
Stochastic quantum thermodynamics for
nanoelectronics

G J Milburn

G J Milburn (2026) Stochastic quantum thermodynamics for nanoelectronics 1 / 60



What is stochastic thermodynamics?

charge 
sensor

charge sensor continupously monitors QD1 occupation
infor bit

germanium quantum well.
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What is stochastic thermodynamics?

Szilard engine:

Kim et al, PRL, 106 (2011)
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What is stochastic thermodynamics?

steady state

<latexit sha1_base64="95GjvVXcgVKgWJ0LKZWtpHsmHEg=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRb0IRS8eK9haaJeSTbNtaJJdk2yhLPs7vHhQxKs/xpv/xrTdg7Y+GHi8N8PMvCDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHw78x8nVGkWyQczjakv8FCykBFsrOTH171QYZJ6WVrL+uWKW3XnQKvEy0kFcjT75a/eICKJoNIQjrXuem5s/BQrwwinWamXaBpjMsZD2rVUYkG1n86PztCZVQYojJQtadBc/T2RYqH1VAS2U2Az0sveTPzP6yYmvPJTJuPEUEkWi8KEIxOhWQJowBQlhk8twUQxeysiI2xTMDankg3BW355lbRrVe+iWr+vVxo3eRxFOIFTOAcPLqEBd9CEFhB4gmd4hTdn4rw4787HorXg5DPH8AfO5w+UQpH9</latexit>

p =
1

2

<latexit sha1_base64="tB7gSFf6VTQbBMaTECfq3GNVDfQ=">AAAB8HicbVA9TwJBEJ3DL8Qv1NLmIjHBhtwRopZEG0tMBDFwIXvLAht29y67cybkwq+wsdAYW3+Onf/GBa5Q8CWTvLw3k5l5YSy4Qc/7dnJr6xubW/ntws7u3v5B8fCoZaJEU9akkYh0OySGCa5YEzkK1o41IzIU7CEc38z8hyemDY/UPU5iFkgyVHzAKUErPbZ66bA6LeN5r1jyKt4c7irxM1KCDI1e8avbj2gimUIqiDEd34sxSIlGTgWbFrqJYTGhYzJkHUsVkcwE6fzgqXtmlb47iLQthe5c/T2REmnMRIa2UxIcmWVvJv7ndRIcXAUpV3GCTNHFokEiXIzc2fdun2tGUUwsIVRze6tLR0QTijajgg3BX355lbSqFf+iUrurlerXWRx5OIFTKIMPl1CHW2hAEyhIeIZXeHO08+K8Ox+L1pyTzRzDHzifPwTWj+g=</latexit>

Vg2(t)

<latexit sha1_base64="X36ZAtz3+SH8tpZeyQRAOUedcAo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQFMFjBdMW2lA220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53Cyura+kZxs7S1vbO7V94/aOgkUwx9lohEtUKqUXCJvuFGYCtVSONQYDMc3k795hMqzRP5aEYpBjHtSx5xRo2V/Luue+12yxW36s5AlomXkwrkqHfLX51ewrIYpWGCat323NQEY6oMZwInpU6mMaVsSPvYtlTSGHUwnh07ISdW6ZEoUbakITP198SYxlqP4tB2xtQM9KI3Ff/z2pmJroIxl2lmULL5oigTxCRk+jnpcYXMiJEllClubyVsQBVlxuZTsiF4iy8vk8ZZ1buonj+cV2o3eRxFOIJjOAUPLqEG91AHHxhweIZXeHOk8+K8Ox/z1oKTzxzCHzifP7BTjfY=</latexit>

E0 = 0
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What is stochastic thermodynamics?

occupation probability

ṗ = Γin(ε)(1 − p) − Γout(ε)p

Γin(ε) = γf (ε) Γout (ε) = γ(1 − f (ε))

Detailed balance:
Γin
Γout

= e−βε0 = 1

Choose ε0 = 0 and γ = 4/3

at ε = 0
ṗ = 2

3 − 4
3p

pss = 1
2
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What is stochastic thermodynamics?

Vary gate bias ε(t) = ε0 + (εf − ε0)t/τ

Γin(0)
Γout(0) = 1 → Γin(τ)

Γout(τ) = e−βεf

p = 1
2 → e−βεf

1 + e−βεf

sample random telegraph:
<latexit sha1_base64="4dLX825kOPjoK00956Xk3hWYhA8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWjzhOuB/RgRKhYBSt9KCu3V654lbdGcgy8XJSgRz1Xvmr249ZGnGFTFJjOp6boJ9RjYJJPil1U8MTykZ0wDuWKhpx42ezUyfkxCp9EsbalkIyU39PZDQyZhwFtjOiODSL3lT8z+ukGF75mVBJilyx+aIwlQRjMv2b9IXmDOXYEsq0sLcSNqSaMrTplGwI3uLLy6R5VvUuquf355XaTR5HEY7gGE7Bg0uowR3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8AyiWNfA==</latexit>

n = 0
<latexit sha1_base64="Y2oOLLJvbsya0nC892AJVrQz5dM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWjzhOuB/RgRKhYBSt9KCuvV654lbdGcgy8XJSgRz1Xvmr249ZGnGFTFJjOp6boJ9RjYJJPil1U8MTykZ0wDuWKhpx42ezUyfkxCp9EsbalkIyU39PZDQyZhwFtjOiODSL3lT8z+ukGF75mVBJilyx+aIwlQRjMv2b9IXmDOXYEsq0sLcSNqSaMrTplGwI3uLLy6R5VvUuquf355XaTR5HEY7gGE7Bg0uowR3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8Ay6mNfQ==</latexit>

n = 1
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What is stochastic thermodynamics?

Work done on the system:

W =
∫ τ

0
n(t)ε̇(t)dt

is stochastic in each trial.
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What is stochastic thermodynamics?
Jarzynski equality.

⟨e−βw ⟩︸ ︷︷ ︸
av. over trials

= e−β∆F

β = (kBT )−1

∆F : change in free energy between initial and final thermal equilibrium
states.

ε = 0 → εf = 3/β,

β = 1, τ = 10.0, N = 50, 000 : e−β∆F = 0.525, ⟨e−βW ⟩ = 0.467.
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What is stochastic thermodynamics?

Szilard engine: measure and control.

Modified JE: Sagawa–Ueda, PRL 2012

classical stochastic system X interacting with another degree of freedom
Y (memory, controller, demon) via measurement and feedback, and define
a trajectory-level entropy production and mutual-information change.

⟨e−βW ⟩ = e−β∆F+I

I is (roughly) the mutual information between system and measurement
outcomes accumulated during the protocol.
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What is stochastic thermodynamics?
conditional quench:

<latexit sha1_base64="95GjvVXcgVKgWJ0LKZWtpHsmHEg=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRb0IRS8eK9haaJeSTbNtaJJdk2yhLPs7vHhQxKs/xpv/xrTdg7Y+GHi8N8PMvCDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHw78x8nVGkWyQczjakv8FCykBFsrOTH171QYZJ6WVrL+uWKW3XnQKvEy0kFcjT75a/eICKJoNIQjrXuem5s/BQrwwinWamXaBpjMsZD2rVUYkG1n86PztCZVQYojJQtadBc/T2RYqH1VAS2U2Az0sveTPzP6yYmvPJTJuPEUEkWi8KEIxOhWQJowBQlhk8twUQxeysiI2xTMDankg3BW355lbRrVe+iWr+vVxo3eRxFOIFTOAcPLqEBd9CEFhB4gmd4hTdn4rw4787HorXg5DPH8AfO5w+UQpH9</latexit>

p =
1

2

<latexit sha1_base64="tB7gSFf6VTQbBMaTECfq3GNVDfQ=">AAAB8HicbVA9TwJBEJ3DL8Qv1NLmIjHBhtwRopZEG0tMBDFwIXvLAht29y67cybkwq+wsdAYW3+Onf/GBa5Q8CWTvLw3k5l5YSy4Qc/7dnJr6xubW/ntws7u3v5B8fCoZaJEU9akkYh0OySGCa5YEzkK1o41IzIU7CEc38z8hyemDY/UPU5iFkgyVHzAKUErPbZ66bA6LeN5r1jyKt4c7irxM1KCDI1e8avbj2gimUIqiDEd34sxSIlGTgWbFrqJYTGhYzJkHUsVkcwE6fzgqXtmlb47iLQthe5c/T2REmnMRIa2UxIcmWVvJv7ndRIcXAUpV3GCTNHFokEiXIzc2fdun2tGUUwsIVRze6tLR0QTijajgg3BX355lbSqFf+iUrurlerXWRx5OIFTKIMPl1CHW2hAEyhIeIZXeHO08+K8Ox+L1pyTzRzDHzifPwTWj+g=</latexit>

Vg2(t)

<latexit sha1_base64="WsPMlil5klHkFZcCGlx5tYFJ6+0=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVol6EohePFewHtGvJptk2NJssSVZblv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aGiZKELrRHKpWgHWlDNB64YZTluxojgKOG0Gw5up33ykSjMp7s04pn6E+4KFjGBjpYdOFMhRykKEJqMrt1ssuWV3BrRMvIyUIEOtW/zq9CRJIioM4VjrtufGxk+xMoxwOil0Ek1jTIa4T9uWChxR7aezqyfoxCo9FEplSxg0U39PpDjSehwFtjPCZqAXvan4n9dOTHjpp0zEiaGCzBeFCUdGomkEqMcUJYaPLcFEMXsrIgOsMDE2qIINwVt8eZk0zsreeblyVylVr7M48nAEx3AKHlxAFW6hBnUgoOAZXuHNeXJenHfnY96ac7KZQ/gD5/MHyGGSDQ==</latexit>

if x = 0

<latexit sha1_base64="95GjvVXcgVKgWJ0LKZWtpHsmHEg=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRb0IRS8eK9haaJeSTbNtaJJdk2yhLPs7vHhQxKs/xpv/xrTdg7Y+GHi8N8PMvCDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHw78x8nVGkWyQczjakv8FCykBFsrOTH171QYZJ6WVrL+uWKW3XnQKvEy0kFcjT75a/eICKJoNIQjrXuem5s/BQrwwinWamXaBpjMsZD2rVUYkG1n86PztCZVQYojJQtadBc/T2RYqH1VAS2U2Az0sveTPzP6yYmvPJTJuPEUEkWi8KEIxOhWQJowBQlhk8twUQxeysiI2xTMDankg3BW355lbRrVe+iWr+vVxo3eRxFOIFTOAcPLqEBd9CEFhB4gmd4hTdn4rw4787HorXg5DPH8AfO5w+UQpH9</latexit>

p =
1

2

<latexit sha1_base64="tB7gSFf6VTQbBMaTECfq3GNVDfQ=">AAAB8HicbVA9TwJBEJ3DL8Qv1NLmIjHBhtwRopZEG0tMBDFwIXvLAht29y67cybkwq+wsdAYW3+Onf/GBa5Q8CWTvLw3k5l5YSy4Qc/7dnJr6xubW/ntws7u3v5B8fCoZaJEU9akkYh0OySGCa5YEzkK1o41IzIU7CEc38z8hyemDY/UPU5iFkgyVHzAKUErPbZ66bA6LeN5r1jyKt4c7irxM1KCDI1e8avbj2gimUIqiDEd34sxSIlGTgWbFrqJYTGhYzJkHUsVkcwE6fzgqXtmlb47iLQthe5c/T2REmnMRIa2UxIcmWVvJv7ndRIcXAUpV3GCTNHFokEiXIzc2fdun2tGUUwsIVRze6tLR0QTijajgg3BX355lbSqFf+iUrurlerXWRx5OIFTKIMPl1CHW2hAEyhIeIZXeHO08+K8Ox+L1pyTzRzDHzifPwTWj+g=</latexit>

Vg2(t)

<latexit sha1_base64="ZD31pbby5H3rbnF3a2kfpjc9SvU=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVol6EohePFewHtGvJptk2NJssSVZblv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aGiZKELrRHKpWgHWlDNB64YZTluxojgKOG0Gw5up33ykSjMp7s04pn6E+4KFjGBjpYdOFMhRykKEJqMrr1ssuWV3BrRMvIyUIEOtW/zq9CRJIioM4VjrtufGxk+xMoxwOil0Ek1jTIa4T9uWChxR7aezqyfoxCo9FEplSxg0U39PpDjSehwFtjPCZqAXvan4n9dOTHjpp0zEiaGCzBeFCUdGomkEqMcUJYaPLcFEMXsrIgOsMDE2qIINwVt8eZk0zsreeblyVylVr7M48nAEx3AKHlxAFW6hBnUgoOAZXuHNeXJenHfnY96ac7KZQ/gD5/MHyeWSDg==</latexit>

if x = 1

<latexit sha1_base64="X36ZAtz3+SH8tpZeyQRAOUedcAo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQFMFjBdMW2lA220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53Cyura+kZxs7S1vbO7V94/aOgkUwx9lohEtUKqUXCJvuFGYCtVSONQYDMc3k795hMqzRP5aEYpBjHtSx5xRo2V/Luue+12yxW36s5AlomXkwrkqHfLX51ewrIYpWGCat323NQEY6oMZwInpU6mMaVsSPvYtlTSGHUwnh07ISdW6ZEoUbakITP198SYxlqP4tB2xtQM9KI3Ff/z2pmJroIxl2lmULL5oigTxCRk+jnpcYXMiJEllClubyVsQBVlxuZTsiF4iy8vk8ZZ1buonj+cV2o3eRxFOIJjOAUPLqEG91AHHxhweIZXeHOk8+K8Ox/z1oKTzxzCHzifP7BTjfY=</latexit>

E0 = 0
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What is stochastic thermodynamics?
x = 0 dot is empty, quench does no work.

Lower energy via gate bias Vg(t), and W > 0 energy gained from system.

Nonlinear bias ε(t) ... optimal.
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What is stochastic thermodynamics?
x = 1 dot is charged, quench to −eV .

Raise energy via gate bias Vg(t)

G J Milburn (2026) Stochastic quantum thermodynamics for nanoelectronics 12 / 60



What is stochastic thermodynamics?
x = 1 dot is charged, quench to −eV .

Raise energy via gate bias Vg(t)

G J Milburn (2026) Stochastic quantum thermodynamics for nanoelectronics 12 / 60



What is stochastic thermodynamics?
x = 1 dot is charged, quench to −eV .

Raise energy via gate bias Vg(t)

G J Milburn (2026) Stochastic quantum thermodynamics for nanoelectronics 12 / 60



What is stochastic thermodynamics?

The per-cycle ⟨W ⟩ curve saturates below ln 2 kBT ... the fundamental
information-thermodynamic bound.

G J Milburn (2026) Stochastic quantum thermodynamics for nanoelectronics 13 / 60



Quantum measurement theory.

Section 4.9 Quantum Measurement and Control, Wiseman & GJM, CUP
(2010).

Chang et al. PRB, 96, 195440 (2017).

ρ̇ = ΓinD[c†]ρ + ΓoutD[c]ρ + χD[c†c]ρ︸ ︷︷ ︸
measurement dephasing

≡ Lρ

Conditional stochastic m.e.

dρc = Lρcdt +
√

κdW H[c†c]ρc

dW Wiener increment {c, c†} = 1

D[A]ρ = AρA† −
1
2

(A†Aρ + ρA†A)

H[A]ρ = Aρ + ρA† − tr[(Aρ + ρA†)ρ]ρ
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Quantum measurement theory.

observed process at time t is 

conditioned 

on the quantum state at time t

quantum state at time t+dt  is 

conditioned 

on the  observed process at time t

Stochastic Schroedinger equation

Measurement record
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Quantum measurement theory.
Observed current: Ic(t) = I0 − χ⟨n̂⟩c − 1√

κ
ξ(t) , E[ξ(t)ξ(t ′)] = δ(t − t ′)

Conditional probability: Kushner-Stratonovich eq.

dp1,c = Γin(1 − p1,c)dt + Γoutp1,cdt + 2
√

κp1,c(1 − p1,c)dW

Partially observed Markov process.

Use Butterworth filter. 
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Probabilities as Computation.

AI and quantum computing share two important features:

– algorithms for transforming probability distributions over data
– require specialised hardware to run.

This suggests a common framework.
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Probabilities as Computation

Machine learning:

learn structure and uncertainty by modifying or mapping simpler, initial
distributions to match complex statistical patterns found in real-world
datasets.

→ Compress information →Reduce entropy.
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Universal classical probability sampling.

0, 0, 1, 0, 0, 1, 1, 1, 0, 1, 0, 1, 0, 0, 0, 0, 0, 1, 0, 0, 1, 1, 0, 1,

1, 1, 0, 1, 1, 0, 0, 0, 1, 1, 0, 0, 1, 1, 0, 0, 1, 0, 0, 1, 0, 0, 0, 1,

1, 1, 0, 0, 0, 1, 0, 1, 0, 1, 0, 1, 1, 0, 1, 1, 1, 0, 1, 1, 1, 0, 0, 0,

1, 0, 1, 0, 0, 1, 0, 0, 0, 1, 1, 0, 1, 1, 1, 0, 0, 1, 1, 0, 0, 1, 0, 1,

0, 0, 0, 1, 1, 0, 0, 0, 0, 1, 1, 0, 0, 0, 1, 1, 1, 1, 1, 1, 1, 1, 1, 0,

0, 1, 1, 1, 1, 1, 1, 0, 1, 0, 0, 0, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0,

0, 0, 0, 0, 0, 1, 0, 0, 0, 0, 0, 1, 1, 0, 1, 0, 1, 0, 1, 0, 0, 1, 1, 0,

0, 0, 0, 1, 1, 0, 0, 0, 1, 0, 1, 1, 1, 0, 0, 1, 1, 0, 1, 1, 0, 1, 0, 0,

0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0,

clock signal clock signal

bits in bits out

tr
an

si
st

or
 

ci
rc

ui
ts

G J Milburn (2026) Stochastic quantum thermodynamics for nanoelectronics 19 / 60



Universal quantum probability sampling.

0, 0, 1, 0, 0, 1, 1, 1, 0, 1, 0, 1, 0, 0, 0, 0, 0, 1, 0, 0, 1, 1, 0, 1,

1, 1, 0, 1, 1, 0, 0, 0, 1, 1, 0, 0, 1, 1, 0, 0, 1, 0, 0, 1, 0, 0, 0, 1,

1, 1, 0, 0, 0, 1, 0, 1, 0, 1, 0, 1, 1, 0, 1, 1, 1, 0, 1, 1, 1, 0, 0, 0,

1, 0, 1, 0, 0, 1, 0, 0, 0, 1, 1, 0, 1, 1, 1, 0, 0, 1, 1, 0, 0, 1, 0, 1,

0, 0, 0, 1, 1, 0, 0, 0, 0, 1, 1, 0, 0, 0, 1, 1, 1, 1, 1, 1, 1, 1, 1, 0,

0, 1, 1, 1, 1, 1, 1, 0, 1, 0, 0, 0, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0,

0, 0, 0, 0, 0, 1, 0, 0, 0, 0, 0, 1, 1, 0, 1, 0, 1, 0, 1, 0, 0, 1, 1, 0,

0, 0, 0, 1, 1, 0, 0, 0, 1, 0, 1, 1, 1, 0, 0, 1, 1, 0, 1, 1, 0, 1, 0, 0,

0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0,

clock signal clock signal

bits in bits out

qu
bi

t c
irc

ui
ts
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Universal quantum probability sampling.

Quantum computation.
A quantum computer transforms probabilities of bit strings.
... by transforming of probability amplitudes.
Computation = controlled interference of probability amplitudes.
Algorithms exploit this interference to achieve greater efficiency.
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Algorithmic neural networks.

1963, Rosenblatt: perceptron algorithm.

Uses an activation function:

fλ(z) = 1
1 + e−λz

Algorithm flowchart

x1

x2

x3

x4

w1

w2

w3

w4

+

in
pu

t

activation
function

<latexit sha1_base64="3CpuqkV9We+MY6Ide38IMfgSS5o=">AAAB9HicbVDLSsNAFL3xWeur6tLN0CJUhJKIqMuiG5cV7AOaUCaTSTt08nBmUoihfyG4caGIWz/GXf/GSduFth4YOJxzLvfOcWPOpDLNibGyura+sVnYKm7v7O7tlw4OWzJKBKFNEvFIdFwsKWchbSqmOO3EguLA5bTtDm9zvz2iQrIofFBpTJ0A90PmM4KVlhy/Z3Md9nD16bTYK1XMmjkFWibWnFTqZfvseVJPG73St+1FJAloqAjHUnYtM1ZOhoVihNNx0U4kjTEZ4j7tahrigEonmx49Rida8ZAfCf1Chabq74kMB1KmgauTAVYDuejl4n9eN1H+tZOxME4UDclskZ9wpCKUN4A8JihRPNUEE8H0rYgMsMBE6Z7yEqzFLy+T1nnNuqxd3Os2bmCGAhxDGapgwRXU4Q4a0AQCj/ACb/BujIxX48P4nEVXjPnMEfyB8fUDuxWUZw==</latexit>

f�(z)
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z = w1x1 + w2x2 + w3x3 + w4x4
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Physical learning machines.

Perceptron.
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The thermodynamics of machine learning.

Parable of the sheep and goats.

error error

SG

Pr(S)=Pr(G)=0.5Training on N trials

Pr(error)=ε <<1 

Entropy before training: NkBT ln 2,

Entropy after training: Nϵ << NkBT ln 2,

Heat and entropy must be dissipated during training.
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Universal physical emulation.

Classical physical perceptron is a dissipative switch subject to thermal
noise

Too much noise, learning rate goes to zero.
Too little noise, learning rate goes to zero.
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Universal physical emulation.

Quantum perceptron is a dissipative switch subject to quantum noise

Too much noise, learning rate goes to zero.
Too little noise, learning rate goes to zero.

Quantum noise ?
...tunnelling, spontaneous emission and
requires entanglement between a local system and its environment.
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Learning Boolean functions in continuous time.

<latexit sha1_base64="wLG3QXP2srht6bIGR8nrPnD7Rr8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMetFbBPOAZAmzk9lkzOzsMtMrhJB/8OJBEa/+jzf/xkmyB40WNBRV3XR3BYkUBl33y8mtrK6tb+Q3C1vbO7t7xf2DpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdD3zW49cGxGrexwn3I/oQIlQMIpWat72TBlPe8WSW3HnIH+Jl5ESZKj3ip/dfszSiCtkkhrT8dwE/QnVKJjk00I3NTyhbEQHvGOpohE3/mR+7ZScWKVPwljbUkjm6s+JCY2MGUeB7YwoDs2yNxP/8zophpf+RKgkRa7YYlGYSoIxmb1O+kJzhnJsCWVa2FsJG1JNGdqACjYEb/nlv6R5VvHOK9W7aql2lcWRhyM4hjJ4cAE1uIE6NIDBAzzBC7w6sfPsvDnvi9ack80cwi84H9/Igo6f</latexit>
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IA(t)

<latexit sha1_base64="RyY0v1PlLv4oAcEeCovfMuliGe0=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahgpRdKeqx6MVjhX5Bu5Rsmm1Ds8maZCul9Hd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QcyZNq777WTW1jc2t7LbuZ3dvf2D/OFRQ8tEEVonkkvVCrCmnAlaN8xw2ooVxVHAaTMY3s385ogqzaSomXFM/Qj3BQsZwcZKfofGmnEpirWLp/NuvuCW3DnQKvFSUoAU1W7+q9OTJImoMIRjrdueGxt/gpVhhNNprpNoGmMyxH3atlTgiGp/Mj96is6s0kOhVLaEQXP198QER1qPo8B2RtgM9LI3E//z2okJb/wJE3FiqCCLRWHCkZFolgDqMUWJ4WNLMFHM3orIACtMjM0pZ0Pwll9eJY3LkndVKj+UC5XbNI4snMApFMGDa6jAPVShDgQe4Rle4c0ZOS/Ou/OxaM046cwx/IHz+QMM85Gj</latexit>

✏(T, w)

A

S

agent world

<latexit sha1_base64="wLG3QXP2srht6bIGR8nrPnD7Rr8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMetFbBPOAZAmzk9lkzOzsMtMrhJB/8OJBEa/+jzf/xkmyB40WNBRV3XR3BYkUBl33y8mtrK6tb+Q3C1vbO7t7xf2DpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdD3zW49cGxGrexwn3I/oQIlQMIpWat72TBlPe8WSW3HnIH+Jl5ESZKj3ip/dfszSiCtkkhrT8dwE/QnVKJjk00I3NTyhbEQHvGOpohE3/mR+7ZScWKVPwljbUkjm6s+JCY2MGUeB7YwoDs2yNxP/8zophpf+RKgkRa7YYlGYSoIxmb1O+kJzhnJsCWVa2FsJG1JNGdqACjYEb/nlv6R5VvHOK9W7aql2lcWRhyM4hjJ4cAE1uIE6NIDBAzzBC7w6sfPsvDnvi9ack80cwi84H9/Igo6f</latexit>

Is(t)
<latexit sha1_base64="3+N8Yf+SNg0m2bttKJN/X3d5CVU=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJUkJJIUY9FL3qrYD+gDWGz3bRLN5uwO6mU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmBYngGhzn21pZXVvf2CxsFbd3dvf27YPDpo5TRVmDxiJW7YBoJrhkDeAgWDtRjESBYK1geDv1WyOmNI/lI4wT5kWkL3nIKQEj+bbdBS56LLuf+LoM509nvl1yKs4MeJm4OSmhHHXf/ur2YppGTAIVROuO6yTgZUQBp4JNit1Us4TQIemzjqGSREx72ezyCT41Sg+HsTIlAc/U3xMZibQeR4HpjAgM9KI3Ff/zOimE117GZZICk3S+KEwFhhhPY8A9rhgFMTaEUMXNrZgOiCIUTFhFE4K7+PIyaV5U3MtK9aFaqt3kcRTQMTpBZeSiK1RDd6iOGoiiEXpGr+jNyqwX6936mLeuWPnMEfoD6/MH+ruTPQ==</latexit>

Ĩs(t, w)

<latexit sha1_base64="G4NrL4+FchmdNAyoq1HYtt9oFXI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZlZDCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOejjQQ=</latexit>w

heat

work

work
C

<latexit sha1_base64="/hHTw+9HQVA8Q9do8zpOqKbZm9Q=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzJTRF0W3bisYB/QDiWT3mlDM8mQZIRair/ixoUibv0Pd/6NmXYW2nogcDjnXnLPCRPOtPG8b6ewsrq2vlHcLG1t7+zuufsHTS1TRaFBJZeqHRINnAloGGY4tBMFJA45tMLRTea3HkBpJsW9GScQxGQgWMQoMVbquUdUKsk5UWPcZ5oOiRoA7rllr+LNgJeJn5MyylHvuV/dvqRpDMJQTrTu+F5igglRhlEO01I31ZAQOiID6FgqSAw6mMyun+JTq/RxJJV9wuCZ+ntjQmKtx3FoJ2NihnrRy8T/vE5qoqtgwkSSGhB0/lGUcmwkzqqwgRVQw7PkhCpmb8VZAYQaW1jJluAvRl4mzWrFv6ic31XLteu8jiI6RifoDPnoEtXQLaqjBqLoET2jV/TmPDkvzrvzMR8tOPnOIfoD5/MHd5OVOw==</latexit>

corollary discharge
-10 -5 5 10

0.2

0.4

0.6

0.8

1.0

{0, 1, 1, 1, 1, 1, 1, 0, 0, 0, 0, 1, 0, 0, 0, 0, 1, 0, 1, 1}
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Continuous time NOT.

The output is a stochastic signal ϵ(T ) as is the error function

ϵ(T , w) = 1
T

∫ T/2

−T/2
dt(IS(t ′) − ĨS(t ′, w)2

︸ ︷︷ ︸
average energy dissipated.

T is the epoch time.

Normalise signal power

ϵ(T , w) =
[
1 − 2

T

∫ T/2

−T/2
dt ′IS(t ′)̃IS(t ′, w)

]
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Continuous time NOT.

∂ϵ(T , w)
∂w = − 2

T

∫ T/2

−T/2
dt ′IS(t ′)∂ ĨS(t ′, w)

∂w

Multi layer perceptron

ĨS(t ′, w) = 1
2 [1 + tanh(βwIA(t)]

where β is a positive real parameter.
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∂w

Multi layer perceptron
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Continuous time NOT.

If the signal varies on a time scale γ−1 such that γT >> 1

∂ϵ(T , w)
∂w ≈ ηβ × IS(t)︸ ︷︷ ︸

labels

× IA(t)︸ ︷︷ ︸
data

×sech2(βwĨS(t))

where η−1 = γT .
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Continuous time NOT.
In the absence of learning/feedback, weights satisfy an Ornstein-Uhlenbeck
process with uniform decay plus white noise.

dw⃗(t) = −γw w⃗(t)dt +
√

D ⃗dW (t),

D ∝ kBT

update rule

dw = 2LIA(t)IS(t)sech2(βwĨS(t))dt − γw wdt +
√

DdW ,

where L = µηβ/2 is the learning rate. NOT: IS(t) = −IA(t),

dw = −2LIA(t)2sech2(βwĨS(t, w))dt − γw wdt +
√

DdW

ĨS(t, w) = 1
2(1 + tanh(βwIA(t)))

G J Milburn (2026) Stochastic quantum thermodynamics for nanoelectronics 31 / 60



Continuous time NOT.
In the absence of learning/feedback, weights satisfy an Ornstein-Uhlenbeck
process with uniform decay plus white noise.

dw⃗(t) = −γw w⃗(t)dt +
√

D ⃗dW (t),

D ∝ kBT

update rule

dw = 2LIA(t)IS(t)sech2(βwĨS(t))dt − γw wdt +
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√

DdW ,

where L = µηβ/2 is the learning rate. NOT: IS(t) = −IA(t),

dw = −2LIA(t)2sech2(βwĨS(t, w))dt − γw wdt +
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Continuous time NOT.

10 20 30 40 50

-15

-10

-5

5

10

15

<latexit sha1_base64="LqMez5bYTU71HcNuPWPicsOvh9o=">AAAB63icbVBNSwMxEM3Wr1q/qh69BItQEcquiHosevFYwX5Au5Rsmm1Dk+ySzCpL6V/woqCIV/+Qt/4bs20P2vpg4PHeDDPzglhwA647cXIrq2vrG/nNwtb2zu5ecf+gYaJEU1ankYh0KyCGCa5YHTgI1oo1IzIQrBkMbzO/+ci04ZF6gDRmviR9xUNOCWTSUxlOu8WSW3GnwMvEm5NS9bhz9jqpprVu8bvTi2gimQIqiDFtz43BHxENnAo2LnQSw2JCh6TP2pYqIpnxR9Nbx/jEKj0cRtqWAjxVf0+MiDQmlYHtlAQGZtHLxP+8dgLhtT/iKk6AKTpbFCYCQ4Szx3GPa0ZBpJYQqrm9FdMB0YSCjadgQ/AWX14mjfOKd1m5uLdp3KAZ8ugIHaMy8tAVqqI7VEN1RNEAPaM39O5I58X5cD5nrTlnPnOI/sD5+gGd2ZDy</latexit>

w(t)
<latexit sha1_base64="cW9GZ56c2ER0lpfhh0ug84VDDnE=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdEbURgzaWCZgLJEuYncwmY2YvzJwVwpInsLFQxFYfxt5GfBsniYUm/jDw8f/nMOccP5FCo+N8WbmFxaXllfyqvba+sblV2N6p6zhVjNdYLGPV9KnmUkS8hgIlbyaK09CXvOEPrsZ5444rLeLoBocJ90Lai0QgGEVjVbFTKDolZyIyD+4PFC/e7fPk7dOudAof7W7M0pBHyCTVuuU6CXoZVSiY5CO7nWqeUDagPd4yGNGQay+bDDoiB8bpkiBW5kVIJu7vjoyGWg9D31SGFPt6Nhub/2WtFIMzLxNRkiKP2PSjIJUEYzLemnSF4gzl0ABlSphZCetTRRma29jmCO7syvNQPyq5J6XjqlMsX8JUediDfTgEF06hDNdQgRow4HAPj/Bk3VoP1rP1Mi3NWT89u/BH1us3Qq2QPg==</latexit>

t

Figure: Stochastic evolution of weights starting from different initial conditions.
Parameters are L = 1.0, β = 0.01, γw = 0.1, D = 0.1
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Example: learning NOT

Initial and final distribution of weight:

initial

final

v-20 -10 10 20

0.05

0.10

0.15

v = βw/2.

learning = cooling in weight space... entropy reduction

G J Milburn (2026) Stochastic quantum thermodynamics for nanoelectronics 33 / 60



Example: learning NOT

Initial and final distribution of weight:

initial

final

v-20 -10 10 20

0.05

0.10

0.15

v = βw/2.

learning = cooling in weight space... entropy reduction
G J Milburn (2026) Stochastic quantum thermodynamics for nanoelectronics 33 / 60



Stochastic Thermodynamics of a perceptron.

Thermodynamics: for very low temperature, average energy dissipated per
epoch is determined by change in average error per epoch

∆E ∼ kBT∆ϵ̄ classical
∆E ∼ ℏµ∆ϵ̄ quantum

µ dissipative quantum tunnelling rate.

A quantum Landauer’s principle.

µ << kBT

Quantum learning machines are thermodynamically more efficient than
classical learning machines.
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Quantum perceptrons.

Example one: quantum dot tunnelling.

V V V

charge sensor

quantum dot

<latexit sha1_base64="vBGdb6j3vEBQ7BEuAPIQNYJ3zIM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ5lsN+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUUdaisYhVN0DNBJesZbgRrJsohlEgWCeY3M39zhNTmsfy0UwT5kc4kjzkFI2VOv0AVSZng3LFrboLkHXi5aQCOZqD8ld/GNM0YtJQgVr3PDcxfobKcCrYrNRPNUuQTnDEepZKjJj2s8W5M3JhlSEJY2VLGrJQf09kGGk9jQLbGaEZ61VvLv7n9VIT3vgZl0lqmKTLRWEqiInJ/Hcy5IpRI6aWIFXc3kroGBVSYxMq2RC81ZfXSfuq6tWrtYdapXGbx1GEMziHS/DgGhpwD01oAYUJPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP5e0j8A=</latexit>

n̄

<latexit sha1_base64="UiSYDKfVqLXQlzrhj3Fk1bdgmLA=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDababt0s4m7m0IJ/R1ePCji1R/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3xqg0j+WjmSToR3QgeZ8zaqzkd1MZogoUZZhNe+WKW3XnIKvEy0kFctR75a9uGLM0QmmYoFp3PDcxfkaV4UzgtNRNNSaUjegAO5ZKGqH2s/nRU3JmlZD0Y2VLGjJXf09kNNJ6EgW2M6JmqJe9mfif10lN/8bPuExSg5ItFvVTQUxMZgmQkCtkRkwsoUxxeythQ2ojMDankg3BW355lTQvqt5V9fLhslK7zeMowgmcwjl4cA01uIc6NIDBEzzDK7w5Y+fFeXc+Fq0FJ585hj9wPn8ASzKSdA==</latexit>|{z}
control gates

<latexit sha1_base64="aLc9itRx/6SUycza3yPD68fozjQ=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9KK3CvYD2qVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPpppTH2BR5KFjGCTSfdVcz4oV9yaOwdaJV5OKpCjOSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SyUWVPvp/NYZOrPKEIWRsiUNmqu/J1IstJ6KwHYKbMZ62cvE/7xeYsJrP2UyTgyVZLEoTDgyEcoeR0OmKDF8agkmitlbERljhYmx8ZRsCN7yy6ukfVHzLmv1h3qlcZPHUYQTOIUqeHAFDbiDJrSAwBie4RXeHOG8OO/Ox6K14OQzx/AHzucPPO6NuQ==</latexit>

I(t)

Ares and Fedele, Oxford.

milli-Kelvin, voltage controlled tunnel barriers.
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Triple dot
Three dot quantum tunnelling.

<latexit sha1_base64="nHRQPtvYYeTZc4cw6AJUG0g38nI=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB6DXrwZwcTAZgmzk0kyZB7LzKwQlnyGFw+KePVrvPk3TpI9aGJBQ1HVTXdXnHBmrO9/e4W19Y3NreJ2aWd3b/+gfHjUNirVhLaI4kp3YmwoZ5K2LLOcdhJNsYg5fYzHNzP/8Ylqw5R8sJOERgIPJRswgq2Twu6doEPcy4LatFeu+FV/DrRKgpxUIEezV/7q9hVJBZWWcGxMGPiJjTKsLSOcTkvd1NAEkzEe0tBRiQU1UTY/eYrOnNJHA6VdSYvm6u+JDAtjJiJ2nQLbkVn2ZuJ/XpjawVWUMZmklkqyWDRIObIKzf5HfaYpsXziCCaauVsRGWGNiXUplVwIwfLLq6RdqwYX1fp9vdK4zuMowgmcwjkEcAkNuIUmtICAgmd4hTfPei/eu/exaC14+cwx/IH3+QPHyJDw</latexit>

⌦12

<latexit sha1_base64="cRO3dF3MMXNDLON6jAHxp0Obxrw=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqezWoh6LXrxZwX7AdinZdLYNzSZLkhXK0p/hxYMiXv013vw3pu0etPXBwOO9GWbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbS1TRaFFJZeqGxINnAloGWY4dBMFJA45dMLx7czvPIHSTIpHM0kgiMlQsIhRYqzk9+5jGJJ+VruY9ssVt+rOgVeJl5MKytHsl796A0nTGIShnGjte25igowowyiHaamXakgIHZMh+JYKEoMOsvnJU3xmlQGOpLIlDJ6rvycyEms9iUPbGRMz0sveTPzP81MTXQcZE0lqQNDFoijl2Eg8+x8PmAJq+MQSQhWzt2I6IopQY1Mq2RC85ZdXSbtW9S6r9Yd6pXGTx1FEJ+gUnSMPXaEGukNN1EIUSfSMXtGbY5wX5935WLQWnHzmGP2B8/kDytOQ8g==</latexit>

⌦23

<latexit sha1_base64="PcTqUmsVrPVb5VnDfQxHeSftURs=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELh7xwSOBDZkdemHC7OxmZtaEEP7AiweN8eofefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj2sxvPaHSPJaPZpygH9GB5CFn1FjpvvbQK5bcsjsHWSVeRkqQod4rfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7plJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dukzxUyI8aWUKa4vZWwIVWUGRtOwYbgLb+8SpoXZe+yXLmrlKo3WRx5OIFTOAcPrqAKt1CHBjAI4Rle4c0ZOS/Ou/OxaM052cwx/IHz+QM71Y0t</latexit>

CS

<latexit sha1_base64="PcTqUmsVrPVb5VnDfQxHeSftURs=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELh7xwSOBDZkdemHC7OxmZtaEEP7AiweN8eofefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj2sxvPaHSPJaPZpygH9GB5CFn1FjpvvbQK5bcsjsHWSVeRkqQod4rfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7plJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dukzxUyI8aWUKa4vZWwIVWUGRtOwYbgLb+8SpoXZe+yXLmrlKo3WRx5OIFTOAcPrqAKt1CHBjAI4Rle4c0ZOS/Ou/OxaM052cwx/IHz+QM71Y0t</latexit>

CS

<latexit sha1_base64="DSs/otLGM3tGcbw7Y+b2owP1uy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfYuMvg==</latexit>
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H = e1c†
1c1 + e2c†

2c2 + e3c†
3c3 + g12c†

1c1c†
2c2 + g13c†

1c1c†
3c3 + g23c†

2c2c†
3c3

+Ω12(c1c†
2 + c2c†

1) + Ω23(c2c†
3 + c3c†

2)

where {ci , c†
j } = δij
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Triple dot

dρ

dt = −i [H, ρ] + γLD[c†
1]ρ + γRD[c3]ρ

+ΓD[c†
1c1]ρ + ΓD[c†

2c2]ρ + ΓD[c†
3c3]ρ

Measurement induced dephasing decoheres coherent tunnelling.
Ṗ000 = −γLP000 + γR P001

Ṗ100 = +γLP000 − γ
(0)
12 P100 + γ

(0)
12 P010 + γR P101

Ṗ010 = +γ
(0)
12 P100 −

(
γ

(0)
12 + γ

(0)
23 + γL

)
P010 + γ

(0)
23 P001 + γR P011

Ṗ001 = +γ
(0)
23 P010 −

(
γ

(0)
23 + γL + γR

)
P001

Ṗ110 = +γLP010 − γ
(1)
23 P110 + γ

(1)
23 P101 + γR P111

Ṗ101 = +γLP001 + γ
(1)
23 P110 −

(
γ

(1)
12 + γ

(1)
23 + γR

)
P101 + γ

(1)
12 P011

Ṗ011 = +γ
(1)
12 P101 −

(
γ

(1)
12 + γL + γR

)
P011

Ṗ111 = +γLP011 − γR P111

G J Milburn (2026) Stochastic quantum thermodynamics for nanoelectronics 37 / 60



Triple dot

For example:

γ
(n3)
12 = 2Ω2

12 Γ
Γ2 +

[
(e2 − e1) + (g23 − g13)n3

]2 .
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Triple dot

The stochastic Master Equation (SME) is ‘quantum ground truth’.

dρ = −i [H, ρ] dt +
∑

k
γkD[Lk ]ρ dt + ΓD[n3]ρ dt +

√
2ΓH[n3]ρ dW

with H[n3]ρ = n3ρ + ρn3 − 2⟨n3⟩ρ

readout
dYt =

√
Γ⟨n3⟩ρc dt + dWt
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Triple dot

Decohered limit is the Kushner-Stratnovich SDE:

dPs(t) = L[P]s dt +
√

Γ
(
n(s)

3 − n̄3(t)
)

Ps(t) dW

This is the Kushner–Stratonovich (nonlinear-filter) equation specialized to
a jump-process signal Xt and a diffusive readout of n3.

The quantum SME 8 × 8 matrix SDE. The classical KS is only 8-vector
SDE
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Triple dot
Comparison:

For Ω/Γ ≲ 0.5 the eightfold reduction in representational cost is nearly
free — the two filters agree at the percent level.
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Triple dot

Two-bit gate:
The input signal is (s1, s2), si ∈ {−1, 1} applied as bias voltages to change
the on-site energy of the dots 1 and 2.

The output is charge sensor current on all sites. How does the output
respond to the four different input vectors?
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Triple dot

Add broadband microwave noise between the dots ∼ like adding parallel
resistances to a circuit .

Site detuning εi = (0, 0, 2), ∆12 = 0, ∆23 = 2

weak coherent tunnelling (Ω = 0.3)

γ↑
i ,j(T ) = γ0 nBE (∆ij/T ), γ↓

j,i(T ) = γ0
[
nBE (∆ij/T ) + 1

]
,

with nBE (x) = 1/(ex − 1) thermal activation is the dominant transport
mechanism and the threshold behaviour is prominent.
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Triple dot

Set bias binary signals: ε = (0, 0, 2) → (0, bs1, 2 + bs2)

Can the measurement currents, and their correlations, distinguish all four
inputs. (two bits) ?

Steady state feature vector

f (s1, s2) → (⟨n1⟩, ⟨n2⟩, ⟨n3⟩)
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Triple dot
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Triple dot
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Triple dot

Gaussian channel analysis:

dYi = mi(S) dt + dWi , mi(s) = ηi⟨ni⟩(s)
ss

Integrate over a window τ to form estimator Ȳ τ
i .

Gaussian with mean mi(s) and variance 1/τ .

signal-to-noise ratio

SNRi = η2
i VarS [⟨ni⟩(s)] · τ
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Triple dot

Approximate as a Gaussian channel:
Per-sensor Gaussian-channel info:

Ii(τ) = 1
2 log2(1 + SNRi)

Joint 3-sensor (independent noise, correlated signals):

Ijoint(τ) = 1
2 log2 det(I3 + τ ηΣnη)

Σn covariance matrix of the SS occupation feature vector over the 4
equiprobable inputs.
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Triple dot
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Triple dot: Entropy production.

Leads:
σ̇leads = J V /T , V = µL − µR , J = γR⟨n3⟩ss

Measurement:
σ̇meas = Γ

∑
i

⟨ni⟩(1 − ⟨ni⟩)

Quantum:
small residual σ̇coh ∝ Ω2/Γdeph from the fact that coherent tunneling with
dephasing produces classical current in a partly-off-resonance chain.
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Triple dot: Landauer.

Landauer-like efficiency: ηinfo = İ ln 2/σ̇ (bits of input information per bit
of dissipated entropy, dimensionless, ≤ 1.

Vbias = 5
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Quad dot.

1

2

3
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The input signal sin ∈ {−1, +1}, can be applied to any pair of dots to
change their energy. Initial ε = (0, 1, 1, 2).

Optimise over all combinations find best is to bias 2, 3:
breaks the reflection immediately — the upper and lower paths carry
different currents.

G J Milburn (2026) Stochastic quantum thermodynamics for nanoelectronics 52 / 60



Quad dot.

Decohered classical markov process is 16-component vector.

Monitor at all four currents and cross correlations.
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Quad dot.
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Quad dot XOR.
<latexit sha1_base64="YT+uHcTQPsqqnlYEiCfcqlgezHc="></latexit>
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Quad dot XOR.

XOR feature: realized by simultaneously measuring dots 2 and 3 and
computing the cross-correlation of their occupations.

In experimental terms this is a two-sensor coincidence measurement: one
QPC on dot 2, one on dot 3, both feeding into a multiplier or into a joint
post-processing stage.
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Quad dot: learning XOR

The biases on dots 2 and 3, taken as the learnable parameters.

The input data pairs (s1, s2) are labelled for XOR.

Starting with random bias values on dots 2 and 3 train the system using a
cost function based on minimising the Landauer cost.

G J Milburn (2026) Stochastic quantum thermodynamics for nanoelectronics 57 / 60



Quad dot: learning XOR

The biases on dots 2 and 3, taken as the learnable parameters.

The input data pairs (s1, s2) are labelled for XOR.

Starting with random bias values on dots 2 and 3 train the system using a
cost function based on minimising the Landauer cost.

G J Milburn (2026) Stochastic quantum thermodynamics for nanoelectronics 57 / 60



Quad dot: learning XOR

The biases on dots 2 and 3, taken as the learnable parameters.

The input data pairs (s1, s2) are labelled for XOR.

Starting with random bias values on dots 2 and 3 train the system using a
cost function based on minimising the Landauer cost.

G J Milburn (2026) Stochastic quantum thermodynamics for nanoelectronics 57 / 60



Quad dot: learning XOR

Inputs (x1, x2) ∈ {−1, +1}2 enter through corners: ε1 = ax1, ε4 = 2 + ax2.

Learnable weights w = (w2, w3) modify middles: ε2 = 1 + w2, ε3 = 1 + w3.

Readout: centered cross-correlation Ĉ(w) = ⟨n2n3⟩ − 1
2(⟨n2⟩ + ⟨n3⟩) + 1

4 .
- XOR label (in ±1 encoding): y = x1x2 so y = +1 is "same" (XOR=0)
and y = −1 is "different" (XOR=1).

Landauer-regularized MSE for XOR:

L(w) =
∑

(x1,x2)

(
Ĉ (x1,x2)(w) − A · x1x2

)2

︸ ︷︷ ︸
Lclass

+λ σ̇(w)︸ ︷︷ ︸
LLandauer
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2(⟨n2⟩ + ⟨n3⟩) + 1

4 .
- XOR label (in ±1 encoding): y = x1x2 so y = +1 is "same" (XOR=0)
and y = −1 is "different" (XOR=1).

Landauer-regularized MSE for XOR:

L(w) =
∑

(x1,x2)

(
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Quad dot: learning XOR
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