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Introduction
1. SYK

2. SM/Non-Fermi Liquid




SYK model: one of driving power of string theory of last 2 decades, hence a Juke box
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O-dim all to all

SYK model<-> JT: Holographic dual,

originally model for Strage metal , it recall BH, WH, Hawking, Coleman



Strange Metal

Main interest: expected to be the essence
of High Tc SC by being its Normal state.

References
e PW Anderson, Phys. Rev. Lett. 67 (1991) 2092.
PW. Anderson, Physics Today 66 (2013) 9.

e Phenomena:

i) momentum is dissipated Strangely Fast: 1/7 ~ T,
ii) T_cis high.

e Exp: Universal behavior of strongly correlated metal.

e Theory: has been Difficult in writing a QFT model
for 3 decades.
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Brief History of SYK model

« SY model : H = qu]ySz Sis random Heisenberg model.

Situation of the time: hot issue: ngh Tc SC; P. Anderson: Normal state of RVB: = massless spin liquid
Motive: possibility of non-fermi liquid (=strange metal=metal without quasi-particle)?

. Main result: gapless spectrum. y(w, T) ~ T*f(w/T) ,T ~ T -> QC behavior,
non-Fermi: (Similar to Holography)

» Why disorder?
) frustration ~ disorder. But ....
i) Make the model solvable in large N.

» Not very popular before Kitaev:
1) Random coupling is too artificial, why connected to ....entanglement.
i) Spin no fermion
iif) O-d no transport.

. Kitaev(2015): 1) Fermonize by S; ~ oijk]?fk, ii) OTOC 4point function ~ e* ~ Chaos
SYK model ~ BH : holographic realization ( still no transport)
» Dual gravity ~ JT gravity, wormhole. Randomness~Qm gravity



SYK : all to all int.
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Hint: if 1,j,k =discretized spacetime,
then all to all means O-dim.
SM and H-Tc is reasonable!

e No Calulability for transport.

e But conceptually it explain everything: SM as well as high Tc SC.

e SYK: all to all int is postulated. If this is essence, how to derive it?

i.e, How non-local all-to-all interaction can be generated out of local field theory.
ANS: Disorder=> non-locality+ WH



A QFT model for Linear Resistivity

2023.Aug. Patel and Sachdev et.al, wrote 2+1 model based on SYK model.
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Yukawa-SYK in 2+1 dim. p=po+ AT

<L = 33 + & g + Z iy (t, x) + 2 v (OW;

{ (gi(r)) =0 ijk [ -

Gaussian weight

<g:jl(r)gi’j’l’(r,)> — 925ii'jj'u'5(r — I")

p = po + AT | Resistivity linear in T at Low tem.
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previous works:

Yili Wang, XianHui Ge, YK Han + SJS

1. Yili Wang, Xian-Hui Ge, and S. Sin, arXiv: 2406.11170

2. Yili Wang, Young-Kwon Han, Xian-Hui Ge, and S. Sin, arXiv: 2501.07792
3. Most general strange metal model. (2507.09442)

4. ER=EPR and strange metal from quantum entanglement. ( 2503.19431 )

1 How unique is the spatially random disorder mechanism?
Apart from Yukawa-SYK, & Vector-SYK also works gy,  a,po .

Conjecture: any minimal tensor model will work. B, wd,, w (if cubic, it works).
2 Does not work in 3+1 => CuO, plane is important.

3. No T? inverse Hall angle behavior
4. Non-cubic interactions are irrelevant.
Why universal?

(a,a,) ~ (p¢p), 0, ~ kg, do not scale in the presence of FS


https://arxiv.org/abs/2507.09442
https://arxiv.org/abs/2503.19431

Q:Physical mechanism of linear T? Very hard to read off from calculation!

residual
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resistivity

i(wh + Qm)

i(ah + Q) oo W =T, for gijk(x)

e v .. '1HR . N ~ T2a fOl’ 8, Or gijk
‘”‘ } =0, for g;(x)

In the presence of local disorder
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Summary of various model(Yili Wang+SJS, arXiv: 2406.11170)
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Knowing the answer is one thing, understanding why is another.
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Observation I: All to all int. out of local Action

L =L+ L+ gu@unt.x) + Y v
ijk i

This is local theory for each fixed g. But the first term in g is zero, because
F=T%+T,+0,+...,

Uy i = <deg(x)@,-n,(x)>g =0. from <g>=0

The leading orderisn=2. T, = dedtldydt2<g(x)g(y))g<@im(x, 10y, 1))

It contains wormholes=> Spatially all to all.

Why? T, = dedwxy?(x — ). with G(x —y) = [ [ Gix = ). 7, = (g@)g(»))

=> Naturality of all to all



Observation Il: Disorder brings us wormhole effect
a short cut for interaction in spacetime

In the presence of local disorder

O—g 7

<g;<jl(r)gi’j’l’(r’)> — 925ii’jj’ll’5(r — I")

e gaussian disorder o
—> effect of wormhole  Gravitational Wormhole

e by ER=EPR in terms of QFT?
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More on QFT wormhole (1)

Coleman’s wormhole:
The result of wormhole gas (like instanton gas)

l

S = deldxzﬁ(xl)C(xl,xz)@(xz) — localize by Hubbard Stratonovich

Our case is a special case where C(x;,x,) = 0(r; — 1), x = (1, 1)
He reverse engineered by taking special case C=2a = constant.

S, — —a®— Zade@(x), Our coupling g is Coleman’s a.

This process can be done for any (local, random) coupling.
=> wormholes introduces the disorder!
=> for each fixed g, there is a baby universe in QG or sample in CM. See figure ....



Wormholes: Disorder vs MFT: g, g(r) ; g(r,t)

JD[g]P(g)e‘g Jowdx = W

_—

(g (r)gijw (x")) = g°8iirjyud(xr — 1)

makes the wormhole to have O-length,

If g =const. W= ” Ox)O(y)dxdy  Fuzzy WH

Xy

If g(r,t) => | O(r,t)O(r, t)drdt MFT

/ If g(r) => J dtdt’J@(r, HO(r, t)dr WH
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More on QFT wormhole (ll)

| = dypy (1, X)
F — <10g Z dis — Z/ ngjk Xa zgk Xa <

n=0"v *¥1- X” a=1 \ \
n=2:<g(x)g(y)> (pwyw (xX)pywy(y))

Later First Connected

Effect of Wormhole

\

I, = ﬂdxdyyxy?(x —y),with G(x —y) = H G,(x — ), and Yiy = (8g(0)g(y))

17

(r2, ) < g(ra)g(ry) > (ry,ty) ) =

<g;jl(r)gz”j’l’ (1")> = 9251'7:'3']"11'5(1' — I")



More on QFT wormhole (lll)

I, = J[dxdyyxy?(x —y),with €(x —y) = H Gi(x —y),and 7,,, = (g(X)8())

1) }/xy ?é 5()6 - y), Fz = Vol - J'dzg(z)#inite, the averaged value of ?(z) = yxysg(x —y),
z=(x+y)/2, r=|x-y|; Assume V is large but finite. €(z) has causal suppressions like £(z) ~ e /1.

2)Butify,, =6(x —y); I, =Vol-Z(0) > Vol- |dz€(z): <= detailed evaluation. (See table).
Xy 2

€(0) = Hdtdt’?(t — t';0) is independent of r=x-y.

Z*(0)

Vol

<*((0 <%0
(©) . propagation amplitude Z(x — y) = ©
Vo Vol

r=|x-y]|.

I'y ="Vol- sz = dedy =r-indep,

=> the enhancement due to the contact interaction between the two points x and y.
-> Def. Of QFT WormHole 18



With Wormhole vs without WH = g vs g, ()

scattering type resistivity
vij (1)) ~ Po
vz’jw;f (I no contribution
wpTpTyh+impurities ~ po + AT? Textbook
gty TAT3 absence  « [Nl naSO | e e rev 5 108 2002 15
Gk it A3 absence | hgsciess ramas s
ik + vij(P)l; | ~ po + AT + BT? |+
Giji(T) Pt [Py, ~ T
G (1) St Ly, + vy (r)bl; ~po+ AT |
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Summary: QFT-WormHole: distance independence of int. amp.

Without WH Causal

suppression!

In many body:
m->1/L, L~MFP

With WH




Universality of Wormhole and its relevance to Strange metal

The wormhole exists in any model with disorder, not just minimal Yukawa-SYK model.
The T-scaling depends on the details of WH.
Then, why wormhole is the mechanism of strange metal?

ANS: need to allow all possible interaction term g,(xX)ywy, g (X)wdy, gs(x)(wdw)>, -
unless forbidden by a symmetry.
The first two terms give p, and al respectively.

All others are irrelevant in low temperature.
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Mean field th. vs Disorder theory in annealed pic.

Mean field : S;,, = Jd%[%(Vg(x))z +g(x)0(x)],

Now integrate out V first: Then we get; g(x) = V20.

1 1 O(x)O
Sefr = EJ J O(xX) V72(x, y)O(y) = EJd%’ |(;Cz x(’)IC) :
xJy

1y/2
On the other hand, ensemble average with gaussian e 2V , S = JgO,

1, 1 , 1
Then, J[—Eg + g0]dx = de[—z(g(x) -0+ EOO]

1 1
= Sefp = EJO(x)O(x)dx = B dedyé(x —y)OXx)O(y)

That is, the propagator for gaussian weight as kinetic term is delta function.

<g>=0, <g(x)g(y)>= o6(x — y) There is a Wormhole structure in the field theory.
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Hubbard-Stratonovich vs Disorder

Hubbard-Stratonovich : g(x, 1)
Sefr = dejdt@z(x, 1), a local field theory.

€

Disorder theory : g(x)
Seff = dejdtldtzﬁ(x, t;)O(x,1,), non-local in time.

This difference makes different scaling behavior of
resistivity.
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Wormholes: Disorder vs MFT: g, g(r) ; g(r,t)

JD[g]P(g)e‘g Jowdx = W

_—

(g (r)gijw (x")) = g°8iirjyud(xr — 1)

makes the wormhole to have O-length,

If g =const. W= ” Ox)O(y)dxdy  Fuzzy WH

Xy

If g(r,t) => | O(r,t)O(r, t)drdt MFT

/ If g(r) => J dtdt’J@(r, HO(r, t)dr WH
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Observation lll: Quenched vs Annealed ER vs EPR

If Q=A ER=EPR

W, = [ DlalPlg) ([ Dwleseloot) | = (log 2),,

=> Wormhole effect

Wa:ln< / D[V] / D[g]P[g]e_Stot[g’w"b]) = 10g(Z) 4;s

=> Entanglement

Claim: In large N , Quenched=Annealed
=> analogue of ER=EPR



Annealed => EPR
H,,,(x) = g(x)* + g(x) de@(x, 1) = [g(x) +4dO(x, 1)]* - Hdﬁdfz@(?@ 1)0(x, 1) We can Integrate out disorder!

9 N
g
Sint = —W/dTldT °r Z ¢l¢b(r771)¢c(r77'1) vertex gives Entanglement!
a,b,c=1
Xy tba (T, 72) b7, 7). (8

Only one p conservation for two vertex

) = [dp\/P(p)lp,~p), with [dpP(p) = 1.

In annealed pic,3 particles (71, 7) QJ .

disappear at r,t with p, and =2 We.W'” show

reappear with the same p If we interpret LHS (Annealed)

at the same r but at different time. V><TM> in quenched pic, itis ER
FEPR °°




ER (Wormhole) vs EPR

(71, 1) ‘:QJ (7o, 17) (11,1)
V>g(;";f><v
(7_27 I‘)

ER
EPR
3 particle disappear at r,t with p, 3 particle disappear at r,t and reappear at
and reappear at the same r and same p r’,t’ through wormhole.
but at different time. It does not matter what is r-r’.

e 1. Quenched = Anealed in large N limit: -> 1-1 in diagram.
<=> ER=EPR
It can Imply the equivalence of the entanglement and disorder, justifying SY.
« 2. the origin of the Planckian Dissipation.
(Because this Is the mechanism of long range p delivery.y



ER=EPR

For any diagram containing the FT wormhole in quenched picture,
there is a corresponding diagram in effective theory of the Annealed picture

(T2, T2)

Also, Any process that gives entanglement can be interpreted as wormhole.
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Impurity Density and spatially random disorder

d = interparticle distance, 1 = correlation length = Size of wave function of

single impurity
Case 1.d > A Case2.d < A

subSystem

Q Q Q 81 8 )
‘o0l %|%

System: O = Py
can divide the sample into no division possible
independent subsystems, Not an ensemble.
=> System= ensemble of subsystem. g(x)
Constant g Closed system: No information loss

Open system: information leaks Very similar to Kondo-condensation



wormhole and information loss: g vs g(x) ?

g — Fuzzy wormhole

81 mekomee. 2

System

Open system: information leaks

sample = Each box,
Mixed: sum of independent many,

g(x) — wormhole

81 82

System include both

Closed system: No information loss
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Conclusion:

1. The origin of the spatial all-to-all of SYK!

2. Qm gravity vs Disorder:
Quenched = Annealed <=> ER=EPR

3. Weak interaction +disorder => long range interaction by WH.
Not just mechanism of Strange metal but also of High Tc
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Thank you



Part Il

Distribution of dark matter :

From Liouville theorem to fuzzy dark matter.

arxiv.org/hep-ph/9205208 :
Galactic halo as bose liquid
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Sikivie conjecture: Ripples in rotation curve

300 r
NGC2998
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Created by Viktor Ostrovsky
from Noun Project

Calculating the distribution is non-trivial.
Analytically formidable.

Liouville theorem : A spiral by the gravitational pulling

Give up to classically refine the result!
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Quantum mechanics
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Quantum
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Quantum physics can make it easier

Manybody distribution from one particle’s wave function?

Yes, if DM is in BEC.

2

p=MO|l//|2, V2V = 4zp, ihoy = [§—+V]l//
m

T

. B2 /
=> hop) = ~—A*p + GmM, dr'—l- dr'4nr"? |2 - p(r
2m r'2 ¥(r)
0 \
Yy

My idea turns out to be a special case of mean field theory, one particle theory. (non-int.)

0



® Similar to the hydrogen atom wave function.

o Y — P = Moll//|2 => ripple!

| NP I IR B BT B
0 10 20 30 40 50 6
d) comparing with observation; NGC2998 kpc
ii(0)=.2, M(dark)=8.736,M(vi)=.3981, a=.007

ripple wavelength and the rotation velocity,
m = 33107V, and My = 0.69 - 10"? M.
pe = 1/4m|dbo[*(Mo/r3) = 1.08 - 10"2g/cm?.

To simple to be wrong! What is it? But how they are created?



Thank you, again!



