > 1 limit 0(1) O(N2)
G = + ‘o + | T ) v } ,rl;“ ,f] ;‘
i 7k \ m t I// A \\i m /K \\
W Q i A ’ /
”i e 0 N
Go > ‘ 0 ]ljkI]]klm = Oim
W__/ Only “melon-type” diagrams survive
GoZGoZGy

S A AN L = GO(ZGO)_l G(lw) -1 :_ Z(l(!)) ¥ :]263

GoZGoEG oG,
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oz’ (t)
8z’ (0)

_ |{xi(t),pj (0)}PB| N e>\c|.t C(t) — <|X(t), P(0)|2> = TOC(t) — 2R <(X(t)P)2>J

A -

OTOC
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S. Sachdev, arXiv:2304.13744

~
Dsyr(E) ~ %exp(Nso) sinh (\/2N7Ey

A()C3 —347/90 AOCS

. VA 22 2
X sinh ([ oye E )
\_ J
No SUSY 5(E) SUSY
D(E) D(E) f(E—A)
E > )
0 A

Comparison of many-body densities of SYK models and charged black holes with & without SUSY.
~ Black holes and SYK models without SUSY do not have delta function, nor a gap, but an exponentially
dense spacing of levels down to E = 0.

- Both black holes and SYK models with sufficient low energy SUSY have an energy gap A, above a delta
function.
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Phase diagram
J. C. Louw and S. Kehrein, PRB 107, 075132 (2023)
~ T,
Thermally preferred : ming,s {Q} T

C

d 5

: a L 4
|

: S 3

Q ! G g/ b ¢ Liquid phase ,
|
|
|

| b 1
|

a " d 0
o g

L 7 0.1

0.1

Forsome T < T,
in terms of reduced variables

T'r' - T/Tm ,u"r' — /j’/ﬁ’C’ Q'r' — Q/QC
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w(Q) = 2T tanh™ " (2Q) + ¢ '4QJ(Q)sin(rv/2)

-~

non-int int

w(Q) =g *?4Q[ ¢T [1+0(1/g)] + T (Q)sin(rv/2) ]
N~ N~~~ N———r

~

¢ *?u(Q) T 1+0(1/q)
Lyapunov exponent A\ = v Aqax(7T) Effective coupling
. . . n(l—4 2]
Maximally chaotic: T(Q) = @™ g
v=1-0(T/J) = Je~ (1D +0()]

Nonchaotic: = Je~ 2 tOWD),

v=0+0(J/T) with @ = Qg /2
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Mott-loffe-Regel Limit

-

PMIR |—

Bad Metal

/ Strange
Metal

2mh
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SYK sheet is actually a bad metal

ke T
P~ PMIR 3
2/J,
when ,
kgl Jj
].<< 2 < _2
t / Jg
S0 e T/5/(T ),
1.3
401
' > See:
1.1 @O t,/V,=0.001
30t B0 t/U,=0.005] RJ, S. Kehrein, J. C. Louw, arXiv:2407.20733
N 0% T s [cond-mat.str-el]
201 90 W02 %  for true strange metal behavior!
10+
0 1 1 1 1
0 10 20 30 40 50

T/Ec
Xue-Yang Song, et. al., PRL 119, 216601 (2017)



