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measurement-based quantum computation
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terms λ generate hopping of matter fields located at adjacent vertices, 
as mediated by a gauge field on their connecting link.

Since the foundational work of Fradkin and Shenker, it has been 
known that the zero-temperature phase diagram of H has two distinct 
phases38–41 (Fig. 1b). One phase is the deconfined and topologically 
ordered phase that exists near hE, λ ≈ 0. The quantum phase transition 
along the λ = 0 line can be understood by a duality mapping to the 
transverse-field Ising model1, in which domain walls of the Ising model 
correspond to closed strings in H. For small but non-zero λ, the duality 
breaks down: we must include contributions to dynamics from open 
strings, which cannot correspond directly to domain walls. Crossing 
this transition into the confining phase leads to a condensation of 
magnetic excitations and confinement of electric excitations. The 
deconfinement to confinement transition can be seen in the non- 
equilibrium dynamics of a pair of charge excitations. In the deconfined 
case, the excitations move freely, whereas in the confined case, the 
string between them acquires a tension and restricts their motion 
(Fig. 1c).

For hE = λ = 0, H reduces to the celebrated toric code Hamiltonian13, 
which underlies several quantum computing error-correction codes. 
In that limit, all terms in H commute with each other, [Av, Bp] = 0 ∀ v, p; 
hence H is exactly solvable. The efficient preparation of the toric code 
ground state is well studied and can be achieved with circuits that scale 
linearly with the shorter dimension of the lattice42–44. In the limit 
hE, λ ≫ 1, the ground state is a product state of the qubits with all qubits 
pointing in the same direction, which can be prepared with single-qubit 

operations. A key aspect of H at the system sizes we study is the exist-
ence of an efficient algorithm to prepare states at energy densities low 
enough to resolve characteristic dynamics throughout the phase dia-
gram. We make use of a variational ansatz based on a parameterization 
of the gate sequence used to generate the toric code wavefunction, 
which we call the weight-adjustable loop ansatz (WALA)45,46 (Fig. 2a,b 
and Methods). To implement this ansatz, we use a grid of qubits with 
fourfold connectivity (diamonds) and ancilla qubits (circles; Fig. 2a) 
at the centre of each plaquette of the link qubits. All qubits begin in the 
|0% state. The state-preparation sequence starts with a single-qubit 
rotation Ry(θ) on each of the ancilla qubits at the centre of the pla-
quettes. The rest of the gate sequence does not have any adjustable 
parameters and is composed of controlled NOT (C-NOT) gates that 
generate entanglement between the qubits, starting with the centre 
columns of plaquettes and spreading to the edges of the lattice. The 
final C-NOT gate disentangles the ancilla qubits, returning them to the 
|0% state. We use a classical computer to find the optimal angle θ that 
minimizes the initial state energy, as a function of hE (Fig. 2b and 
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Fig. 1 | An LGT and its phase diagram. a, A full two-dimensional LGT (top left)  
can be realized by placing charged matter (grey circles) on vertices of a square 
lattice and gauge fields on the links between them (green diamonds). The local 
gauge structure can be used to eliminate the matter field and arrive at an effective 
theory involving gauge fields only (right). The presence/absence of charge 
excitations (red/blue) or magnetic fluxes (yellow/purple) is then sensed 
through the links. b, Zero-temperature phase diagram of the LGT in equation (1). 
c, In the deconfined phase, charges move freely. In the confined phase, charges 
oscillate around an equilibrium configuration. We can picture an elastic string 
connecting them that fluctuates in both longitudinal and transverse directions, 
limiting their motion.

Fig. 2 | WALA. a, WALA gate sequence used for a two-dimensional grid of 35 
qubits, consisting of 17 link qubits (diamonds) and 18 ancilla qubits (circles). 
The sequence begins with applying Ry(θ) to ancilla qubits of each plaquette, 
followed by applying C-NOT gates to qubit pairs, starting at the centre columns 
and moving outwards. b, Optimized θ angle used in WALA. The green curve is 
based on numerical calculations for a 35-qubit grid and the grey curve shows 
the thermodynamic limit. c, Energy error, compared with the exact ground 
state, of three ansatzes: (1) WALA (green); (2) toric code, θ = π/2 (blue); and  
(3) product state, |0%⊗N (yellow), for λ = 0.25. Solid lines correspond to circuit 
simulations and filled circles are extracted from our experiment after readout 
error mitigation (Supplementary Information Section III.A). d, Experimentally 
measured expectation values of plaquette, vertex and Pauli-Z operators, for 
λ = 0.25 and hE ∈ {0, 0.3, 0.6, 1.0}, from WALA. We post-select the measured data 
on the ancilla being in the expected |0% state to mitigate decoherence of the 
device for this and all other figures of the main text (Methods).
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Visualizing dynamics of charges and strings 
in (2 + 1)D lattice gauge theories

Lattice gauge theories (LGTs)1–4 can be used to understand a wide range of phenomena, 
from elementary particle scattering in high-energy physics to e!ective descriptions of 
many-body interactions in materials5–7. Studying dynamical properties of emergent 
phases can be challenging, as it requires solving many-body problems that are generally 
beyond perturbative limits8–10. Here we investigate the dynamics of local excitations in 
a Z2 LGT using a two-dimensional lattice of superconducting qubits. We "rst construct 
a simple variational circuit that prepares low-energy states that have a large overlap 
with the ground state; then we create charge excitations with local gates and simulate 
their quantum dynamics by means of a discretized time evolution. As the electric "eld 
coupling constant is increased, our measurements show signatures of transitioning 
from decon"ned to con"ned dynamics. For con"ned excitations, the electric "eld 
induces a tension in the string connecting them. Our method allows us to experimentally 
image string dynamics in a (2+1)D LGT, from which we uncover two distinct regimes 
inside the con"ning phase: for weak con"nement, the string #uctuates strongly in the 
transverse direction, whereas for strong con"nement, transverse #uctuations are 
e!ectively frozen11,12. We also demonstrate a resonance condition at which dynamical 
string breaking is facilitated. Our LGT implementation on a quantum processor 
presents a new set of techniques for investigating emergent excitations and string 
dynamics.

Present models for fundamental forces are formulated as gauge  
theories. The common element of these theories is a local symme-
try action and its corresponding gauge field that mediates interac-
tion between matter particles5. Gauge theories are not limited to 
high-energy physics but can also capture emergent phenomena in 
condensed matter physics6,7 and have seen applications in quantum 
information13. One of the earliest examples of the interplay between 
these research fields was the development of LGT, in which space is 
discretized to a lattice1–4. In particular, a motivation for introducing 
quantum LGTs was to describe a mechanism for confinement of quarks 
in quantum chromodynamics2. Within this framework, confined mat-
ter particles are the open ends of a string with finite tension. The dis-
crete nature of LGTs has also been important in forming a framework 
for numerical calculations of equilibrium properties, for instance,  
using Monte Carlo or tensor-network-based methods9.

Understanding the non-equilibrium dynamics of string excita-
tions in LGTs is of fundamental importance in various disciplines, 
ranging from transport properties of the quark–gluon plasma to 
spectral properties in correlated quantum materials. However, 
theoretical approaches to this problem face substantial obstacles: 
non-equilibrium dynamics is beyond perturbative treatments, 
numerical methods based on Monte Carlo run into sign problems 
and tensor-network approaches work only as long as entanglement 
remains sufficiently low8–10. Quantum devices have been proposed as 
a viable alternative for the study of LGTs (refs. 14–20 for early works 
and reviews); their experimental implementations, on the other hand, 
have been limited to one spatial dimension or small scales, which limits 
the ability to examine string fluctuations21–35. Because conventional 

LGT Hamiltonians have a constrained structure dictated by the local 
symmetry action, directly simulating their dynamics on quantum 
processors requires the ability to perform evolution generated by 
specific multibody local terms.

Here we realize a two-dimensional LGT on a superconducting quan-
tum processor and use this platform to investigate and visualize the 
string dynamics. We consider an LGT in which the interaction between 
matter fields (filled circles in Fig.%1a), placed on the vertices of a square 
lattice, is mediated by 2Z  gauge fields, located on the links that connect 
them3 (green diamonds in Fig.%1a). This structure is a simplification of 
quantum electrodynamics, in which both space and the gauge group 
are discretized: space becomes a lattice and the U(1) gauge group is 
discretized to Z2. We make use of the gauge redundancy to eliminate 
matter fields36,37. In the resulting ‘matter-free’ LGT, the motion and 
interaction of matter fields are captured by the Z2 gauge fields with 
the Hamiltonian:

∑ ∑ ∑ ∑J A J B h Z λ X= − − − − . (1)
v

v
p

p l lE M E
links links

H

The vertex operators Av = ∏i∈v Zi are products of local Z operators 
on link qubits emanating from a vertex v and represent the electric 
charge (red or blue tiles in Fig.%1a). The plaquette operators Bp = ∏i∈p Xi 
are products of Pauli-X operators on link qubits encircling a plaquette 
and represent the presence or absence of magnetic flux (yellow or pur-
ple tiles). We consider vertex and plaquette operators of equal strength, 
which sets the unit of energy, JE = JM = 1. The hE terms denote an electric 
field on each link that creates magnetic flux excitations. The coupling 
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The learning thresholds exhibit monitored quantum criticality.
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learning Ising model via Bayesian inference
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<latexit sha1_base64="6L75tfJlS9vuJfhHScd7enN03N8=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBHqJiRFq+4KbroRKtoHtKFMppN26GQSZiZCif0INy4Ucev3uPNvnPQBKnrgwuGce7n3Hj/mTGnH+bSWlldW19ZzG/nNre2d3cLeflNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/ugq81v3VCoWiTs9jqkX4oFgASNYG6kVl24frk/yvULRsd3LDMixy47B2YKUkWs7UxRhjnqv8NHtRyQJqdCEY6U6rhNrL8VSM8LpJN9NFI0xGeEB7RgqcEiVl07PnaBjo/RREElTQqOp+n0ixaFS49A3nSHWQ/Xby8S/vE6igwsvZSJONBVktihIONIRyn5HfSYp0XxsCCaSmVsRGWKJiTYJZSEsPkX/k2bZdit25ea0WK3N48jBIRxBCVw4hyrUoA4NIDCCR3iGFyu2nqxX623WumTNZw7gB6z3L1BPjvE=</latexit>

p(S|M)
<latexit sha1_base64="ivrYkGuzn1DqzoLNVY2rMtE1E5U=">AAAB7HicdVBNS8NAEJ34WetX1aOXxSLUS0iKVr0VvPRY0bSFNpTNdtMu3WzC7kYoob/BiwdFvPqDvPlv3PQDVPTBwOO9GWbmBQlnSjvOp7Wyura+sVnYKm7v7O7tlw4OWypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8U3utx+oVCwW93qSUD/CQ8FCRrA2kpdU7s6K/VLZsd3rHMixq47BxZJUkWs7M5RhgWa/9NEbxCSNqNCEY6W6rpNoP8NSM8LptNhLFU0wGeMh7RoqcESVn82OnaJTowxQGEtTQqOZ+n0iw5FSkygwnRHWI/Xby8W/vG6qwys/YyJJNRVkvihMOdIxyj9HAyYp0XxiCCaSmVsRGWGJiTb55CEsP0X/k1bVdmt27fa8XG8s4ijAMZxABVy4hDo0oAkeEGDwCM/wYgnryXq13uatK9Zi5gh+wHr/AtHPjhQ=</latexit>

p(S)

possible spin configuration

measurement 
outcome
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distribution

prior 
distribution

<latexit sha1_base64="nKJz0hXwwTvprqHonEkKsPYtAZk="></latexit>

p(S|M) =
p(S) p(M |S)

p(M)

posterior 
distribution

marginal 
distribution

Bayesian 
inference 

Tc

learning Ising model

<latexit sha1_base64="aIgLyRmbjAG9uX8tRmLmpYK8fv8=">AAAB/3icdVDLSsNAFL2pr1pfVcGNm8EiuApJ0aq7gpsuK9gHNKFMppN26GQSZiZCSbvwV9y4UMStv+HOv3H6AhU9cOFwzr3ce0+QcKa043xauZXVtfWN/GZha3tnd6+4f9BUcSoJbZCYx7IdYEU5E7Shmea0nUiKo4DTVjC8mfqteyoVi8WdHiXUj3BfsJARrI3ULR6NkZcohrwMKeRNkCex6HPaLZYc272eAjl22TG4WJIycm1nhhIsUO8WP7xeTNKICk04VqrjOon2Myw1I5xOCl6qaILJEPdpx1CBI6r8bHb/BJ0apYfCWJoSGs3U7xMZjpQaRYHpjLAeqN/eVPzL66Q6vPIzJpJUU0Hmi8KUIx2jaRioxyQlmo8MwUQycysiAywx0Saygglh+Sn6nzTLtluxK7fnpWptEUcejuEEzsCFS6hCDerQAAJjeIRneLEerCfr1Xqbt+asxcwh/ID1/gUTNZWN</latexit>

|ω{s}→Born’s  
rule 
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learning deformed toric codes
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inference strength 𝛾0.0 0.5 1.0

I c

0.0
0.5
1.0 I T

(𝛾 − 𝛾c)/𝛾c ⋅ d 1/𝜈𝛾−2 0 2I c
⋅d𝜂 𝛾/𝜈 𝛾

d1286432168 𝛾c𝜈𝛾𝜂𝛾
= 0.598(2)= 2.66(5)= 0.042(3)

Tc

inference strength 𝛾0.0 0.5 1.0

I c

0.0
0.5
1.0

(𝛾 − 𝛾c)/𝛾c ⋅ d 1/𝜈𝛾−1.5 0.0 1.5

I c
⋅d𝜂 𝛾/𝜈 𝛾

d64321684
𝛾c𝜈𝛾𝜂𝛾

= 0.784(2)= 1.56(5)= 0.00(0) learning toric code

M. Pütz et al.,PRL 136, 190402 (2026)
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introduction to replica theory

<latexit sha1_base64="YQgrTMLObmAFM4HE0/10ztD8nR0=">AAACD3icdVDLSgMxFM34rPVVdekmWBQXOswUrboQioKIqwp9YWcomTTThmYyQ5IRytA/cOOvuHGhiFu37vwbM33gAz0QOJxzDzf3eBGjUlnWhzE1PTM7N59ZyC4uLa+s5tbWazKMBSZVHLJQNDwkCaOcVBVVjDQiQVDgMVL3euepX78lQtKQV1Q/Im6AOpz6FCOlpVZuxwm1naaTiwE8hfsVZ+9LchiHN80rd9DK5S3TPkkBLbNgaRxOSAHapjVEHoxRbuXenXaI44BwhRmSsmlbkXITJBTFjAyyTixJhHAPdUhTU44CIt1keM8AbmulDf1Q6McVHKrfEwkKpOwHnp4MkOrK314q/uU1Y+UfuwnlUawIx6NFfsygCmFaDmxTQbBifU0QFlT/FeIuEggrXWFWlzC5FP5PagXTLprF64N86WxcRwZsgi2wC2xwBErgEpRBFWBwBx7AE3g27o1H48V4HY1OGePMBvgB4+0TfimcWQ==</latexit>

F = →T lnZ[J ]

We want to calculate disorder average
disorder average 

(hard to calculate)

single disorder realization

<latexit sha1_base64="cm8WZEcucS9jMqcbpEAnNuEho+U=">AAACD3icdVDLSsNAFJ3UV62vqks3g0VxY0iKVl0IRTcuK9gHbWKYTCft0MkkzEyEEvIHbvwVNy4UcevWnX/j9AUqemDgcM693DnHjxmVyrI+jdzc/MLiUn65sLK6tr5R3NxqyCgRmNRxxCLR8pEkjHJSV1Qx0ooFQaHPSNMfXI785h0Rkkb8Rg1j4oaox2lAMVJa8or7DuOwDc+hw2jopdxREbQyJxAIp+1bDg+hnaU884oly7TPRoCWWbY0jmekDG3TGqMEpqh5xQ+nG+EkJFxhhqTs2Fas3BQJRTEjWcFJJIkRHqAe6WjKUUikm47zZHBPK10YREI/ruBY/b6RolDKYejryRCpvvztjcS/vE6iglM3pTxOFOF4cihIGNShR+XALhUEKzbUBGFB9V8h7iPdhdIVFnQJs6Twf9Iom3bFrFwflaoX0zryYAfsggNggxNQBVegBuoAg3vwCJ7Bi/FgPBmvxttkNGdMd7bBDxjvX1dgm6Q=</latexit>

lnZ = lim
n→0

Zn → 1

n

via the replica trick
<latexit sha1_base64="Sw4gbbCK2g+JSjAj+M4GFdFZmMo="></latexit>

lnZ = lim
n→0

Zn → 1

n

<latexit sha1_base64="cRB9J2VAV7okJQSMP8Y3unLucAM="></latexit>

Zn =
∑

{ωa}

∏

→ij↑

〈
exp

(
ωJij

n∑

a=1

ε(a)
i ε(a)

j

)〉

J

replica index

disorder 
average

replicated partition function

Gaussian disorder

<latexit sha1_base64="XzoxZar7SJB8TlClPNKZ8qJj13A="></latexit>

exp



ωJ0
∑

a

ε(a)
i ε(a)

j +
ω2!2

2

(
∑

a

ε(a)
i ε(a)

j

)2 



replica-replica interactionsingle-replica interaction

pdisorder

T

Nishimori line

p =
1

1 + e2β

ferro- 
magnet spin glass

paramagnet

<latexit sha1_base64="mutW0L3+BMTImYeX+g6pymVEZ9M="></latexit>

H =
∑

→i,j↑

Jij Sz
i S

z
j

Gaussian disorder
mean  and variance J0 Δ2

random-bond Ising model
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introduction to replica theory
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<latexit sha1_base64="YQgrTMLObmAFM4HE0/10ztD8nR0=">AAACD3icdVDLSgMxFM34rPVVdekmWBQXOswUrboQioKIqwp9YWcomTTThmYyQ5IRytA/cOOvuHGhiFu37vwbM33gAz0QOJxzDzf3eBGjUlnWhzE1PTM7N59ZyC4uLa+s5tbWazKMBSZVHLJQNDwkCaOcVBVVjDQiQVDgMVL3euepX78lQtKQV1Q/Im6AOpz6FCOlpVZuxwm1naaTiwE8hfsVZ+9LchiHN80rd9DK5S3TPkkBLbNgaRxOSAHapjVEHoxRbuXenXaI44BwhRmSsmlbkXITJBTFjAyyTixJhHAPdUhTU44CIt1keM8AbmulDf1Q6McVHKrfEwkKpOwHnp4MkOrK314q/uU1Y+UfuwnlUawIx6NFfsygCmFaDmxTQbBifU0QFlT/FeIuEggrXWFWlzC5FP5PagXTLprF64N86WxcRwZsgi2wC2xwBErgEpRBFWBwBx7AE3g27o1H48V4HY1OGePMBvgB4+0TfimcWQ==</latexit>

F = →T lnZ[J ]

<latexit sha1_base64="cm8WZEcucS9jMqcbpEAnNuEho+U=">AAACD3icdVDLSsNAFJ3UV62vqks3g0VxY0iKVl0IRTcuK9gHbWKYTCft0MkkzEyEEvIHbvwVNy4UcevWnX/j9AUqemDgcM693DnHjxmVyrI+jdzc/MLiUn65sLK6tr5R3NxqyCgRmNRxxCLR8pEkjHJSV1Qx0ooFQaHPSNMfXI785h0Rkkb8Rg1j4oaox2lAMVJa8or7DuOwDc+hw2jopdxREbQyJxAIp+1bDg+hnaU884oly7TPRoCWWbY0jmekDG3TGqMEpqh5xQ+nG+EkJFxhhqTs2Fas3BQJRTEjWcFJJIkRHqAe6WjKUUikm47zZHBPK10YREI/ruBY/b6RolDKYejryRCpvvztjcS/vE6iglM3pTxOFOF4cihIGNShR+XALhUEKzbUBGFB9V8h7iPdhdIVFnQJs6Twf9Iom3bFrFwflaoX0zryYAfsggNggxNQBVegBuoAg3vwCJ7Bi/FgPBmvxttkNGdMd7bBDxjvX1dgm6Q=</latexit>

lnZ = lim
n→0

Zn → 1

n

We want to calculate disorder average
disorder average 

(hard to calculate)

single disorder realization

via the replica trick
<latexit sha1_base64="Sw4gbbCK2g+JSjAj+M4GFdFZmMo="></latexit>

lnZ = lim
n→0

Zn → 1

n

Gaussian disorder
mean  and variance J0 Δ2

<latexit sha1_base64="cRB9J2VAV7okJQSMP8Y3unLucAM="></latexit>

Zn =
∑

{ωa}

∏

→ij↑

〈
exp

(
ωJij

n∑

a=1

ε(a)
i ε(a)

j

)〉

J

replica index

disorder 
average

replicated partition function

replica-replica interactionsingle-replica interaction

<latexit sha1_base64="+exEYwli6X8sPztIvKOymHnV9NA="></latexit>

Zn =
∑

{ωa}

exp

[
K1

∑

→ij↑

∑

a

ω(a)
i ω(a)

j +K2

∑

→ij↑

∑

a<b

ω(a)
i ω(b)

i ω(a)
j ω(b)

j

]
becomes an interacting theory of replicas 

<latexit sha1_base64="jEafTiuZTY70SLvimgP6QoO14IQ=">AAAB+HicdVDLSgMxFM34rPXRUZdugkVwNczUdtpupKALlxXsAzpjyaS3bWjmQZIRaumXuHGhiFs/xZ1/Y/oQVPTA5R7OuZfcnCDhTCrb/jBWVtfWNzYzW9ntnd29nLl/0JRxKig0aMxj0Q6IBM4iaCimOLQTASQMOLSC0cXMb92BkCyObtQ4AT8kg4j1GSVKS10z5wWgyG3BuwQ+610zb1tVt1ByS9i23LJbqVQ1sc+KrlPBjmXPkUdL1Lvmu9eLaRpCpCgnUnYcO1H+hAjFKIdp1kslJISOyAA6mkYkBOlP5odP8YlWergfC12RwnP1+8aEhFKOw0BPhkQN5W9vJv7ldVLVr/gTFiWpgoguHuqnHKsYz1LAPSaAKj7WhFDB9K2YDokgVOmssjqEr5/i/0mzYDmu5V4X87XzZRwZdISO0SlyUBnV0BWqowaiKEUP6Ak9G/fGo/FivC5GV4zlziH6AePtE4jxkwk=</latexit>

ω2!2<latexit sha1_base64="WIFn5vSzSYdvAD3d7SxrZZRLv7k=">AAAB8HicdVDJSgNBEO2JW4xb1KOXxiB4GmZEMuYiAS/iKYJZJBlCT6cnadLdM3TXCCHkK7x4UMSrn+PNv7GzCK4PCh7vVVFVL0oFN+B5705uaXlldS2/XtjY3NreKe7uNUySacrqNBGJbkXEMMEVqwMHwVqpZkRGgjWj4cXUb94xbXiibmCUslCSvuIxpwSsdNuJGBB81fW6xZLnBpVKJQjwb+K73gwltECtW3zr9BKaSaaACmJM2/dSCMdEA6eCTQqdzLCU0CHps7alikhmwvHs4Ak+skoPx4m2pQDP1K8TYyKNGcnIdkoCA/PTm4p/ee0M4rNwzFWaAVN0vijOBIYET7/HPa4ZBTGyhFDN7a2YDogmFGxGBRvC56f4f9I4cf2yW74+LVXPF3Hk0QE6RMfIRwGqoktUQ3VEkUT36BE9Odp5cJ6dl3lrzlnM7KNvcF4/AK0lkFw=</latexit>

ωJ0

random-bond Ising model
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introduction to replica theory
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<latexit sha1_base64="+exEYwli6X8sPztIvKOymHnV9NA="></latexit>

Zn =
∑

{ωa}

exp

[
K1

∑

→ij↑

∑

a

ω(a)
i ω(a)

j +K2

∑

→ij↑

∑

a<b

ω(a)
i ω(b)

i ω(a)
j ω(b)

j

]

disorder average  theory of interacting replicas →
<latexit sha1_base64="jEafTiuZTY70SLvimgP6QoO14IQ=">AAAB+HicdVDLSgMxFM34rPXRUZdugkVwNczUdtpupKALlxXsAzpjyaS3bWjmQZIRaumXuHGhiFs/xZ1/Y/oQVPTA5R7OuZfcnCDhTCrb/jBWVtfWNzYzW9ntnd29nLl/0JRxKig0aMxj0Q6IBM4iaCimOLQTASQMOLSC0cXMb92BkCyObtQ4AT8kg4j1GSVKS10z5wWgyG3BuwQ+610zb1tVt1ByS9i23LJbqVQ1sc+KrlPBjmXPkUdL1Lvmu9eLaRpCpCgnUnYcO1H+hAjFKIdp1kslJISOyAA6mkYkBOlP5odP8YlWergfC12RwnP1+8aEhFKOw0BPhkQN5W9vJv7ldVLVr/gTFiWpgoguHuqnHKsYz1LAPSaAKj7WhFDB9K2YDokgVOmssjqEr5/i/0mzYDmu5V4X87XzZRwZdISO0SlyUBnV0BWqowaiKEUP6Ak9G/fGo/FivC5GV4zlziH6AePtE4jxkwk=</latexit>

ω2!2<latexit sha1_base64="WIFn5vSzSYdvAD3d7SxrZZRLv7k=">AAAB8HicdVDJSgNBEO2JW4xb1KOXxiB4GmZEMuYiAS/iKYJZJBlCT6cnadLdM3TXCCHkK7x4UMSrn+PNv7GzCK4PCh7vVVFVL0oFN+B5705uaXlldS2/XtjY3NreKe7uNUySacrqNBGJbkXEMMEVqwMHwVqpZkRGgjWj4cXUb94xbXiibmCUslCSvuIxpwSsdNuJGBB81fW6xZLnBpVKJQjwb+K73gwltECtW3zr9BKaSaaACmJM2/dSCMdEA6eCTQqdzLCU0CHps7alikhmwvHs4Ak+skoPx4m2pQDP1K8TYyKNGcnIdkoCA/PTm4p/ee0M4rNwzFWaAVN0vijOBIYET7/HPa4ZBTGyhFDN7a2YDogmFGxGBRvC56f4f9I4cf2yW74+LVXPF3Hk0QE6RMfIRwGqoktUQ3VEkUT36BE9Odp5cJ6dl3lrzlnM7KNvcF4/AK0lkFw=</latexit>

ωJ0

<latexit sha1_base64="++NiztqiAVeXIVUS6oVK1V5RaxE="></latexit>

qEA = →ωi↑2 = lim
n→0

〈
ω(a)
i ω(b)

i

〉

rep

Edwards-Anderson order parameter

attractive 
interactions

replica-replica  
locking

replica symmetry breaking Nobel 
2021

Giorgio Parisi
<latexit sha1_base64="DG5yhCNdjORA63Pr89jAMtMUahY=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBA8LbtBo96CXjxGMA9IQpid9CZDZmfXmVkhLPkILx4U8er3ePNvnLxARQsaiqpuuruCRHBtPO/TWVpeWV1bz23kN7e2d3YLe/t1HaeKYY3FIlbNgGoUXGLNcCOwmSikUSCwEQyvJ37jAZXmsbwzowQ7Ee1LHnJGjZUatC3xngTdQtFz/csJiOeWPIuzBSkR3/WmKMIc1W7ho92LWRqhNExQrVu+l5hORpXhTOA43041JpQNaR9blkoaoe5k03PH5NgqPRLGypY0ZKp+n8hopPUoCmxnRM1A//Ym4l9eKzXhRSfjMkkNSjZbFKaCmJhMfic9rpAZMbKEMsXtrYQNqKLM2ITyNoTFp+R/Ui+5ftkt354WK1fzOHJwCEdwAj6cQwVuoAo1YDCER3iGFydxnpxX523WuuTMZw7gB5z3LzwQj4c=</latexit>

a →= b

random-bond Ising model
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<latexit sha1_base64="UrLgFjyZtBrAfKIi6WqtDoXTlB8="></latexit>

K =
1

2
ln

(
1→ p

p

)<latexit sha1_base64="DZ7BZoDQMhkE3Hw59mauF7/3sAg=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWBRKkJMgta6EApuhG4q2Ae0sUymk3bo5MHMRCghG3/FjQtF3PoZ7vwbJ32Aih64cDjnXu69x40YFdI0P7W5+YXFpeXcSn51bX1jU9/abogw5pjUcchC3nKRIIwGpC6pZKQVcYJ8l5GmO7zK/OY94YKGwa0cRcTxUT+gHsVIKqmr7x7CS0jukuNqelK0YQeHYgCrR7CrF0zDusgATcM2Fc5mxIaWYY5RAFPUuvpHpxfi2CeBxAwJ0bbMSDoJ4pJiRtJ8JxYkQniI+qStaIB8Ipxk/EAKD5TSg17IVQUSjtXvEwnyhRj5rur0kRyI314m/uW1Y+mVnYQGUSxJgCeLvJhBGcIsDdijnGDJRoogzKm6FeIB4ghLlVlehTD7FP5PGrZhlYzSzWmhUp7GkQN7YB8UgQXOQQVcgxqoAwxS8AiewYv2oD1pr9rbpHVOm87sgB/Q3r8A3rmUBQ==</latexit>

= e+K/(2 coshK)
<latexit sha1_base64="SYtfTISYFuq8jFimGcx2qYEexk4=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWBR6sKYBK11IRTcCN1UsA9oY5lMJ+3QyYOZiVBCNv6KGxeKuPUz3Pk3TvoAFT1w4XDOvdx7jxsxKqRpfmpz8wuLS8u5lfzq2vrGpr613RBhzDGp45CFvOUiQRgNSF1SyUgr4gT5LiNNd3iV+c17wgUNg1s5iojjo35APYqRVFJX3z2El5DcJcfV9KRoww4OxQBWj2BXL5iGdZEBmoZtKpzNiA0twxyjAKaodfWPTi/EsU8CiRkSom2ZkXQSxCXFjKT5TixIhPAQ9Ulb0QD5RDjJ+IEUHiilB72QqwokHKvfJxLkCzHyXdXpIzkQv71M/Mtrx9IrOwkNoliSAE8WeTGDMoRZGrBHOcGSjRRBmFN1K8QDxBGWKrO8CmH2KfyfNGzDKhmlm9NCpTyNIwf2wD4oAgucgwq4BjVQBxik4BE8gxftQXvSXrW3SeucNp3ZAT+gvX8B4d+UBw==</latexit>

= e→K/(2 coshK)

Nishimori line & replica symmetry

pdisorder

T

Nishimori line

p =
1

1 + e2β

ferro- 
magnet spin glass

paramagnet

<latexit sha1_base64="mutW0L3+BMTImYeX+g6pymVEZ9M="></latexit>

H =
∑

→i,j↑

Jij Sz
i S

z
j

binary disorder

β = K

<latexit sha1_base64="naEZ91qMSnk6+v478tdKixAEAIQ=">AAACFHicdZDLSgMxFIYz9VbrrerSTbAoldJhpmiti0LBjbiqYC/QDkMmTdvYTGZIMkIZ+hBufBU3LhRx68Kdb2N6gyr6Q+DnO+dwcn4vZFQqy/oyEkvLK6tryfXUxubW9k56d68ug0hgUsMBC0TTQ5IwyklNUcVIMxQE+R4jDW9wOa437omQNOC3ahgSx0c9TrsUI6WRm85Vs9duTO9GsAxz9gk8LsOw3U4t0PyU2vnQTWcs074YC1pmwdI6m5sCtE1rogyYqeqmP9udAEc+4QozJGXLtkLlxEgoihkZpdqRJCHCA9QjLW058ol04slRI3ikSQd2A6EfV3BCFydi5Es59D3d6SPVl79rY/hXrRWpbsmJKQ8jRTieLupGDKoAjhOCHSoIVmyoDcKC6r9C3EcCYaVzTOkQ5pfC/029YNpFs3hzmqmUZnEkwQE4BFlgg3NQAVegCmoAgwfwBF7Aq/FoPBtvxvu0NWHMZvbBDxkf3+6ymbc=</latexit>

P (Jij = +1) = p

P (Jij = →1) = 1→ p

start from the replicated partition function
<latexit sha1_base64="feGi9XbquyYk2NtcXuJtry2P98A="></latexit>

Z n =
∑

{ω(a)}

∏

→ij↑

exp
(
ωJij

n∑

a=1

ε(a)
i ε(a)

j

)

bond average 

and restrict to Nishimori condition

<latexit sha1_base64="QHv5/+XHPXLzVOZMn5dxsi8BMZA="></latexit>

eωJS = (1→ p) eωS + p e→ωS

<latexit sha1_base64="3VrdPwppucjDYRZ/Ai3HjFd25Uw="></latexit>

eωJS
∣∣∣
ω=K

=
eK(S+1) + e→K(S+1)

2 coshK
=

cosh
(
K(S + 1)

)

coshK

<latexit sha1_base64="7OcRDbgkJK20Skun3B1hkdelzhA="></latexit>

Z n
∣∣∣
ω=K

= (coshK)→Nb
∑

{ε(a)}

∏

↑ij↓

cosh
(
K
(∑

a ω
(a)
i ω(a)

j + 1
))

gives partition function on the Nishimori line
<latexit sha1_base64="ZQnSLNA40P0gqNBXcs/iPw+ylT0=">AAAB/HicdVDLSsNAFJ3UV62vaJduBotQNyEpTdLuCm6kbirYVmhjmUyn7dDJg5mJEEL9FTcuFHHrh7jzb5w+BBU9cOFwzr3ce48fMyqkaX5oubX1jc2t/HZhZ3dv/0A/POqIKOGYtHHEIn7jI0EYDUlbUsnITcwJCnxGuv70fO537wgXNAqvZRoTL0DjkI4oRlJJA73YKjfPYD/mUSwjSG6zy+ZsoJdMw65U664FTcNxq6ZrK1Kz7bpjQsswFyiBFVoD/b0/jHASkFBihoToWWYsvQxxSTEjs0I/ESRGeIrGpKdoiAIivGxx/AyeKmUIRxFXFUq4UL9PZCgQIg181RkgORG/vbn4l9dL5KjmZTSME0lCvFw0ShhUf86TgEPKCZYsVQRhTtWtEE8QR1iqvAoqhK9P4f+kUzEsx3CuqqVGbRVHHhyDE1AGFnBBA1yAFmgDDFLwAJ7As3avPWov2uuyNaetZorgB7S3T8z+lD8=</latexit>

P (J) → eKJ

β = K

random-bond Ising model

http://www.thp.uni-koeln.de/trebst/
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Nishimori line & replica symmetry

pdisorder

T

Nishimori line

ferro- 
magnet spin glass

paramagnet

<latexit sha1_base64="mutW0L3+BMTImYeX+g6pymVEZ9M="></latexit>

H =
∑

→i,j↑

Jij Sz
i S

z
j

binary disorder

β = K

<latexit sha1_base64="UrLgFjyZtBrAfKIi6WqtDoXTlB8="></latexit>

K =
1

2
ln

(
1→ p

p

)

<latexit sha1_base64="7OcRDbgkJK20Skun3B1hkdelzhA="></latexit>

Z n
∣∣∣
ω=K

= (coshK)→Nb
∑

{ε(a)}

∏

↑ij↓

cosh
(
K
(∑

a ω
(a)
i ω(a)

j + 1
))

replicated partition function on the Nishimori line

<latexit sha1_base64="ZQnSLNA40P0gqNBXcs/iPw+ylT0=">AAAB/HicdVDLSsNAFJ3UV62vaJduBotQNyEpTdLuCm6kbirYVmhjmUyn7dDJg5mJEEL9FTcuFHHrh7jzb5w+BBU9cOFwzr3ce48fMyqkaX5oubX1jc2t/HZhZ3dv/0A/POqIKOGYtHHEIn7jI0EYDUlbUsnITcwJCnxGuv70fO537wgXNAqvZRoTL0DjkI4oRlJJA73YKjfPYD/mUSwjSG6zy+ZsoJdMw65U664FTcNxq6ZrK1Kz7bpjQsswFyiBFVoD/b0/jHASkFBihoToWWYsvQxxSTEjs0I/ESRGeIrGpKdoiAIivGxx/AyeKmUIRxFXFUq4UL9PZCgQIg181RkgORG/vbn4l9dL5KjmZTSME0lCvFw0ShhUf86TgEPKCZYsVQRhTtWtEE8QR1iqvAoqhK9P4f+kUzEsx3CuqqVGbRVHHhyDE1AGFnBBA1yAFmgDDFLwAJ7As3avPWov2uuyNaetZorgB7S3T8z+lD8=</latexit>

P (J) → eKJ

perform a gauge change σ(a)
i → si σ(a)

i
<latexit sha1_base64="XlOWYCaU35gWiW4Y0fxCJsd70tg=">AAAB/HicdVDLSgMxFM34rPU12qWbYBFcDTO1nU53RTcuK9gHdErJpGkbmmSGJCOUof6KGxeKuPVD3Pk3pg9BRQ9cOJxzL/feEyWMKu26H9ba+sbm1nZuJ7+7t39waB8dt1ScSkyaOGax7ERIEUYFaWqqGekkkiAeMdKOJldzv31HpKKxuNXThPQ4Ggk6pBhpI/XtgupTGFIBwwyGCYceDGd9u+g6Nb9U8SvQdfyqHwQ1Q9yLsu8F0HPcBYpghUbffg8HMU45ERozpFTXcxPdy5DUFDMyy4epIgnCEzQiXUMF4kT1ssXxM3hmlAEcxtKU0HChfp/IEFdqyiPTyZEeq9/eXPzL66Z6GPQyKpJUE4GXi4YpgzqG8yTggEqCNZsagrCk5laIx0girE1eeRPC16fwf9IqOZ7v+DflYv1yFUcOnIBTcA48UAV1cA0aoAkwmIIH8ASerXvr0XqxXpeta9ZqpgB+wHr7BGPpk/8=</latexit>

si → {±1}
for each site

<latexit sha1_base64="cxFt+nQze/P8+4W6C/hQqDbQHPA="></latexit>

Z n
∣∣∣
ω=K

= (coshK)→Nb
∑

{ε(a)}

∏

↑ij↓

cosh
(
K
(∑

a ω
(a)
i ω(a)

j + sisj
))

promote to (n+1)-th replica
<latexit sha1_base64="p0hnsfX9LcTYDxF9nHaPwDgBJ+4="></latexit>

Z n
∣∣∣
ω=K

=
(coshK)→Nb

2N

n+1∑

{ε(a)}

∏

↑ij↓

cosh
(
K
(∑

a ω
(a)
i ω(a)

j

))

random-bond Ising model

http://www.thp.uni-koeln.de/trebst/
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Nishimori line & replica symmetry

pdisorder

T

Nishimori line

ferro- 
magnet spin glass

paramagnet

<latexit sha1_base64="mutW0L3+BMTImYeX+g6pymVEZ9M="></latexit>

H =
∑

→i,j↑

Jij Sz
i S

z
j

binary disorder

β = K

replicated partition function on the Nishimori line

<latexit sha1_base64="ZQnSLNA40P0gqNBXcs/iPw+ylT0=">AAAB/HicdVDLSsNAFJ3UV62vaJduBotQNyEpTdLuCm6kbirYVmhjmUyn7dDJg5mJEEL9FTcuFHHrh7jzb5w+BBU9cOFwzr3ce48fMyqkaX5oubX1jc2t/HZhZ3dv/0A/POqIKOGYtHHEIn7jI0EYDUlbUsnITcwJCnxGuv70fO537wgXNAqvZRoTL0DjkI4oRlJJA73YKjfPYD/mUSwjSG6zy+ZsoJdMw65U664FTcNxq6ZrK1Kz7bpjQsswFyiBFVoD/b0/jHASkFBihoToWWYsvQxxSTEjs0I/ESRGeIrGpKdoiAIivGxx/AyeKmUIRxFXFUq4UL9PZCgQIg181RkgORG/vbn4l9dL5KjmZTSME0lCvFw0ShhUf86TgEPKCZYsVQRhTtWtEE8QR1iqvAoqhK9P4f+kUzEsx3CuqqVGbRVHHhyDE1AGFnBBA1yAFmgDDFLwAJ7As3avPWov2uuyNaetZorgB7S3T8z+lD8=</latexit>

P (J) → eKJ

<latexit sha1_base64="p0hnsfX9LcTYDxF9nHaPwDgBJ+4="></latexit>

Z n
∣∣∣
ω=K

=
(coshK)→Nb

2N

n+1∑

{ε(a)}

∏

↑ij↓

cosh
(
K
(∑

a ω
(a)
i ω(a)

j

))

Nishimori line exhibits enlarged symmetry

• replica permutation symmetry
<latexit sha1_base64="u2zCOGFmkT7mxlnEfhu+mJGATJo=">AAAB+HicdVDLSsNAFL3xWeujVZduBosgCCEpWnVXdOOyUvuANoTJdNIOnUzCzESooV/ixoUibv0Ud/6N0xeo6IELh3Pu5d57goQzpR3n01paXlldW89t5De3tncKxd29popTSWiDxDyW7QArypmgDc00p+1EUhwFnLaC4fXEb91TqVgs7vQooV6E+4KFjGBtJL9YqPsCdXWM6n4mTtyxXyw5tns5AXLssmNwtiBl5NrOFCWYo+YXP7q9mKQRFZpwrFTHdRLtZVhqRjgd57upogkmQ9ynHUMFjqjysunhY3RklB4KY2lKaDRVv09kOFJqFAWmM8J6oH57E/Evr5Pq8MLLmEhSTQWZLQpTjsyjkxRQj0lKNB8Zgolk5lZEBlhiok1WeRPC4lP0P2mWbbdiV25PS9WreRw5OIBDOAYXzqEKN1CDBhBI4RGe4cV6sJ6sV+tt1rpkzWf24Qes9y/ZgJKY</latexit>

Sn → Sn+1

• local gauge invariance
<latexit sha1_base64="h1vFBYA9MG87mrtk3Smi6Hb1+Nw=">AAACHXicdVBLSwMxGMz6rPVV9eglWAQPZdldatVb0YvHCvaB3VKyabYNTTZLkhXK0j/ixb/ixYMiHryI/8ZsH1BFB0KGme8jmQliRpV2nC9raXlldW09t5Hf3Nre2S3s7TeUSCQmdSyYkK0AKcJoROqaakZasSSIB4w0g+FV5jfviVRURLd6FJMOR/2IhhQjbaRuoZz6ksM+EwFiY+iX/BK863qGQF+L7Jr4TOBFu1soOrZ7kQE6tucYnM6JB13bmaAIZqh1Cx9+T+CEk0hjhpRqu06sOymSmmJGxnk/USRGeIj6pG1ohDhRnXSSbgyPjdKDoZDmRBpO1MWNFHGlRjwwkxzpgfrtZeJfXjvR4XknpVGcaBLh6UNhwqAJnlUFe1QSrNnIEIQlNX+FeIAkwtoUmjclzJPC/0nDs92KXbkpF6uXszpy4BAcgRPggjNQBdegBuoAgwfwBF7Aq/VoPVtv1vt0dMma7RyAH7A+vwH3Fp9e</latexit>

global Z2 → local Z2

quenched disorder   =   replica limit
        Nishimori line   =   replica limit

n → 0
n → 1

<latexit sha1_base64="UrLgFjyZtBrAfKIi6WqtDoXTlB8="></latexit>

K =
1

2
ln

(
1→ p

p

)

random-bond Ising model

http://www.thp.uni-koeln.de/trebst/
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replica theory for the learning model

γlearning

T
Nishimori line

ferromagnet

spin 
glass

para-

magnet

Tc

∞

<latexit sha1_base64="Zds8s3bxXQYqeAW6W0lfqRnp5HM="></latexit>

H = →

∑

→i,j↑

Sz
i S

z
j

<latexit sha1_base64="NzBhoMVAUfVjHpT3KgUrSdzyTAQ="></latexit>

p(M |S) = exp

(
→ 1

2!2

∑

x

(Ox →Mx)
2 + ln d

)
<latexit sha1_base64="RpwrHLAmjLXyi8axucWQQYTiNsY=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0UQhDAp0tRd0Y3LCvYhbSiTyaQdOpmEmYlQQr/CjQtF3Po57vwbJ20EFT1w4XDOvdx7j59wpjRCH1ZpZXVtfaO8Wdna3tndq+4fdFWcSkI7JOax7PtYUc4E7WimOe0nkuLI57TnT69yv3dPpWKxuNWzhHoRHgsWMoK1ke7gGRxyAYPKqFpDtnth4EJkNxFCdacgyIWOjRaogQLtUfV9GMQkjajQhGOlBg5KtJdhqRnhdF4ZpoommEzxmA4MFTiiyssWB8/hiVECGMbSlNBwoX6fyHCk1CzyTWeE9UT99nLxL2+Q6rDpZUwkqaaCLBeFKYc6hvn3MGCSEs1nhmAimbkVkgmWmGiTUR7C16fwf9Kt207Dbtyc11qXRRxlcASOwSlwgAta4Bq0QQcQEIEH8ASeLWk9Wi/W67K1ZBUzh+AHrLdPImuPWg==</latexit>

+ ln d
normalization

<latexit sha1_base64="IPCQTK77vv8ve0ZGrH5GI83HCw8="></latexit>

d =

√
1

(2ω!2)Nmeas

measurement 
outcome

given spin configuration

observablevariance

conditional probability of measurement outcome

Bayes’
theorem

<latexit sha1_base64="wP3BFfyo0srH0BvZtu/wwl561D4="></latexit>

p(S|M) =
p(S) p(M |S)

p(M)
=

1

Z[M ]
exp(→Hmeas[S,M ])

posterior 
distribution statistical ensemble 

measurement

measurement
<latexit sha1_base64="0Nkpi9cajH/Qv5gJOA+Oe+YHpeg=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIsgCMNM0aoLoejGjVjB1kI7DJk0bUMzD5I70jL0V9y4UMStP+LOvzHTB6jogXs5nHMvuTl+LLgC2/40cguLS8sr+dXC2vrG5pa5XWyoKJGU1WkkItn0iWKCh6wOHARrxpKRwBfs3h9cZv79A5OKR+EdjGLmBqQX8i6nBLTkmcVrb4jP8Y3uh7jNgHhDzyzZlnOWAdtW2dY4npMydix7ghKaoeaZH+1ORJOAhUAFUarl2DG4KZHAqWDjQjtRLCZ0QHqspWlIAqbcdHL7GO9rpYO7kdQVAp6o3zdSEig1Cnw9GRDoq99eJv7ltRLonropD+MEWEinD3UTgSHCWRC4wyWjIEaaECq5vhXTPpGEgo6roEOY/xT/Txply6lYldujUvViFkce7aI9dIAcdIKq6ArVUB1RNESP6Bm9GGPjyXg13qajOWO2s4N+wHj/AiZJk0I=</latexit>

Mx = Ox + ωx Gaussian disorder
mean  and variance 0 Δ2

marginal 
distribution

<latexit sha1_base64="Yxpw1cusUunojdq4C6Csjfu8Z1M="></latexit>

Hmeas[S,M ] = H+
1

2!2

∑

x

(Ox →Mx)
2
→ ln d

<latexit sha1_base64="ymQpcZLyKmiLquGxE7Npv85VdFM=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwY5gUaequ6MZlBfuQNpTJZNIOnUzCzEQooV/hxoUibv0cd/6NkzaCih64cDjnXu69x084UxqhD6u0srq2vlHerGxt7+zuVfcPuipOJaEdEvNY9n2sKGeCdjTTnPYTSXHkc9rzp1e537unUrFY3OpZQr0IjwULGcHaSHfwDA65gEFlVK0h270wcCGymwihulMQ5ELHRgvUQIH2qPo+DGKSRlRowrFSAwcl2suw1IxwOq8MU0UTTKZ4TAeGChxR5WWLg+fwxCgBDGNpSmi4UL9PZDhSahb5pjPCeqJ+e7n4lzdIddj0MiaSVFNBlovClEMdw/x7GDBJieYzQzCRzNwKyQRLTLTJKA/h61P4P+nWbadhN27Oa63LIo4yOALH4BQ4wAUtcA3aoAMIiMADeALPlrQerRfrddlasoqZQ/AD1tsnJYGPXA==</latexit>

→ ln d

<latexit sha1_base64="NJ9/dPX358bWvYhsWaRnrJ59tkg=">AAAB/HicdVDLSsNAFJ3UV62vaJduBotQNyEpWnUhFN24KVSwrTQNZTKdtEMnD2YmQgjxV9y4UMStH+LOv3HSB6jogQuHc+7l3nvciFEhTfNTKywtr6yuFddLG5tb2zv67l5HhDHHpI1DFvI7FwnCaEDakkpG7iJOkO8y0nUnV7nfvSdc0DC4lUlEHB+NAupRjKSSBno5qjaPLvoeRzjt2U0nS3vZQK+YhnWeA5pGzVQ4WZAatAxzigqYozXQP/rDEMc+CSRmSAjbMiPppIhLihnJSv1YkAjhCRoRW9EA+UQ46fT4DB4qZQi9kKsKJJyq3ydS5AuR+K7q9JEci99eLv7l2bH0zpyUBlEsSYBni7yYQRnCPAk4pJxgyRJFEOZU3QrxGKkgpMqrpEJYfAr/J52aYdWN+s1xpXE5j6MI9sEBqAILnIIGuAYt0AYYJOARPIMX7UF70l61t1lrQZvPlMEPaO9fUJWUmQ==</latexit>

p(M) =
Z[M ]

Z

learning Ising model

http://www.thp.uni-koeln.de/trebst/
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replica theory for the learning model

γlearning

T
Nishimori line

ferromagnet

spin 
glass

para-

magnet

Tc

∞

<latexit sha1_base64="Zds8s3bxXQYqeAW6W0lfqRnp5HM="></latexit>

H = →

∑

→i,j↑

Sz
i S

z
j

replica trick for posterior ensemble

measurement
<latexit sha1_base64="0Nkpi9cajH/Qv5gJOA+Oe+YHpeg=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIsgCMNM0aoLoejGjVjB1kI7DJk0bUMzD5I70jL0V9y4UMStP+LOvzHTB6jogXs5nHMvuTl+LLgC2/40cguLS8sr+dXC2vrG5pa5XWyoKJGU1WkkItn0iWKCh6wOHARrxpKRwBfs3h9cZv79A5OKR+EdjGLmBqQX8i6nBLTkmcVrb4jP8Y3uh7jNgHhDzyzZlnOWAdtW2dY4npMydix7ghKaoeaZH+1ORJOAhUAFUarl2DG4KZHAqWDjQjtRLCZ0QHqspWlIAqbcdHL7GO9rpYO7kdQVAp6o3zdSEig1Cnw9GRDoq99eJv7ltRLonropD+MEWEinD3UTgSHCWRC4wyWjIEaaECq5vhXTPpGEgo6roEOY/xT/Txply6lYldujUvViFkce7aI9dIAcdIKq6ArVUB1RNESP6Bm9GGPjyXg13qajOWO2s4N+wHj/AiZJk0I=</latexit>

Mx = Ox + ωx Gaussian disorder
mean  and variance 0 Δ2

<latexit sha1_base64="TDzXcHwbryF5KkrEx+6Fu2W3qC0=">AAACAXicdVDLSgMxFM3UV62vqhvBTbAIFcowU7TqruhGKEKl9gHtdMikmTY08yDJCGWoG3/FjQtF3PoX7vwbM32Aih4IHM65h5t7nJBRIQ3jU0stLC4tr6RXM2vrG5tb2e2dhggijkkdByzgLQcJwqhP6pJKRlohJ8hzGGk6w8vEb94RLmjg38pRSCwP9X3qUoykkuzsXmhX8rWuWah1i4VOL5BCsUrh+sjO5gzdPE8ADb1oKJzMSRGaujFBDsxQtbMfKo4jj/gSMyRE2zRCacWIS4oZGWc6kSAhwkPUJ21FfeQRYcWTC8bwUCk96AZcPV/Cifo9ESNPiJHnqEkPyYH47SXiX147ku6ZFVM/jCTx8XSRGzEoA5jUAXuUEyzZSBGEOVV/hXiAOMJSlZZRJcwvhf+TRlE3S3rp5jhXvpjVkQb74ADkgQlOQRlcgSqoAwzuwSN4Bi/ag/akvWpv09GUNsvsgh/Q3r8ApHaVHg==</latexit>

pK(S1, S2, . . . , SK ,M)

K replicas  
conditioned on the same measurement outcome

<latexit sha1_base64="KT8B6AYdFAaoGHMJrsWv6i/Tbbw="></latexit>

pK(S1, S2, . . . , SK ,M) = p(M)
K∏

ω=1

p(Sω|M)

replicated statistical ensemble marginal 
distribution

<latexit sha1_base64="xirGhqp9yJJ2lVO9rointSitmJE="></latexit>

=
Z[M ]

Z
· 1

Z[M ]K
exp

(
→

K∑

ω=1

Hmeas[S
ω
,M ]

)

<latexit sha1_base64="VpS1NhdxXp4lhEV9b+WmQKPdwKU="></latexit>

= lim
n→1

Z[M ]n↑K

Z
exp

(
→

K∑

ω=1

Hmeas[S
ω
,M ]

)

posterior ensemble  
captured by 

 replica limitn → 1

learning Ising model

http://www.thp.uni-koeln.de/trebst/
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<latexit sha1_base64="mutW0L3+BMTImYeX+g6pymVEZ9M="></latexit>

H =
∑

→i,j↑

Jij Sz
i S

z
j

random-bond Ising model

γlearning

T
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ferromagnet

spin 
glass

para-

magnet

Tc

∞

<latexit sha1_base64="Zds8s3bxXQYqeAW6W0lfqRnp5HM="></latexit>

H = →

∑

→i,j↑

Sz
i S

z
j

learning Ising model

conditional randomness by measurement 

Born 
disorder replica limit

R → 1

“higher” 
disorder

replica limit

<latexit sha1_base64="y/NBtbXkP3kc5NznR29vLlQayME=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBIvgapip7XS6K7pxWcU+oB1KJs20oZkHSUYoQz/CjQtF3Po97vwb04egogcCh3PuJfccP+FMKsv6MHJr6xubW/ntws7u3v5B8fCoLeNUENoiMY9F18eSchbRlmKK024iKA59Tjv+5Grud+6pkCyO7tQ0oV6IRxELGMFKS51b1FcxKg+KJcusO+WqU0WW6dQc161rYl1UHNtFtmktUIIVmoPie38YkzSkkSIcS9mzrUR5GRaKEU5nhX4qaYLJBI9oT9MIh1R62eLcGTrTyhAFsdAvUmihft/IcCjlNPT1ZIjVWP725uJfXi9VgetlLEpSRSOy/ChIOdIR59nRkAlKFJ9qgolg+lZExlhgonRDBV3CV1L0P2mXTdsxnZtKqXG5qiMPJ3AK52BDDRpwDU1oAYEJPMATPBuJ8Wi8GK/L0Zyx2jmGHzDePgG0Fo8x</latexit>

R → 2

higher Nishimori line

N(1)

N(2)

<latexit sha1_base64="mgR+0HtHXFJ6GQvBYsk5TP/+hF4=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDZmiVXdFNy6r2Ae0Q8mkmTY0kxmSjFCGfoQbF4q49Xvc+Tdm+gAVPRA4nHMvuecEieDaYPzpLC2vrK6tFzaKm1vbO7ulvf2mjlNFWYPGIlbtgGgmuGQNw41g7UQxEgWCtYLRde63HpjSPJb3ZpwwPyIDyUNOibFS6w51TYxwr1TGrneZA2G3gi3OFqSCPBdPUYY56r3SR7cf0zRi0lBBtO54ODF+RpThVLBJsZtqlhA6IgPWsVSSiGk/m547QcdW6aMwVvZJg6bq942MRFqPo8BORsQM9W8vF//yOqkJL/yMyyQ1TNLZR2EqkI2YZ0d9rhg1YmwJoYrbWxEdEkWosQ0VbQmLpOh/0qy4XtWt3p6Wa1fzOgpwCEdwAh6cQw1uoA4NoDCCR3iGFydxnpxX5202uuTMdw7gB5z3L3VUjwU=</latexit>

R → 0
<latexit sha1_base64="/WlP4F4hW6kI1r8fzVgxummZROg=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDTNFq+6KblxWsQ9oh5JJM21okhmSjFCGfoQbF4q49Xvc+Tdm+gAVPRA4nHMvueeECWfaeN6ns7S8srq2Xtgobm5t7+yW9vabOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWj69xvPVClWSzvzTihgcADySJGsLFS6w51TYz8Xqnsuf5lDuS5Fc/ibEEqyHe9KcowR71X+uj2Y5IKKg3hWOuO7yUmyLAyjHA6KXZTTRNMRnhAO5ZKLKgOsum5E3RslT6KYmWfNGiqft/IsNB6LEI7KbAZ6t9eLv7ldVITXQQZk0lqqCSzj6KUIxsxz476TFFi+NgSTBSztyIyxAoTYxsq2hIWSdH/pFlx/apbvT0t167mdRTgEI7gBHw4hxrcQB0aQGAEj/AML07iPDmvzttsdMmZ7xzADzjvX3bYjwY=</latexit>

R → 1

Nishimori line

quenched 
disorder

<latexit sha1_base64="mgR+0HtHXFJ6GQvBYsk5TP/+hF4=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDZmiVXdFNy6r2Ae0Q8mkmTY0kxmSjFCGfoQbF4q49Xvc+Tdm+gAVPRA4nHMvuecEieDaYPzpLC2vrK6tFzaKm1vbO7ulvf2mjlNFWYPGIlbtgGgmuGQNw41g7UQxEgWCtYLRde63HpjSPJb3ZpwwPyIDyUNOibFS6w51TYxwr1TGrneZA2G3gi3OFqSCPBdPUYY56r3SR7cf0zRi0lBBtO54ODF+RpThVLBJsZtqlhA6IgPWsVSSiGk/m547QcdW6aMwVvZJg6bq942MRFqPo8BORsQM9W8vF//yOqkJL/yMyyQ1TNLZR2EqkI2YZ0d9rhg1YmwJoYrbWxEdEkWosQ0VbQmLpOh/0qy4XtWt3p6Wa1fzOgpwCEdwAh6cQw1uoA4NoDCCR3iGFydxnpxX5202uuTMdw7gB5z3L3VUjwU=</latexit>

R → 0
replica limit

Born 
disorder replica limit

R → 1

http://www.thp.uni-koeln.de/trebst/
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<latexit sha1_base64="Zds8s3bxXQYqeAW6W0lfqRnp5HM="></latexit>

H = →

∑

→i,j↑

Sz
i S

z
j

higher Nishimori line

higher Nishimori line

N(1)

N(2)

learning Ising model
<latexit sha1_base64="/WlP4F4hW6kI1r8fzVgxummZROg=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDTNFq+6KblxWsQ9oh5JJM21okhmSjFCGfoQbF4q49Xvc+Tdm+gAVPRA4nHMvueeECWfaeN6ns7S8srq2Xtgobm5t7+yW9vabOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWj69xvPVClWSzvzTihgcADySJGsLFS6w51TYz8Xqnsuf5lDuS5Fc/ibEEqyHe9KcowR71X+uj2Y5IKKg3hWOuO7yUmyLAyjHA6KXZTTRNMRnhAO5ZKLKgOsum5E3RslT6KYmWfNGiqft/IsNB6LEI7KbAZ6t9eLv7ldVITXQQZk0lqqCSzj6KUIxsxz476TFFi+NgSTBSztyIyxAoTYxsq2hIWSdH/pFlx/apbvT0t167mdRTgEI7gBHw4hxrcQB0aQGAEj/AML07iPDmvzttsdMmZ7xzADzjvX3bYjwY=</latexit>

R → 1

replica limit

<latexit sha1_base64="y/NBtbXkP3kc5NznR29vLlQayME=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBIvgapip7XS6K7pxWcU+oB1KJs20oZkHSUYoQz/CjQtF3Po97vwb04egogcCh3PuJfccP+FMKsv6MHJr6xubW/ntws7u3v5B8fCoLeNUENoiMY9F18eSchbRlmKK024iKA59Tjv+5Grud+6pkCyO7tQ0oV6IRxELGMFKS51b1FcxKg+KJcusO+WqU0WW6dQc161rYl1UHNtFtmktUIIVmoPie38YkzSkkSIcS9mzrUR5GRaKEU5nhX4qaYLJBI9oT9MIh1R62eLcGTrTyhAFsdAvUmihft/IcCjlNPT1ZIjVWP725uJfXi9VgetlLEpSRSOy/ChIOdIR59nRkAlKFJ9qgolg+lZExlhgonRDBV3CV1L0P2mXTdsxnZtKqXG5qiMPJ3AK52BDDRpwDU1oAYEJPMATPBuJ8Wi8GK/L0Zyx2jmGHzDePgG0Fo8x</latexit>

R → 2

replica limit
R → 1

<latexit sha1_base64="hNQgMoc9mpE0S/pfLbVhEM2q+AY="></latexit>

→ωiωj↑2 ↓ 1

|i↔ j|1/4

power-law exponent of EA correlator

replica-replica  
locking

two-point 
spin correlator 
at Ising point

Tc

measurement strength 𝛾0.0 𝛾c = 0.598 1.0
exponen

t 2X 2
0

1/4
1/2

N(2)

R. Patil et al., arXiv:2604.06324

http://www.thp.uni-koeln.de/trebst/
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<latexit sha1_base64="Zds8s3bxXQYqeAW6W0lfqRnp5HM="></latexit>

H = →

∑

→i,j↑

Sz
i S
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higher Nishimori line

higher Nishimori line

N(1)

N(2)

learning Ising model
<latexit sha1_base64="/WlP4F4hW6kI1r8fzVgxummZROg=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDTNFq+6KblxWsQ9oh5JJM21okhmSjFCGfoQbF4q49Xvc+Tdm+gAVPRA4nHMvueeECWfaeN6ns7S8srq2Xtgobm5t7+yW9vabOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWj69xvPVClWSzvzTihgcADySJGsLFS6w51TYz8Xqnsuf5lDuS5Fc/ibEEqyHe9KcowR71X+uj2Y5IKKg3hWOuO7yUmyLAyjHA6KXZTTRNMRnhAO5ZKLKgOsum5E3RslT6KYmWfNGiqft/IsNB6LEI7KbAZ6t9eLv7ldVITXQQZk0lqqCSzj6KUIxsxz476TFFi+NgSTBSztyIyxAoTYxsq2hIWSdH/pFlx/apbvT0t167mdRTgEI7gBHw4hxrcQB0aQGAEj/AML07iPDmvzttsdMmZ7xzADzjvX3bYjwY=</latexit>

R → 1

replica limit

<latexit sha1_base64="y/NBtbXkP3kc5NznR29vLlQayME=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBIvgapip7XS6K7pxWcU+oB1KJs20oZkHSUYoQz/CjQtF3Po97vwb04egogcCh3PuJfccP+FMKsv6MHJr6xubW/ntws7u3v5B8fCoLeNUENoiMY9F18eSchbRlmKK024iKA59Tjv+5Grud+6pkCyO7tQ0oV6IRxELGMFKS51b1FcxKg+KJcusO+WqU0WW6dQc161rYl1UHNtFtmktUIIVmoPie38YkzSkkSIcS9mzrUR5GRaKEU5nhX4qaYLJBI9oT9MIh1R62eLcGTrTyhAFsdAvUmihft/IcCjlNPT1ZIjVWP725uJfXi9VgetlLEpSRSOy/ChIOdIR59nRkAlKFJ9qgolg+lZExlhgonRDBV3CV1L0P2mXTdsxnZtKqXG5qiMPJ3AK52BDDRpwDU1oAYEJPMATPBuJ8Wi8GK/L0Zyx2jmGHzDePgG0Fo8x</latexit>

R → 2

replica limit
R → 1

generalized Nishimori condition

replica-replica  
locking

two-point 
spin correlator 
at Ising point

Tc

<latexit sha1_base64="BECqDXfcUfTWMK2NlT5CaEcX9Ig="></latexit>

→ωiωj↑2 ↓ →ωiωj↑

R. Patil et al., arXiv:2604.06324

http://www.thp.uni-koeln.de/trebst/
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<latexit sha1_base64="Zds8s3bxXQYqeAW6W0lfqRnp5HM="></latexit>

H = →

∑

→i,j↑

Sz
i S

z
j

generalized RG flows and  - theoremc

higher Nishimori line

N(1)

N(2)

learning Ising model
<latexit sha1_base64="/WlP4F4hW6kI1r8fzVgxummZROg=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDTNFq+6KblxWsQ9oh5JJM21okhmSjFCGfoQbF4q49Xvc+Tdm+gAVPRA4nHMvueeECWfaeN6ns7S8srq2Xtgobm5t7+yW9vabOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWj69xvPVClWSzvzTihgcADySJGsLFS6w51TYz8Xqnsuf5lDuS5Fc/ibEEqyHe9KcowR71X+uj2Y5IKKg3hWOuO7yUmyLAyjHA6KXZTTRNMRnhAO5ZKLKgOsum5E3RslT6KYmWfNGiqft/IsNB6LEI7KbAZ6t9eLv7ldVITXQQZk0lqqCSzj6KUIxsxz476TFFi+NgSTBSztyIyxAoTYxsq2hIWSdH/pFlx/apbvT0t167mdRTgEI7gBHw4hxrcQB0aQGAEj/AML07iPDmvzttsdMmZ7xzADzjvX3bYjwY=</latexit>

R → 1

replica limit

<latexit sha1_base64="y/NBtbXkP3kc5NznR29vLlQayME=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBIvgapip7XS6K7pxWcU+oB1KJs20oZkHSUYoQz/CjQtF3Po97vwb04egogcCh3PuJfccP+FMKsv6MHJr6xubW/ntws7u3v5B8fCoLeNUENoiMY9F18eSchbRlmKK024iKA59Tjv+5Grud+6pkCyO7tQ0oV6IRxELGMFKS51b1FcxKg+KJcusO+WqU0WW6dQc161rYl1UHNtFtmktUIIVmoPie38YkzSkkSIcS9mzrUR5GRaKEU5nhX4qaYLJBI9oT9MIh1R62eLcGTrTyhAFsdAvUmihft/IcCjlNPT1ZIjVWP725uJfXi9VgetlLEpSRSOy/ChIOdIR59nRkAlKFJ9qgolg+lZExlhgonRDBV3CV1L0P2mXTdsxnZtKqXG5qiMPJ3AK52BDDRpwDU1oAYEJPMATPBuJ8Wi8GK/L0Zyx2jmGHzDePgG0Fo8x</latexit>

R → 2

replica limit
R → 1

RG flow of Casimir central charge

Tc

measurement strength 𝛾0.0 𝛾c = 0.598 1.0eff. cent
ral char

ge c eff
0.00
0.25
0.50

0.0 𝛾c

0.51
0.52

N(2)

<latexit sha1_base64="RywKAtUgRmeb/K8CaHX2Jg0QSS8=">AAACDXicdVA9SwNBEN3z2/gVtbRZjILVeRf8LBTRRjsFo0ISwt5mLlnc2zt258Rw3B+w8a/YWChia2/nv3ETo6jog4G3782wMy9IpDDoeW/OwODQ8Mjo2HhhYnJqeqY4O3dm4lRzqPBYxvoiYAakUFBBgRIuEg0sCiScB5cHXf/8CrQRsTrFTgL1iLWUCAVnaKVGcYk3shrCNWYQhnm+S7/eR0aoVp7v+KvlRrHkuf52F9Rzy57F+icpU9/1eiiRPo4bxddaM+ZpBAq5ZMZUfS/BesY0Ci4hL9RSAwnjl6wFVUsVi8DUs941OV22SpOGsbalkPbU7xMZi4zpRIHtjBi2zW+vK/7lVVMMt+qZUEmKoPjHR2EqKca0Gw1tCg0cZccSxrWwu1LeZppxtAEWbAifl9L/yVnZ9TfcjZO10t5+P44xskAWyQrxySbZI4fkmFQIJzfkjjyQR+fWuXeenOeP1gGnPzNPfsB5eQdIzZxV</latexit>

ce! > cIsing = 1/2

R. Patil & A. Ludwig, arXiv:2507.07959

R. Patil et al., arXiv:2604.06324

http://www.thp.uni-koeln.de/trebst/
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<latexit sha1_base64="Zds8s3bxXQYqeAW6W0lfqRnp5HM="></latexit>
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learning Ising model
<latexit sha1_base64="/WlP4F4hW6kI1r8fzVgxummZROg=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDTNFq+6KblxWsQ9oh5JJM21okhmSjFCGfoQbF4q49Xvc+Tdm+gAVPRA4nHMvueeECWfaeN6ns7S8srq2Xtgobm5t7+yW9vabOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWj69xvPVClWSzvzTihgcADySJGsLFS6w51TYz8Xqnsuf5lDuS5Fc/ibEEqyHe9KcowR71X+uj2Y5IKKg3hWOuO7yUmyLAyjHA6KXZTTRNMRnhAO5ZKLKgOsum5E3RslT6KYmWfNGiqft/IsNB6LEI7KbAZ6t9eLv7ldVITXQQZk0lqqCSzj6KUIxsxz476TFFi+NgSTBSztyIyxAoTYxsq2hIWSdH/pFlx/apbvT0t167mdRTgEI7gBHw4hxrcQB0aQGAEj/AML07iPDmvzttsdMmZ7xzADzjvX3bYjwY=</latexit>

R → 1

replica limit

<latexit sha1_base64="y/NBtbXkP3kc5NznR29vLlQayME=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBIvgapip7XS6K7pxWcU+oB1KJs20oZkHSUYoQz/CjQtF3Po97vwb04egogcCh3PuJfccP+FMKsv6MHJr6xubW/ntws7u3v5B8fCoLeNUENoiMY9F18eSchbRlmKK024iKA59Tjv+5Grud+6pkCyO7tQ0oV6IRxELGMFKS51b1FcxKg+KJcusO+WqU0WW6dQc161rYl1UHNtFtmktUIIVmoPie38YkzSkkSIcS9mzrUR5GRaKEU5nhX4qaYLJBI9oT9MIh1R62eLcGTrTyhAFsdAvUmihft/IcCjlNPT1ZIjVWP725uJfXi9VgetlLEpSRSOy/ChIOdIR59nRkAlKFJ9qgolg+lZExlhgonRDBV3CV1L0P2mXTdsxnZtKqXG5qiMPJ3AK52BDDRpwDU1oAYEJPMATPBuJ8Wi8GK/L0Zyx2jmGHzDePgG0Fo8x</latexit>

R → 2

replica limit
R → 1

RG flow of Casimir central charge

Tc

<latexit sha1_base64="RywKAtUgRmeb/K8CaHX2Jg0QSS8=">AAACDXicdVA9SwNBEN3z2/gVtbRZjILVeRf8LBTRRjsFo0ISwt5mLlnc2zt258Rw3B+w8a/YWChia2/nv3ETo6jog4G3782wMy9IpDDoeW/OwODQ8Mjo2HhhYnJqeqY4O3dm4lRzqPBYxvoiYAakUFBBgRIuEg0sCiScB5cHXf/8CrQRsTrFTgL1iLWUCAVnaKVGcYk3shrCNWYQhnm+S7/eR0aoVp7v+KvlRrHkuf52F9Rzy57F+icpU9/1eiiRPo4bxddaM+ZpBAq5ZMZUfS/BesY0Ci4hL9RSAwnjl6wFVUsVi8DUs941OV22SpOGsbalkPbU7xMZi4zpRIHtjBi2zW+vK/7lVVMMt+qZUEmKoPjHR2EqKca0Gw1tCg0cZccSxrWwu1LeZppxtAEWbAifl9L/yVnZ9TfcjZO10t5+P44xskAWyQrxySbZI4fkmFQIJzfkjjyQR+fWuXeenOeP1gGnPzNPfsB5eQdIzZxV</latexit>

ce! > cIsing = 1/2

R. Patil & A. Ludwig, arXiv:2507.07959

c = 0.5000 Ising

higher Nishimori

Nishimori

c = 0.522(1)

c = 0.464(4)

 
disorder
R → 0  

disorder
R → 1

generalized RG flows and  - theoremc
R. Patil et al., arXiv:2604.06324

http://www.thp.uni-koeln.de/trebst/
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summary

• measurements are a powerful tool to create entangled states 

• shallow circuit constructions for cat & toric code states


• trade-off in form of auxiliary qubits and decoding

• monitoring topology


• stability of protocols & thresholds 

• criticality & Nishimori physics

• learning topology


• conditioned disorder & replica theory


• new universal behavior & higher Nishimori physics

http://www.thp.uni-koeln.de/trebst/
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