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Standard model of condensed matter
H = Te +Ti + Uee + Uei + Uii

Long-ranged Coulomb
Interaction effects:
- uninteresting (Fermi liquid)
- interesting, yet already known 2-particle (e-e, e-h) instabilities
- interesting and unknown: 'non-Fermi liquids’,..

Purely eIectronic:Ti Uei’Uii_’ 0,

(Super)strongly interacting: Te —> 0 ('Flat band’)
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Quest for elusive NFL

d=1: no room for FL, Tomonaga-Luttinger liquid (and beyond)

- diagrammatic calculations ('‘parquet’), bosonization, exact solutions,...

d>1: FL is robust at weak/short-ranged couplings, exact criteria for
NFL are unknown

- diagrammatic and (functional) RG approaches, higher-dimensional
bosonization, DMFT,...

- new (still untested) tool: holography ('AdS/CMT')
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- Boundary (quantum) theory — Bulk (semi) classical
gravity (+ other fields)
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How much of that can be relevant to condensed matter systems?
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- Why it would not work:
non-SUSY,
only a few components (N~1),

boundary theory: only moderately interacting (T~U),...

- Why it might still work:
- emergent effective (local) geometry,

- perturbation theory/RG in d+1 dimensions --> classical EOMs in d+2,

- tensor networks,...
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Lorentz , scale, translationally, and/or rotationally non-invariant,



Holographic correspondence: evidence (?)



Holographic correspondence: evidence (?)

- Data fitting:
Optical conductivity in cuprates G,Horowitz and J.Santos,

1302.6586
(non-SUSY, N~1, T~U) -
o o(w)~w"(-2/3) 2 < wr < 8




Holographic correspondence: evidence (?)
- Data fitting:

Optical conductivity in cuprates = - G,Horowitz and J.Santos,
(non-SUSY, N~1, T~U) \ e
o o(w)~wh(-2/3) 2wt < 8
- Experiment: o E .
g ratio (>1/4T) ‘ —ErEEE |, J.Rameau et al, 1409.5820
ARPES in cuprates - ] f = Indirect (Im G) ?

=t Il &-
1 f ,EL___ Camm o = 't Universal KSS bound?

o




Holographic correspondence: evidence (?)
- Data fitting:

00T

Optical conductivity in cuprates =3 = G,Horowitz and J.Santos,

1302.6586
(non-SUSY, N~1, T~U) g \

W N o(w)~w"(-2/3) 2 wr <8

- Experiment: T |
7 . Vo EEEET J.Rameau et al, 1409.5820
< ratio (>1/41) —{] :
LEaR 21 I | ]

ARPES in cuprates =] Indirect (Im G) ?

Universal KSS bound?
- (Almost) exact methods (MC):

2d Bose-Hubbard model = %4F - E.Katz et al, 1409.3841
S 1N ?
B a6t




Holographic correspondence: evidence (?)

- Data fitting:
Optical conductivity in cuprates
(non-SUSY, N~1, T~U)

- Experiment:
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Holographic correspondence: evidence (?)
- Data fitting:

00T

Optical conductivity in cuprates = .
(non-SUSY, N~1, T~U) |

G,Horowitz and J.Santos,
1302.6586

o(w)~w(-2/3) P wr <8

- Experiment:
!

< ratio (>1/4) g1
ARPES in cuprates

J.Rameau et al, 1409.5820

Indirect (Im G) ?
Universal KSS bound?

- (Almost) exact methods (MC):

E.Katz et al, 1409.3841
2d Bose-Hubbard model alzeta

T aeer 1/N ?

|. Kiritsis et al, 1510.00020
- Not just qualitative:

but quantitative (sic!) agreement: J.Erdmenger et al,1501.07615
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Status of AdS/CMT (a.k.a. non-AdS/non-CFT)

- Textbooks:

- Calculations: classical, no 1/N corrections, no back-reaction (99%)

- Some isolated critique: ..., DVK 1404.7000, 1502.03375, 1603.09741

- Preprints: ~ 20-30/week (2007-2018), < 1/week (currently)

- Farewell holography?

New directions:

strong coupling hydrodynamics,

quantum chaos and information scrambling,
SYK and beyond,...
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- Emergent extra dimension:
- Dynamical renormalization (energy/length/information) scale, 'RG=GR"

- Emergent geometry:

Thermodynamics of phase transitions (Fisher/Ruppeiner),

Quantum information theory, tensor networks (Bures),

Bloch bands, dynamical time evolution (Berry),

Quantum Hall and other topological states (Fubini/Study),...

- Geometric nature of certain physical observables:

- Hall conductance =1t Chern class (Niu-Thouless,...),

- Entanglement entropy =Area of extremal surface (Ryu-Takayanagi) ,
- What else?
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Holography light

- Fixed classical metric,
- Non-SUSY and N-irrelevant (equiv. to O™ order in 1/N),
- The bulk 'dual' is not dynamical ('boundary problem’)

Can still explain certain apparent holography-like features
without invoking new principles of nature

Desktop realizations:

* Strained graphene and other 2d Dirac (semi)metals

* 3d Topological insulators/gapped Dirac materials (?)
Potentially problematic:

- Curved 3d space T—
- Fermi liquid on a 2d boundary is more robust than in 1d

* Hyperbolic metamaterials (optical/IR)
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Graphene: scotch tape-induced relativity

L0 B, =i (T L [Ty
— i (ri,i'm—l—érti'g 0 )(@E)—E(@E)

* Linear dispersion: E=vrp vr= 10°m/s (= c/300)
Spinor wavefunction (pseudospin 2) = Dirac equation
‘Fine structure’ constant: e*/hc ~ 1

* Desktop realizations of fundamental phenomena:
Klein tunneling,

- ‘zitterbewegung’,

- Veselago lense,

- atomic collapse,

- chiral symmetry breaking (excitonic insulator),
magnetic catalysis (Quantum Hall ferromagnetism),...

- (non-) abelian gauge fields and solitons,
- Mimicking gravity and cosmology,
- Analogue holographic correspondence DVK 1305.6651



Elastic strain in graphene

Hopping Hamiltonian H =) t(ri.ri+n)alb,  , +H. c.

i ri+n
i.m

Strain tensor — ( Ous | ﬂuj-) +; (a“k 5”&:)‘

=9 \ax; "ax;) "2 \ax;ax,

H

Hetastic = Efdﬂf[?zh(ﬂ]ﬂ*‘

+ fdzr"{g [Zu.ﬁ, 7)

Elastic energy

2
+ Z [1t3 (F]]ﬂ }

Stress engineering

F.Guinea et al, ‘11

* |nduced fermion mass
via hybridization with substrate

.i S.Tang et al, “13 N.Levy et al,’10




Emergent pseudo-(gravi)magnetic field

. . 1 . i
* Vector potential ~ 4:(R) —i44(R) = ﬁzﬂjax[r.ﬂrn;ﬁlf-n - Eh_; (€an — €y + 2i €ny)
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o . '4’.‘:! _ =i
Higher order terms  A: e |\a2) a2
o 3aTVR T 8%h (9*h 9% : “10-
Ay ==z [éh'ﬂy(ﬂyz + axg)} M.A.H.Vozmediano et al, “10;

A.L.Kitt et al,’12;
F.de Juan et al,’12
Position-dependent Fermi velocity (?)

G.Volovik and M.Zubkov, ‘13

Emergent gravity: Weitzenbock geometry A lorio and P.Pais. 15
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Holographic boundary propagator

Fermion action: S = /f-’fi"dfddifv |detg|vyaey, (i0, +8°~’y s Ve +Ap—m)ip
Background metric: ds® = —f(z)dt* + g(z)dz* + h(z)di*
Radial Schroedinger's eq.: P _ i

or?
WKB solutions: U (r.w k) ~ vu e T Vv
Asymptotic behavior: G(1, ) ~ exp(—So(7, 7))

Extremal action: S(r.z) wadu\/guu+gTT(dT} +g¢r(dI)2
(geodesic) d du
'r ,L = Lu? /

duﬁ gw mi = 1

u) = w? — kZ /grx — k2 /gTT( )

r(u) =
r =Lk /HL II' Quu “ du Juu
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Bulk-edge correspondence

* Flat metric ai2,, — ar? + r2dg? ds? = dr? + dI*

Stiat(T,x) = my /7% + 4R? sin’(z/2R) G(7,x) ~ exp(—=5o(7. 7))

Oh(r)

2 2 4.2
5 ) 1T dd

* Surface of rotation di?, = dr?[1+(

Ssn‘r(Te -f} = ]"ﬂ-\/’.l"2 + {R;En}z-’ll':n‘H:'

* Boundary propagator: 1d bosonization

dk 2 + U,
2T €k

e = kv1 4+ U IUI::I?} g :lf:_ii.""_'r

Gios(T,x) ~ exp|— (1 — ettt

h(r) ~ (R/r)"

* Matching x-asymptotics: n=(1-0o)/(1+0)

(time-of-flight, tunneling, noise power spectrum, etc).



Bulk-edge correspondence: more examples

* Generalized Beltrami trumpet: fggfﬂg — dr? + R? exp(—2(r/R)*)d¢?

dI? = dp?/p® + p*dd?

/ '&\,
Stog(T,T) = -r'nqvai + R%(Inx/a)?/ WF”:
Cf., semi-local regime:
Se_i(mix) = V(1 —1p)2(InT/a)? + m2z2 AdSa x R%,
- A=1 Luttinger: G(0,z) ~ 1/zm~
1 Y ) i 11..3/2
A = 2/3 Coulombinteractionin 1d: ~ G(0,x) ~ exp(—constIn™ " z)

Underlying physics: another manifestation of the equivalence principle?

“Curvature in the bulk = Phantom force at the boundary”
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* Artificial metric in electrically and/or magnetically active media

) . W.Lu etal,'10,
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* Artificial metric in electrically and/or magnetically active media

N _ A N W.Lu et al,'10,
ij = 9ij/|grr| = €ij/deté = puij [ detju T.Mackay and A.Lakhtakia,"10
Eijl — ;‘Llj’ — LT, _QQEJJ/|QITT ﬁﬁw:.ﬁxﬁyﬁw and ﬁw:‘%’:@"‘érﬂ
>
i : 0 k2 kL +k
- Hyperbolic metamaterials “—zzg—-+ —
¢ 1 2

- Rindler and event horizons, black/white/worm-holes,

- inflation, Big Bang, Rip, and Crunch,
- metric signature transitions, end-of-time, multiverse,...

|.Smolyaninov et al,
1201.5348, 1510.07137




String holography meets its optical namesake

* Artificial metric in electrically and/or magnetically active media

- T W.Lu etal,"10,
Vij = 9ij/|grr| = €ij/deté = pqj /et T.Mackay and A.Lakhtakia,'10
- — - . —_— —_— A = v 92 - " ' ' " "
Eij' — ;—’!'ll_']‘ - V' ggij;/|gTT %Dw:'\_f’vaEw and DQZE:Q_EW
c
, _ 02 kY kl+k
* Hyperbolic metamaterials m—2=—-+ -
c & &y

- Rindler and event horizons, black/white/worm-holes,

- inflation, Big Bang, Rip, and Crunch,
- metric signature transitions, end-of-time, multiverse,...

|.Smolyaninov et al,
1201.5348, 1510.07137

* Analogue holography DVvK 1411.1693



Attainable geometries

Dispersion of extraordinary waves

o S : :
IDEZ?KWXEE! and Dm:;émEm

s

w? = k?/ffry T ‘Eﬂ‘mqy/fzz

ds? = —fmydzz—fzz (dz? + dy?)

* Attainable 2+1 geometries

dr? du?  dz?
2 _ 2
dS _W—'_R uzﬁ uz"f
dr?  L%du® + dx?
2 28/d
ds® = u K(HEC—I— 2
_1-[F+a 1-5
1=+ 1-B+47

Hyperscaling-violation metrics

A

n(xy) n(z)

Re(s)

|.Smolyaninov, E.Narimanov, 09...

|
€z < 00 m*

kx




Prospective boundary dual

. . Y 5 A
Fluctuating elastic membrane: F = / ddX[%(?QhJE +Hvig + SUa]

(coupled in- and out-of-plane modes)  vas = 9alp + Ipla + dahdsh
Effective out-of-plane action: AF ~ [ d'kk*"|hy|?

Cf.: boundary theory: Shoundary = QL [ KK20/C | gy |2
L

Boundary 'vertex' operators: b(x) ~ explid(x)
Optical field correlations: , T e 1T 18/C
(speckle interferometry) Gulx) ~ expl—veLwx/eL ™

cf..< E,(x)E* _(0) > exp(—w|x]|)

I.{_FI

Noise power spectrum and other moments of the boundary field distribution
function can be related to the bulk ‘metric’

Practical realizations: Co nanoparticles in kerosene, PMMA on gold,
InGaAs (m)/GaAs(d) ,...



The rise of SYK model



The rise of SYK model

- spin glasses (Georges/Parcollet/Sachdev "89; Sachdev/Ye "92),

- randomized Majoranas (Kitaev "15),

- toy holography (Sachdev "15, Maldacena, Stanford, Shenker, Gross,
Polchinski, Rosenhaus "16...)



The rise of SYK model

- spin glasses (Georges/Parcollet/Sachdev "89; Sachdev/Ye "92),

- randomized Majoranas (Kitaev "15),

- toy holography (Sachdev "15, Maldacena, Stanford, Shenker, Gross,
Polchinski, Rosenhaus "16...)

1 N

Original, Dirac: H = a7 ST Jyaecielege, \
t‘,j,k,le \ /\

S.Sachdeyv,
1506.05111




The rise of SYK model

- spin glasses (Georges/Parcollet/Sachdev "89; Sachdev/Ye "92),

- randomized Majoranas (Kitaev "15),

- toy holography (Sachdev "15, Maldacena, Stanford, Shenker, Gross,
Polchinski, Rosenhaus "16...)

N

Original, Dirac: H = 7(2;)3,2 > Jigeclchee, \
Z‘,j,k,gzl \ /\

N
g-Generalized, Majorana: g =? A G S.Sachdev
a0 1506.05111

L N
S:ZZ aTX: _Iqji Z JEEL ﬂthc;l"'Xiﬂ;

1 'l Tt




The rise of SYK model

- spin glasses (Georges/Parcollet/Sachdev "89; Sachdev/Ye "92),

- randomized Majoranas (Kitaev "15),

- toy holography (Sachdev "15, Maldacena, Stanford, Shenker, Gross,
Polchinski, Rosenhaus "16...)

1 N

Original, Dirac: ~ H = gyjsm D Jumecicgas Ny
i,5.k, =1 5\\ S /\
.'n'll'T
g-Generalized, Majorana: H=i7/? )" Jo-ay y S.Sachdev,
- 1506.05111

S — Z ZX&dT Iq;’? Z ;:1 1ﬂthc;1 o 'Xiﬂqq

Tt

_ _ | J2(q —1)!
Disorder averaging: < Jot« g% »= ;q o H"’a -



Spreading SYK-ness: non-random models



Spreading SYK-ness: non-random models

- QM of tensors with (D+1)n® components, vector rep. of O(n)° ) :

§= jdr

- Tetrahedron model (D=3):

osy2_J L
(ch drw ) H baragaa | Witten '16, Gurau '16...

R ]

4 f f
g r AT o i - i bt I"'th, o Ca byege
|:J|"|,I.” :rl'i'l;.a""i'l-:ll-"'; il e Tealkaeg p L 1 2

=1,.N_; b=1,..N_, c=1,..N_, symmetry U(N_) U(N,) O(N )

H =




Spreading SYK-ness: non-random models

- QM of tensors with (D+1)n® components, vector rep. of O(n)° ) :

1 d
— - e 2 one | _ L (D41)2
5 jdr 22(;%‘ rw“‘) I “Dq[[j“”““ " Witten 16, Gurau '16...
- Tetrahedron model (D=3):
4 Al t

t
'”rl |:1IIH \"I ‘l.i :Il.-?ru||:-|||r|¢,¢|u||r”||“-ﬂ'-ﬂ ‘aaly ez
TEALIE

=1,.N_; b=1,..N_, c=1,..N_, symmetry U(N_) U(N,) O(N )
-N_=N=3, N __,_=M=2, N =L>>1 designer unit cell
e ; H = Zﬂj.

.'-rJ”.f.".."’
H = Z Z Z n hrm H = I!.” + Z (‘;:, -ﬂ;’;_l_l-_—i;-}i:l';'_l,_l_l..)

i orr'=—(N-1)/2 w8 y0=1

J
P | Al , , ' Fogt . .
X "'Jli:.'ﬂ"'f-'ﬂr_.'r._.l.-;.llr_.'r'l'-"-_n'.'."l'n'"'..ﬂr.n'r-.n'.'."l'l"r- '-r_.'r'l'l"-_n'.'.'-f'-"'l:. - K Eadbye r_.' _.l+ 4.3 Ot vCi+i o +"I'|rr

Wu et al, 1802.04293



SYK model: key properties



SYK model: key properties
- N>>1: simple diagrammatics ('melonic” graphs)

C = 6 s A A A L
- Replica-symmetric (not a spin-glass) mean-field states

- Reparametrization invariance t — f(t) , Liouville quantum
mechanics and Schwarzian action for fluctuations about mean-field

- Maximally chaotic behavior and fast scrambling (akin to black
holes)



SYK model: key properties
- N>>1: simple diagrammatics (‘melonic” graphs)

C = 6 s A A A L
- Replica-symmetric (not a spin-glass) mean-field states

- Reparametrization invariance t — f(t) , Liouville quantum mechanics
and Schwarzian action for fluctuations about mean-field

- Maximally chaotic behavior and fast scrambling (akin to black holes)

Prospective holographic dual:
- Pure AdS_2 (naive)

- Dilaton (Jackiw-Teitelboim) gravity in AdS_2 (+ infinite number of
massive scalars)?

- AdS_37? (Jevicki et al)



Saddle-point analysis of (generalized) SYK model



Saddle-point analysis of (generalized) SYK model

N DVK 1905.04381
A= NZ[ J (T, ... )G 1, T2) .. G (TR, TR
j{' T

1,...Th

- G-Z functional:

7 = fDG'DE{DEI[F[ﬂT] + )

E}:]:r[Nf Gy — A[G])



Saddle-point analysis of (generalized) SYK model

DVK 1905.04381

- G-2 functional: e
A= NZI J (T, ... )G 1, T2) .. G (TR, TR
I T1 4ee The

7 = f DGDY(Det[F[a,] + B

E}:]:rfo GE — A[G]))
T1.72 /{F{@T];_’E{ﬁ 7))+ (11, 7))G (T, 72) = (11 —T2)

- Equations of motion: S(re. ) 1 64

a N EG(T] 5 TE::I




Saddle-point analysis of (generalized) SYK model

DVK 1905.04381

- G-2 functional: o
A=N 2f J}E{ﬁ, o TE)GU T, ) G (T, TR)
.i:'.' T1 o---Th

7 = f DGDY(Det[F[a,] + BV

Ex]:rfo GE — A[G]))
T1.T2 f{F{ﬂr]E{ThT} + X(11,7))G(T, 1) = d(T1 — T2)

- Equations of motion: Srem) = o4
o N 6G(ry,73)

- IR asymptotic (T << J): fcm._ ) mf:‘m — 8(T1 — T2)




Saddle-point analysis of (generalized) SYK model

- G-2 functional: o DV 190504381
A= WZ[ Je(Tiy .- - T)GY(T1,72) ... CU(Thr1,Th)
= fDGDE[DEI[F[ET] + 3P ko ST TR

c':r;]:rfN[ G — AlQ))
T /{F{&Tjﬁ{n,r} + B(11,7))G(T, 72) = d(T1 — T2)

- Equations of motion: Srem) = o4
BT NG ()

- IR asymptotic (T << J): j’gv -

SG{* : —ﬂi’]—i’z}
m1,72) = Gr = [f'(7) F ()2 G(f (1), f(72))

- Reparametrization symmet
P ymmetry. m JEJ—FE;‘—U" (r) £ (r) A (f (1), f(ma)



Saddle-point analysis of (generalized) SYK model

- G-3 functional: - DVK 1905.04381
A=N 2f ety )G (71, 2) o G (Th—1, )
_ f DGDY(Det[F[a,] + X)) K

E};]:rfN[ GE — A[G]))
1.7 /{F{&T]J{n._ )+ E(r1.7))G(T. 2) = b(T1 —T2)

- Equations of motion: Srem) = o4

-IRasymptotic (T<<J): [ n 22

G(m1,72) = Gp = [f'(71) (7)) C(f(m1), f(72))

- Reparametrization symmetry: N(ri.m) — X5 = [ (r)f ()] 28 (F (), ()

- Mean-field solution: Colri,m) = (-——— ) brp=1 -7
(flnlte T) ﬁblﬂ{?l_éj IE,FII'S]




Saddle-point analysis of (generalized) SYK model

- G-2 functional: 2o PVIC 190504387
A=NZ[ Ji(mt, .. Te)CY (T, 72) . GO (T, TE)
= fDGDE{th[F[HT] + 3" b T T

E};]:rfN[ GE — A[G]))
T1.72 /{F{'ﬂr] .[w- -}_|_ ¥(11, }G \T2) = o(T1 — T2)

- Equations of motion: Srem) = o4
i N 15Gf]"]._ Tg;l

- IR asymptotic (T << J): fc.; N *3’5::.; — §(ri —T2)

G(m1,72) = Gp = [f'(71) (7)) C(f(m1), f(72))

- Reparametrization symmetry: N(ri.m) — X5 = [ (r)f ()] 28 (F (), ()

- Mean-field solution: Colri,72) = ( " A brp =T —T

(finite T) Jsm(moTiz/ )
4 sgn(m — 1), A= é:

Gﬂ=cc('rlv'r2) = _bﬁlJ(ﬁ - Tz)‘



Saddle-point analysis of (generalized) SYK model

- G-2 functional: > DVK 1905.04381
A=NZ[ J (T, ... )G 1, T2) .. G (TR, TR

_ f DGDY(Det[F[3,] + 5))™ k

exp[ﬁ'f GE — A[Q)))
/{F{ﬂrw{n._ )+ B ) G(r ) = 8(r1 — 7o)

- Equations of motion: Srem) = o4
i ' N 15G[T]. Tg]l
- IR asymptotic (T << J): fg.: N *;.mg{ — 8(1y — 79)

G(t1,72) = Gy = [f(71)f (R)]*G(f(1), f(2))

- Reparametrization symmetry: S(r1,7) = S5 = [ () f ()] =2 E(F (1), F(7))

5?']2 =Ty —Ta

- Mean-field solution: Colri,m) = ()28
(finite T) ﬁal]ﬁ]{nﬂ; ]E,I'I.tjnl
, 1

—2A
Gﬁ:m(ﬁa’@) = —bﬂ'lJ('ﬁ - Tz)‘ Sgﬂ(ﬁ - Tz); A=-,

=

- Residual invariance: mf(r) atdnT—‘F.;‘T—l +b

(SL(2,R) for T=0) T T ad-bc=1




Holographic matching



Holographic matching

-2

2 ;a2 2 dq
RG]

_B

- Equivalent geometry as’ =

(charged BH in AdS2 x R™.):

1 1 1
T= Azé'(———)df
27 ¢ Co



Holographic matching

- Equivalent geometry ds? — 1:;5 [_ (1= ) ait + %]
(Charged BH in AdS2 = R, ): . 5
! 1 1
T - 1= - )
2mGo a=e ({: qu) t

- Probe fermion bulk action: s =i [ @ov=3 (7T D.v: — miv)

I 1 1 _1 m2 B2 2
- Fermion dimension: A=g—ymz—¢¢
. P_(z,w, Sl
- Bulk fermion propagator: Girl(wq) = ﬁaiz - $|=—m g8

2 ME

Sl Z=TFEE q_ —_—
S(uq) =2 ] LEVE YOG

%



Holographic matching

- Equivalent geometry ds? — % [_ (- ey ait + #{bzm}
(Charged BH |n .4(13;5'2 x Rd, ): /50
! 1 1
T - 1= - — y

- Probe fermion bulk action: s-=: / d*x+/=g (YT Datp — mbd))

. . . 1 2 2 209
- Fermion dimension: A=g—ymil—¢&
) P_(z,w, _Siw
- Bulk fermion propagator: ~ Girlw.q) = - By~ eS8
U4 (2,0, 9)
. D) =m i ﬁ
Swg=2[ w@VE  OTTRGT
&

- Thermodynamics: F(T), S(N-> , T->0)>0

- Four-point functions (OTOC):  <[O(t,x), O(0,0)]*>, etc.



Beyond mean-field: Schwarzian dynamics



Beyond mean-field: Schwarzian dynamics

- Correction to mean-field propagator: 0G = Gy(m1,m2) — Go(mi,72) =
A
~ E[c‘}r]g]ESch{f. r}Go(T1,72) + . ..

F.l'."l' B E Fn’." \IE

- Schwarzian derivative: BIF -1 —
Sch{F,7} = = — 5(5)




Beyond mean-field: Schwarzian dynamics

- Correction to mean-field propagator: 6G = Gy(T1,72) — Go(m1,72) =
A
~ Efc}r]g)ESr:h{f. r}Go(T1,72) + ...

F.I'."l' B E Fn’." \IE

- Schwarzian derivative: BIF -1 —
Sch{F,r} = = — 5(&)

- Non-reparametrization invariant 4, = 7 1n(1 - 0.¢;) = __”f Sch{ tan f )
action for soft mode: : g



Beyond mean-field: Schwarzian dynamics

- Correction to mean-field propagator: 6G = Gy(t1.m2) — Go(71,72) =
AL
~ Emrmﬁ&;h{f. r}Go(T1,72) + ...

F.I'."l'

Fn’." \IE
F.’

- Schwarzian derivative: Sch{F,t} = =

.
o

4

e . : f
- Non-reparametrization invariant Ao =TrIn(l —d:Gy) = —-"lff Schi tan —-, 7}
action for soft mode: ’

=11 +712)/2

- Convenient change of variables: (' — ¢ A= 5 [artor



Beyond mean-field: Schwarzian dynamics

- Correction to mean-field propagator:

- Schwarzian derivative:

- Non-reparametrization invariant
action for soft mode:

- Convenient change of variables:

- Regime of strong fluctuations:

oG =Gp(m, 1) — Golmi,m2) =

f
57

m %fcing}z&:h{ﬁ mGolTi,ma) + ...
F.l'."l' EI.-FH _.-:l
Sch{F,7} = 7 5l F’]
Ap=Trn(l — 8;:G¢) = —_-'l!f Sch{ tan :
T = f;] + T ) /2
I M ) ’ 2
f}' _ o9 = ?‘[dr[gb(’r)] |

T < 1/M = O(JIN) (<< J)



Beyond mean-field: Schwarzian dynamics

- Correction to mean-field propagator: 6G = Gy(T1,72) — Go(T1,T2) =
%r 2)2Sch{f,T}Go(T1,m2) +.
- Schwarzian derivative: Sch{F,r} = ; 3 ;1

. . : mf
- Non-reparametrization invariant Ao =TrIn(l —d:Gy) = —-'lff Schi tan —-, 7}
action for soft mode: ’

- Convenient change of variables: " = ¢¢ =7 Jarieer

- Regime of strong fluctuations: T<1/M= O(J/N) (<< J)

ffl lrl’ |¢.111‘1
’5.]2'1 Cfifs

- Next order O(T/J) correction: 44 ~ al f

jr]
(non-local)




Generalized SYK models



Generalized SYK models

- Generalized SYK: other symmetry breaking terms are possible:

J2-2

- Time-dependent SYK coupling J2: J2(6T) = 6. 5 o

A_ 177
- Scale-invariant IR solution with dimension: = = 2




Generalized SYK models

- Generalized SYK: other symmetry breaking terms are possible:

. . -_:l—:r!'_r
- Time-dependent SYK coupling J. JE(67) = .0 .:J.:s—w-.-
A 10

- Scale-invariant IR solution with dimension: =~ "9,

-Reparametrization symmetry is broken spontaneously AND
explicitly:

- [ - v . Q m

dA = _Ij: Ti[c}ﬁ._:j‘g ]11(.];!'.—”]{3‘}”(.—1 , Ta)Seh{ tan —ﬁf 7]
oy eSS
~J _— (d712)2

- Cf. Caldeira-Leggett with Ohmic dissipation



SL(2,R)-symmetric Hamiltonians



SL(2,R)-symmetric Hamiltonians

- Algebra generators: {Lo, Ly} = +L4,4, {L_y,Li} =2Lg

. . . 1 2 1
- Hamitonian as Casimir: H = gLg — g(LiL-1 + L-1L4)



SL(2,R)-symmetric Hamiltonians

- Algebra generators: {Lo,Ly } =Ly, [L_1,Li} = 2L,
| 1
- Hamitonian as Casimir: H =5Lj— q(Lily + L1L1)
- Particular realization L y=m;  Lo=fmp+my,
: | | C(9)
(one out of many): Ly = s +2fms + A(6) — B(g)ms — =

i



SL(2,R)-symmetric Hamiltonians

- Algebra generators: {Ly,Lyig} =+Lyy, {L_y,Li} =2L,
L o 1., 1 1
- Hamitonian as Casimir: H = gLy — g(L1l-1 + L_1lL4)
- Particular realization Ly=mp L= frp+m,,
: C()
(one out of many): Li = Pory + 24 + A(6) — By — &
Ty

- Particle in curved geometry which is subjected to magnetic and
electric fields (nominally 2D but effectively 1D):

1 1 g = diag[l, B(s)],
H = ﬁ_lf,i"-'-'. ﬁg =+ Eﬂ‘rﬂ“ﬂ‘r - -’“1_|",| + & 4 — (0 -”jt':;l._'l'?'al \ & — Cla) __4,:‘[:.',;'_3'
A =\, Br{:‘:l s - .'-;I'.l-'::l.-I - -lB|: I:"-_l




SL(2,R)-symmetric Hamiltonians

- Algebra generators: {Lo,Ly } =Ly, [L_1,Li} = 2L,
- . 1, 1 1
- Hamitonian as Casimir: H = gLy — g(L1l-1 + L_1lL4)
- Particular realization L y=m;  Lo=fmp+my,
: , C(o)
(one out of many): L= firy +2fr0 + ) - Boyry - 2

- Particle in curved geometry which is subjected to magnetic and
electric fields (nominally 2D but effectively 1D):

g = diag[1, B(a)],

1 4. 0 1 .-
H = asi'mﬁé + E,ﬁ'”{ﬁf - -41’]3 + & A(g) o Ald)?
FA _-4_!- = |"{].. Blr{ajl .:I" 'I.-I-"' — :-.__I:_\.I::ll - _]:B|:|:III
- . . . . 1 i h i ._:,G E‘ ]_
- Further reduction (Liouville-like):  H = sm; + s77e™ —ae®n; + 5¢

—_ 2& 2



Liouvillian gquantum mechanics



Liouvillian gquantum mechanics

- Standard Liouville theory: H = l“_i +ue®  D.Bagrets, A Altland, A.Kamenev,
(@=r = u ~ J, b=c=0) - 1607.00694, 1702.08902



Liouvillian quantum mechanics

- Standard Liouville theory: H = l?l-i +ue®  D.Bagrets, AAltland, A.Kameney,
(@=r = u ~ J, b=c=0) e 1607.00694, 1702.08902

- Eigenstates (scattering only): oy ~ Kau(/z) = =2k €= (K2 4+1/4422)



Liouvillian quantum mechanics

- Standard Liouville theory: H = l?l-i +ue®  D.Bagrets, AAltland, A.Kameney,
(@=r = u ~ J, b=c=0) e 1607.00694, 1702.08902

- Eigenstates (scattering only): oy ~ Kau(/z) = =2k €= (K*+1/4+2%)

o : $(8/2)=so0 [ L@
- SYK partition function: z(3) = [ Dge d- ¥ =
#(—B/2)=¢0

g 1 9 , : I B 2 —Ewf
L =m0 —mﬂ'm—l-ﬂf{f —e? —_/ﬂ- dk|ie(oo)| e



Liouvillian quantum mechanics

- Standard Liouville theory: H = lri +pue®  D.Bagrets, AAltland, A.Kamenev,
(@=r = u ~ J, b=c=0) - 1607.00694, 1702.08902

- Eigenstates (scattering only): vy ~ Kau(y/z) 2 =24 & = (*+1/4+A%)

. . @8 /2)=gn (&)
- SYK partition function: Z(B) = [ D.:_m-‘f.- o) _
&

{—,ﬂfﬁ]::_i-n
1 5 _ fx{ﬂ_ " 2 —Ef
=M@ — ~— "—e = b (90)|"e
L B’ E‘lIT +mp(f —e®) . | |
- SYK density of states 1

(many-body) ple) = . ﬁ‘i‘ﬁﬁgfﬁ] ~ % sinh(27+/€)



Liouvillian quantum mechanics

D.Bagrets, A.Altland, A.Kameney,

ﬁi + pe® :
1607.00694, 1702.08902

1
H=-
2.

- Standard Liouville theory:

(@=r =4 ~ 1, b=c=0)
- Eigenstates (scattering only): oy ~ Kau(/z) = =2k €= (K2 4+1/4427)
- . @3 /2)=g0
- SYK partition function: Z(8) :f | Doe— . 1@ _
&(—B/2)=¢0

1 o o
— a2 4+ wp(f — e?) =./i; dk|uy ()| e F7

L=m¢" — 3371
- SYK density of states: o(e) = FEZ(B) ~ ¢ sinh(2m/E)
(many-body) 2mi Ja
_ 1 9[] oM wuN 3 .
- SYK free energy: F=-5hZ(f)=F-5 -~ +emp+aznh

(next O(T/J) order)



Liouvillian quantum mechanics

D.Bagrets, A.Altland, A.Kameney,

ﬁi + pe® :
1607.00694, 1702.08902

1
H=-
2.

- Standard Liouville theory:
(a=7rf =pn ~ J, bzczO)
- Eigenstates (scattering only): oy ~ Kau(/z) = =2k €= (K2 4+1/4427)

" . S8 /2)=g0
- SYK partition function: 7z :[ Dee J. L9) _
@(—83/2)1=¢0

1 < e s
.lil:.I + "Tf{fr — f.'m} = '[ {-{kh{:ﬁ:[m[]}lgﬁ_l'k”
0

L=md — 537
- SYK density of states: g g -
= e = Z(8) ~ ™ sinh( 2w
(many-body) Pl = 5 j; Z(B) ~ e sinh(2m/e)
1 Sy 2mM N 3
- SYK free energy: F=-ZZ()=E-5-—5—+ ;ffﬁ, +57InBJ
(next O(T/J) order) * *
] _ < Gy(m,m2) ... Gp(Top-1,T2p) ==
- Higher order functions P A(b(ra_1)+(m))
(e.g., OTOC) [ 2 e e



Sick SYK cousin: Morse potential



Sick SYK cousin: Morse potential

. . 1 .
- Hamiltonian: 1= ;2 + gﬁgzdﬂ _ aebn; 4 %.—: DVK 1905.04381



Sick SYK cousin: Morse potential

: . 1 .
- Hamiltonian: & = 5% + %ﬁgzdﬂ _ae®ns + %C DVK 1905.04381

- Quantization: [_% + A2(e2® — 2ePsgnp) )y = (e — A1)



Sick SYK cousin: Morse potential

- Hamiltonian: H= ; 4 ;ﬂ};?é ae®mw; + %.: DVK 1905.04381

- Quantization: [_% +A2(e2 — 6P sgnp))ib = (e — A2

- Eigenstates: Vg ~ e Wy l(2) r=Ne? e = —(n— A+ 1/2)?
(incl. bound) b (2) m Ani 22ty A=pE=0(8])> 1

2~ pB/M



Sick SYK cousin: Morse potential

I i h 1
- Hamiltonian: H = omy + 5mpe’® —aelmp + oo DVK 1905.04381
. . 2 _

- Quantlzat|on [_;}? + Agfgg‘i" — Eﬂ‘:',ggn#}}gl._"? = {.;:_ — ,}.2}1-_',

- Eigenstates: g ~ e PPW (2) r=Nef e = —(n—A+1/2)
(incl. bound) b (2) ~o 1220 ) A=puB=0(3J)> 1

Q~ pf /M
- Gaussian approximation: g — 1; (W2 + Q2 + Tl )| 6,2

(including 'dissipative' term)



Sick SYK cousin: Morse potential

- Hamiltonian: H= ;ﬂg + gﬁpﬁ ae®m; + %.: DVK 1905.04381
. . ] 32 o _ .
- Quantization: (~5m + A2(e2¢ _ 2ePsgnp) ) = (e — A2))
- Eigenstates: Vg ~ e Wy l(2) v = D)0 en = —(n— A4 1/2)
(incl. bound) P (2) ~ PAT1/2-2/2 22201 ) A=pf=0(aJ) > 1

Q~ pf /M

- Gaussian approximation:  5g_ M qmj’;‘ +02 4+ Tl ) |62
(including 'dissipative' term) 2
- Partition function: £ _1, ANV e rl“”l

N F" Z n+ )

0
L9 %111.;1 _eiry Ly

J
9 or )



Sick SYK cousin: Morse potential

: . 1 h 1
- Hamiltonian: H = 3 g - Eﬂ?e’*gd’ ae’m; + €
. . o2

- Eigenstates:

(incl. bound)
Yn(

- Gaussian approximation:

(including 'dissipative' term)

- Partition function:

- Density of states:

.I'II-:_IE[' g _"-_-':'I-'I.EI_-L.'-:II.'.E*: [.E-;l

AR

r=2e?

.‘I.—ﬂ—]l.-’i—:."'ELE’J'L—?n—] {,’}
T -

M

a5 =
2

'Iwﬁ + 0% + Tlwy|) |65

1 Wmaz

Z In(1 4+

n=1

Flwl
2 4 ﬂi’

F][

o—A0
T
_|_ 2

J
)

1
—Q(n + EH ~ M

DVK 1905.04381

—(n— X+ 1/2)?

A=pB=0(8])> 1

Q~ puf/M

)
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- Energy-stress: T(t) = M(f" — (2x/B)f") DVK 1905.04381
e* /P (wh — (2m/5)%)wr
- Correlation: < T(T)T(0) >=M 2 T OZ 4 T

~ Mmaz[1/3, 0] sin Qre T7/2

2
< (dE)? >= 55_,3? InZ(3) ~ Mmazx[1/3* Q7

- Energy fluctuations;
Qe pupd /M



Schwarzian correlations: Liouville vs Morse

- Energy-stress: T(r) = M(f" — (2x/8)%f") DVK 1905.04381
: | e* /P (wy — (2m/B)*)wp
- Correlation: <T(r)T(0) >=M 2T+ T)w,

TL

~ Mmaz[1/3, 0] sin Qre T7/2

: . o2
* Q~ pB/M
: : ; 1
- Long-time universal: < ¢ (r.m) >= Y e TTNE,) ~ 1T, M <1< N

behavior ( q = 2)
< Gplm1,m2)Gp(Ta,74) = 1_;';'1 cf. 1/t3/2 and 1/t6



Schwarzian correlations: Liouville vs Morse

- Energy-stress: T(t)= M(f" — (2x/8)*f") DVK 1905.04381
_ | 2 /B (Wl — (27/B)%)w?
- Correlation: <T(M)T(0) >= -'”%: BT,
~ Mmaz([1/8%, 0% sin Qre ' 7/?
: . o2
- Energy fluctuations: < (JE)? == % InZ(3) ~ Mmazx[1/3* Q7
* Q~ pB/M

. . _ . 1

- Long-time universal: < cy(r,m) >= Y e TNYE) ~ 1, M <1< 5

behavior ( q = 2)
< Gplm1,m2)Gp(Ta,74) = 1_;';'1 cf. 1/t3/2 and 1/t6

- Lyapunov exponents: = Gfg;;?;;‘ﬁg“ Z =1 0( )

Liouville ), —or/511 - 0(1/8.)

2w

~(1-0(a))

[
L

5
a4

Morse AL
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-JT gravity:  Inledl=—- [ ere2ida- o [ axa R=-2
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- JT gravity: Iyilg, ] = — f (R+2)ygds — o oK R=-2

- Boundary dynamics only: fl=e?

- 'Particle in magnetic field' problem effectlvely 1D, too):

B 1 L i
f[X]:jD dr (§9a3X X? —qwaX ) A Kitaev and J.Suh,

1711.08467, 1808.07032

G(z1,z0; B) = X(O)=s0 DX e X,
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Bulk theory: JT gravity and beyond

1

- JT gravity: Iyrlg. @] = —i[ (R+2)ygde— o | K R=-2

- Boundary dynamics only: fl=e?

- 'Particle in magnetic field' problem (effectlvely 1D, too):

B 1 L i
TiX] 5/0 ar (igﬂﬁx X7 =X ) A Kitaev and J.Suh,
1711.08467, 1808.07032
G(x1,m0; ) = X(0)= DX e~ 1],
X(8)= x?

- New reparametrization non-invariant terms:

(conjecture)
5:[ {Rclv+t-"(cm‘.l~..f§+ff{¢= ?



Bulk theory: JT gravity and beyond

- JT gravity: I1[g, ®] = —i[ (R+2)yGdPs— i oK

- Boundary dynamics only: f = e?

- 'Particle in magnetic field' problem (effectlvely 1D, too):

B 1 L )
TiX] 5/0 ar (igﬂﬁx X7 =X ) A Kitaev and J.Suh,
1711.08467, 1808.07032
G(z1,70; 3) = X(0)= DX ™1,
X(B)=c1

- New reparametrization non-invariant terms:

(conjecture)
5:[ *.;I?clv—t-"{tb‘_lhfﬁ-l—[f{fb ?

- Other equivalent AdS_3 sections?

o .2 1
& F+3

r_—. I —
boag? costd

+ 2Amtan )y = {mz — }.2]1
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Seeking to develop global SYK-ness

- SYK: Ultra-local physics, z= « Kondo systems? Cuprates??

Generically: z < «

- doped (no particle-hole symmetry): charge fluctuations
- supersymmetric
- coupled e,

J— m —

_ S.Banerjee and
Y.Gu, X.-L.Qi, and D.Stanford, E.Altman, 1610.04619

() 1609.07832

¥ ’ o

S.-K.Jian and H.Yao, 1703.02051 :.1.'——%:;' X.Chen et al, 1705.03406
.-

@,
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Seeking to develop global SYK-ness

- SYK: Ultra-local physics, z= « Kondo systems? Cuprates??

Generically: z < «

- doped (no particle-hole symmetry): charge fluctuations
- supersymmetric
- coupled e — .

_ : m, —

S.Banerjee and
Y.Gu, X.-L.Qi, and D.Stanford, E.Altman, 1610.04619

> oo o0
S.-K.Jian and H.Yao, 1703.02051 %t gee XChenetal 170503405
o

I

- Diffusive energy transport, hydrodynéwmic universal bound

D~v? bt L (Sachdev, Hartnoll, Lucas,...)

sgnT

- Despite (postulated) single-particle ultra-locality:  Gii(7) ~ I'rlm%
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Thickening and sickening the SYK model

DVK, 1705.03956,1805.00870

L N
S=> D Xy —i?? Z A O
i 8]

Time-dependent and/or non-IocaI disorder correlations:

-'_':“ .'_'? Ft' coig q("}" }(q‘— ]_)' o
< T () () = et 2 Hc- aBa

11...1q Nq, 1

- standard SYK on NL sites: -
Fyiogiea(n2) 2 T 1la O

- L copies of N-site SYK: Firiivoin(ma) = T 6 1 i,



Thickening and sickening the SYK model

DVK, 1705.03956,1805.00870

L N
S=Y > X0 xF - D IS X
i ('}

ta,(Xa

Time-dependent and/or non-local disorder correlations:

B1...53 Fi o igire.ig(T12)(q — 1)! o
< J::f”i?q(,rljj_ll “_:(TE) e 1.--igJ1, ;{rq i? Hd aBa

- standard SYK on NL sites: -
Fyiogiea(n2) 2 T 1la O

- L copies of N-site SYK: Firiivoin(ma) = T 6 1 i,

- Algebraic space and/or time correlations: . —2a
ij (1) ~ 7T

g—1

2 Ry
Fy igineda(T12) = JZ 5 (T12) 1] 61,653, Tiz (1) ~ i — 3|72~
’ 2 2 205 12y
O Ji(r) ~ (17 +-a®li— %)~
) '.;__"—'.u'_.
(. X % )
® : 'T‘!' b
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Mean-field analysis
DVK, 1705.03956,1805.00870
- Partition function: y_ /DGQ(T)DZQ(T}PH& )

1
exp NZ/ zJ(TIQ ij T12) - EJ 1_3(T12)G33(T12))

T1,T2

- Saddle-point equation: Z [ (810, 8(T13) — iy (T13)) Gk (T32) = 6i(T12)

%5 (T12) = J5(T12) G (T12)

- Asymptotic IR regime: / Giro (T13) 2, (T32)GI-} (T32) = 6(712)8(x12)



Mean-field analysis
DVK, 1705.03956,1805.00870
- Partition function: y_ /DC‘-J- (DS (1) PF (D — %)

1
exp(N Z/ Gij(T12)X45(T12) — EJ 13(7_12)@33(7_&})

T1,T2

- Saddle-point equation: Z/ (810, 8(T13) — iy (T13)) Gk (T32) = 6i(T12)

2ij(T12) = Jij{TJE)G?j_l (T12)

- Asymptotic IR regime: / Gira(T13)J2,, (732) G2 (732) = 8(712)8(x12)

- Scaling-invariant IR behavior for:

v | By

(q—2)+2[J]—2<0

z= « or q=2: holds for any [J]<1
z=1 and g>2: only for d=1 and [J]=0
Generic z>1, g>2, d>0 : [J]<O0 (non-unitary?)
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Mean-field solutions

DVK, 1705.03956,1805.00870

sgnT

- Ultra-local (original SYK): G;;(7) ~ Wa—j (Hartree-type
contractions)



Mean-field solutions

DVK, 1705.03956,1805.00870

sqnT

- Ultra-local (original SYK): G;;(1) ; (Hartree-type contractions)

- Factorizable: JE(7) ~ 720 [ 28
1 _
G(T'- X) -~ f_gz‘i_ |X|2‘£"I A = (1 T ﬂ)/'/q A, = {d o j}flfq

G(LJJ: k) ~ |M|E&T_1k2&1_d



Mean-field solutions

DVK, 1705.03956,1805.00870

sgnt
L

- Ultra-local (original SYK): G;;(1) é;; (Hartree-type contractions)

- Factorizable: JE(7) ~ 720 [ 28

G(r,x) ~ 29T _1 A, =(l—a)lg A= (d—B)/q

728 |x|2Az

G(LJJ: k) ~ |M|E&T_1k2&1_d

- Lorentz-invariant: JZ(T) ~ (T2 +a?|i—j|?)

sSgNT

(72 +x2)3 A=(D-7)/q
Glw. k) ~ (i#'g + k2)A-P/2 D=d+1

G(T,%X) ~

(bosonic case: Patashinsky, Pokrovsky '64)
- Other?
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Fluctuations about mean-field

DVK, 1705.03956
- Reparametrization invariance (for o=f=y=0 only):

G(x1,x2) — |g(z1)g(x2)|P/2IG(f(z1), f(22)) g = |detd f* /0x" |
uv=1,.., D=d+1



Fluctuations about mean-field

DVK, 1705.03956
- Reparametrization invariance (for o=B=y=0 only):

G(xy,22) — |g(x1)g(x2)|P/?IG(f(x1), f(22)) g = |detof* /0x”[*
uv=1,.., D=d+1

- Original SYK (d=0): Schwarzian g — %L (f. 2} — /(f”’ _ _(f”

N 2 2
-Generalized SYK (d>0): 05(f) =% _/k{knf“) (Cew + w? /) K|
non-local action ¢ = 0fa) +0(9

-Stress-energy correlations:

no diffusive pole iw|k|*(C + iw/J)>

< Tgv(wa k)T#V[;_w" _k} = C + {?-“.4.—‘ + -Dek?}/fj




2-body problem

DVK, 1705.03956
- Fluctuations:  ( =G,+q|G,|2~9/2 ¥ =% ,+0|G,|a2)/2

- qg—1 2 012K 1234034
55 . — _._"\' / i _ F —_
(g.0) (912012 5 F12912 5(a — 17 )
Nig—1 - P
(q‘) ) /Qiz{fffgfm — li3124F12)g34

= . . - ) ) | e 3 1 3 51 3
- Quadratic kernel: «., ., — (4 - 1)G15G21|Gas]72 SRS T I T L I

0S(g) =

- Diagonalization: |  Kiza:FuWai(hlw. 1) = A (w. ) Wiz (hlw. k)

L e |

- Eigenstates (Spin-zero): w,,(hlw, k) ~ |zt 22 eiku (el +25)/2

- Eigenvalue equation: z'lh __ / QD _ A= An(0,0)
(Lorentz-invariant) T12 ra,za T3 T3T T34
(1 (2= AR — AT + A+ 5)r(a - )

T(—Z2 - AT(AT(D—A—BET(LZ A1 E)

- L DD —ATR —AT(—2+A+5T(A—4) _
Bosonic SYK: =) D AV AT (D — A= B2 — At ) = !

No solutions for h=2, D or D+1 (stress-energy operator)
Prospective dual is not dominated by gravity?



OTOC functions and chaos
DVK, 1705.03956

- Generic 2-body amplitude: 7, 5, —< & (71)x” (72)x7 (T3)x{ (1) >

-Expansion over eigenstates: ., - — 1 o Z '1”21 - Wy | FO =
) 1— K -

fi-z.34 = G13Go — G14Ga3

Eik(xl +x9)/2—nTh(T+72)

cosh(mT'r2)287 —h|x; — xp[28z—h

- Finite temperature basis: v, ~

- OTOC functions: F(1,x) =< ux(T)uxh (0)ux@(t)uxh(0) > i = E’_H AT

(Larkin and Ovchinnikov '69),

: 1 ) .
-Chaos spreading:  F(r.x) ~ 1 — e (m /v

) . . B (3 —-2A)T(2A, —h)
Lyapunov m_dex. AL = —2mhT where h solves T(1+2A)T(2 —2A, —h)
(ladder equation)

- Original SYK (d=0): h = -1 (maximal chaos)
-Ford >0 and/orea, B,y #0: h>-1(no chaotic bound saturation)
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- Resonant SYK model in momentum space

Hk - /E :Ekcl:acka'-‘
JIl T,

1
: K (kas ki) = Kol(ka, ki) 5 [K,‘l[kﬂ)ﬁ(e;ﬁ + €y — €ny — €y)
o § r i ]
HL’ - (2;"{)3;2 [k Lﬂa (kﬂ)cklal Ckgag ck;]cz;;Ck.;Ct.;

A. Patel and S.Sachdev, 1906.03265



New horizons

- Resonant SYK model in momentum space

Hk - /E :Ekcl:czckc:'-‘
JE T

1 T i T
H[’r = W Z [k L"Qa (ka)cklc:l Ck-}&-} ckgcxgck,;r_‘z,;

- Universal linear resistivity:

1
K (kas ki) = Kol(ka, ki) 5 [;‘Cl(ka)d"(e;ﬁ + €y — €ny — €y)

A. Patel and S.Sachdev, 1906.03265

m”™

1 kT
— =«

T h

) =

™

[

I

ne

SYK =1



New horizons

- Resonant SYK model in momentum space

Hk - /E :Ekcl:czckc:'-‘
JE T

1
: K (kas ki) = Kol(ka, ki) 5 [;‘Cl(ka)d"(eh + €y — €ny — €y)
L T i T
HU - W Z [k Llﬂa (ka)cklal Ckg&g ckgcrgck,;r_‘z,;

A. Patel and S.Sachdev, 1906.03265

m* 1 1 kT
- Universal linear resistivity: P=rar ot "k
TLE [
Materil (1072) (::) (31.% h ifff;ﬂ ’ SYK =1
Bi2212 p=023 6.8 84=x16 80+09 | T4+x14 Q1103
Bi2201 p~04 3.5 Tx15 8§x2 82 10x04
LSCO p=026 7.8 98+17 82+10 | 8918 g09+03
Nd-LSCO| p=024 79 124 7408 | 1063740704
PCCO x=017 8.8 24+01 1703 | 2101 J08+02 SSachdeV’ Montreal’ July '1 9
LCCO x=0.15 9.0 3003 | 30045 | 26003 §12+03
TMTSF | P =11 kbar 14 1.15+02 | 28+03 | 2804 1003
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Summary

The status of the holographic conjecture (especially in its broad, non-AdS/non-CFT',
form) still remains largely undetermined.

The popular 'bottom-up' approach is prone to substituting some forms of 'analogue
holography' for the ‘bona fide’ one. Apparent examples of the former could indeed be
observed in various tangible systems (flexible graphene, optical metamaterials, etc.) but
regardless of the validity of the holographic conjecture itself.

While not providing water-proof examples of genuine holographic
correspondence, the d=0 SYK-like models offer an important insight into the
properties of a whole sequence of the SL(2,R)-symmetric QM systems and their
JT-like (effectively 1D) 'bulk' duals.

Higher-dimensional ‘thickening' tends to ‘sicken” the salient SYK behavior.
Still, the d>0 - dimensional SYK-like models can be viewed as interesting
examples of soluble (super)strongly-interacting many-body systems with
markedly NFL properties.
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