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Many-body localization

many-body interacting systems — Eigenstate Thermalization Hypothesis
(local properties “thermalize” even for closed systems)

@ MBL - robust counterexample
@ memory about the initial state in time evolution

@ eigenstates have area-law entanglement: System = A + B;
Sent(t) = —=Trpalnpa  pa = Trep

@ slow logarithmic entanglement growth for initial separable state

@ integrability - existence of LIOMs (Ibits), Poisson levels spacing,
5n — Ep+1 — Ena

@ adjacent gap ratio r, = min[dn41,0n]/ Max[dn11, O], for Poisson
r=2In2—-1~0.385
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Personal historical perspective - 1

@ RMT E.P. Wigner, 1955 (but J. Wishart 1928 !)
@ P.W. Anderson 1958

@ L.V. Gornyi, A.D. Mirlin, D.G. Polyakov (2005); D.M. Basko, I.L. Aleiner, B. L.
Altschuler (2006)

. many mainly numerical studies...

@ J.Z. Imbrie 2016 " We prove that many-body localization follows from a physically
reasonable assumption .. "

@ F. Weiner, F. Evers, and S. Bera, Slow dynamics and strong finite-size effects in
many-body localization with random and quasi-periodic potential (2019)
1904.06928

@ J. Suntajs, J. Bonca, T. Prosen, & L. Vidmar, Quantum chaos challenges
many-body localization (2020) 1905.06345
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Personal historical perspective - 2

@ D. Sels & A. Polkovnikov, A. Morningstar et al.,P. Sierant & J. Z.

@ W. De Roeck, L. Giacomin, F. Huveneers, and O. Prosniak, Absence of Normal
Heat Conduction in Strongly Disordered Interacting Quantum Chains 2408.04338

"We prove that in strongly disordered, interacting, quantum chains, the conductance of
a chain of length L vanishes faster than 1/L. This means that transport is anomalous in
such chains. This phenomenon was first claimed in BAA06, GMPO05 and a pioneering
treatment appeared in Imbriel6.”

But in p.2 " The current paper does not rule out nor confirm the existence of MBL."

so where do we stand 7
g = 1/(disorder strength)

N

summary: P.Sierant, M. Lewenstein, A. Scardicchio, L. Vidmar, J.Z. , Many-Body Localization in the Age of Classical

Computing, Rep. Prog. Phys. 88, 026502 (2025).
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Theory: spectral - e.g. Gap ratio

Standard model of MBL — disordered
XXX spin chain

An universal measure: “gap ratio”:

. P e
n = m'n{6n+17 5"]’/ max{5n+17 6"}! = =

where 6, = E, — E,_1 H=1J E Si-Sip1+ E hiS?,
Dimensionless! i=1 i=1

random h; € [-W, W]

5 0 -2 0
W (W = We)K
GOE like — Poisson like crossover: W; ~ 3.7, v &~ 0.9 (breaking Harris bound)

Typical BS result
Oganesyan and Huse 2007; D.J. Luitz, et al. 2015, J. Piotr Sierant, JZ 2018-20
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Quantum chaos challenges MBL- drifts

Typical drifts: W* « a/L+ W,

SEa) (71— J> model] TN [ = model)
LOg ZZ 3 R s
: T
— 0.08 , 0.08
S RS
~ 2 ~—
— 2 —
3
0.04 0.04

R S RIS (S
i

37 0.00

Extrapolation to L — oo based on fits - no free parameter. L = 50 needed

Piotr Sierant, Maciej Lewenstein, J.Z. Phys. Rev. Lett. 125 156601 (2020)

Kuba Zakrzewski (UJ)

Quantum Sun and its extensions as models fc

Stockholm,




Physical picture:Avalanche scenario

How a chaotic grain affects a localized system due to interactions? Theory

Flomvie = DR+ D FE A+ 30 S
i i<j i<j<k

L L
H=Hg+ Y h#f+> Jiog@r7
i i

i

hi €[l —W,14+ W]; J; = ge~li-11/¢

W. de Roeck and F. Huveneers, Phys. Rev. B95, 155129 (2017)
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Physical picture:Avalanche scenario 2

How a chaotic grain affects a localized system due to interactions? Model study

R - random 3x3 GOE matrix

oa,;:l/\/i

D. Luitz, W. de Roeck, and F. Huveneers, Phys. Rev. Lett. 111, 160502 (2017)
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Diggression — Spectral form factor analysis

Different approach... 1 P
)= 3 ([ et )
J

(Heisenberg chain data)

100-
C
k 10—1 J
104 10 102 _ 107 10° 10!
Thouless time < Heisenberg time — ergodic q‘/‘\

Thouless time > Heisenberg time — localized

analysis introduced by J. §untajs, J. Bonéa, T. Prosen, and L. Vidmar Phys. Rev. E 102, 062144 (2020)
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0-dim Quantum Sun model

L L
A=R®1+Y a%53 5+ h
j=1 j=1
R - N x N GOE matrix, Rc - N x N random U(1) matrix
random u; € [j — 0.2, 4 0.2], h; € [0.5,1.5]

J. Suntajs, L. Vidmar, PRL 129, 060602 (2022)
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0-dim Quantum Sun model

L L
A=Ro1e Y au8i8 3 ns
j=1 j=1

J. Suntajs, L. Vidmar, PRL 129, 060602 (2022)
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0-dim U(1) Quantum sun model

L L
Ae=Re@1+) a“(5555+5,8)+> hsf
Jj=1 j=1
R - N x N GOE matrix, Rc - N x N random U(1) matrix
random u; € [j — 0.2, 4 0.2], h; € [0.5,1.5]

0.52 {047 _
4o~ L=T
0.504, ,. {la=0.755 ¥,
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0.48 \'\\H 1 a=0765 —&=L=9
0.45 1 a=0770 T 4= L=10
72 0.46 36 2 — -1
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P —+ L=13
0.424 oo L=14
o4 —4— L=15
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Poisson —1— L=16 o
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e

K.Pawlik, P.Sierant, L. Vidmar, J.Z. PRB109, L180201 (2024)
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Mobility edge in Quantum sun model

hybridization — a¢ o pl/QL; p(E =0) x oL e = 1/\/5
Typically p(E) = —Z— exp(—E2/20°) with o = bVL;  Emax — Epin = al
TOo

ac(e) = 1/v/2exp(a®(e — 1/2)?/4b%)

K.Pawlik, P.Sierant, L. Vidmar, J.Z. PRB109, L180201 (2024)

Kuba Zakrzewski (UJ) Quantum Sun and its extensions as models fc Stockholm, October 2026



Anderson Quantum Sun

Motivation: Introduce intra-chain hopping J into the localized
chain to study how an ergodic bath destabilizes a genuine 1D
Anderson insulator.
Vags ~ SXp(=14/A,)

-1 A ! ! ! ! ‘
Haqs = A+ (5851 +581) @ s Anderson chain

=1

(a) Spectral Statistics
10
Two Competing Length Scales:
9 Anderson Localization Length:

1

AL = i+ (W o))

e Sun Coupling Length: A, = ﬁ

Generalized Avalanche Threshold

The crossover from [A] to [B] obeys:

Uoo

Ao +2EpL =C*, zm2, ¢* =37

K.Pawlik, N. Laflorencie, J.Z. PRB113, L180203 (2026)
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Anderson Quantum Sun 2

Vags ~ exp(—1t/A,)

@ A Anderson chain

(a) Spectral Statistics

0.500
o 0.475
statistics

C]| |{o150

0.425

0.400

Hoo

K.Pawlik, N. Laflorencie, J.Z. PRB113, L180203 (2026)

[A] Area-Law Regime: Poisson statistics
({r) = 0.39), area-law entanglement

(S o L), short-range correlations.

[B] Sub-Volume Regime: Poisson
statistics coexists with sub-volume
entanglement (S oc L?, 0 < b < 1) and
rare-event-dominated correlations.

[C] Intermediate Regime: Volume-law
entanglement (b = 1) coexists with
intermediate spectral statistics

(0.39 < r < 0.53).

[D] Fully Ergodic Phase: GOE level
repulsion ({r) = 0.53), volume-law
entanglement (b = 1), full ETH.

Kuba Zakrzewski (UJ)

Quantum Sun and its extensions as models fc Stockholm, Octob



Anderson Quantum Sun 3
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Connected Correlation Functions:
PV =USYST) = (SIS, v € {x. 2}
@ In localized phase: £, /&, ~ 2 (JW).

@ In Regime [B]: £x/&, drops rapidly below 2 with
growing L, signaling ergodic instabilities.

K.Pawlik, N. Laflorencie, J.Z. PRB113, L180203 (2026)
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Anderson Quantum Sun 4
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y

10 ) 101 L
—~ 10* 102 17
B
= [
—%-r —8—G5/Sp @& )6 —=Aat+zéaL=( W10 \ 109 16
€100 Ll -t 15
Cor/2 CoL Er/EQ:OU T s AL 10
 ———— i ) 1 ‘ HM‘H 10° 14
106
1.75 ‘1(]“ 10 13
) 109 12
1.50 ot 101 1
210 102 10
ps 107 104 9
& 107 10 a=06 8
10° 10° J =09 7

107 107

G

¢ = —In|4C

K.Pawlik, N. Laflorencie, J.Z. PRB113, L180203 (2026)
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Summary of Progress

© De Roeck & Huveneers (2017) / Luitz et al. (2017):

Formulated the quantum avalanche theory, showing that even tiny
baths trigger total delocalization if o > 1/+/2.

@ Suntajs & Vidmar (2022): Established the 0D Quantum Sun toy
model, revealing scale-invariant SFF and exponential Thouless time
growth..

© Pawlik, Sierant, Vidmar & J.Z. (2024): Proved that Gaussian
DoS enforces a robust, many-body mobility edge in both
unconstrained and U(1) .
O Pawlik, Laflorencie & JZ. (2026): Introduced the Anderson
Quantum Sun (AQS), uncovering:
o Intermediate phase [C] with volume-law entanglement alongside
non-GOE spectral statistics. Y
o Subvolume phase [B] marked by Poisson statistics and rare-event
systemwide resonances.
o A generalized multi-scale avalanche threshold A, + z&€aL = (*.
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Conclusions

@ Thermodynamic limit of MBL remains an open question (in XXZ)
@ Quasi-periodic seems to be easier localizable

@ Floquet systems hint towards existence of MBL in the thermodynamic limit.
@ Quantum sun artificial yet genuine MBL

@ Bond-disordered systems interesting!
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