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• Quantum work statistics in driven open systems
- Two-point measurement protocol
- Characteristic function and counting statistics

• Strong reservoir coupling: polaron perspective 
- Why weak-coupling work statistics fail
- Landau–Zener work distributions

• Numerically exact work statistics with process 
tensors

- Generalised-time axis and PT-MPO propagation
- Landauer erasure beyond weak coupling and 

slow driving

• Conclusions and outlook
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Strong-coupling thermodynamics
• Here we focus on calculating the full work 

distribution for a driven open system

• Standard approaches assume system-reservoir 
interactions play negligible role

• Determining statistics of work in strong 
coupling regimes is a formidable task

• Requires calculation of full eigenspectrum
of system and reservoir

• Question: how do we compute open-system 
work statistics beyond the regimes where 
conventional master equations are reliable?

• We will circumvent this issue using a 
unitary polaron transformation and 
process tensors



Work: two-point measurement

We characterise (stochastic) work via the two-point measurement protocol 
• Consider projective energy measurements performed on combined system and 

environment, which is closed and evolves unitarily under the action of an 
external force 

P. Talkner, E. Lutz, P. Hanggi, Phys. Rev. E 75, 050102(R) (2007)



Work probability density

P. Talkner, E. Lutz, P. Hanggi, Phys. Rev. E 75, 050102(R) (2007)

Work done on system is measured energy difference, leading to probability density



Work characteristic function

For practical purposes, it is easier to work with the characteristic function

Contains all statistical information about the work performed on our closed 
system+environment

Characteristic function can be written in terms of a counting-field 
dependent density operator 

With reduced density operator (which we look to approximate) 



Work counting statistics

Counting-field dependent density operator obeys an equation of motion of 
the form

With a transformed Hamiltonian

Reduced density operator obeys a generalised master equation

Form of the Liouvillian depends on the approximations made

M. Esposito, U. Harbola, and S. Mukamel, Rev. Mod. Phys. 81, 1665 (2009), 
Rev. Mod. Phys. 86, 1125 (2014)

Weak coupling

Born–Markov, small interaction 
energy

Polaron

strong coupling captured by dressing 
transformation

Process tensor

non-perturbative memory via tensor 
network influence functional



Moving beyond weak coupling: 
solid-state quantum optics

How do we modify standard quantum optics to 
model solid-state devices?
• e.g. what effect do lattice vibrations (phonons) 

have on system properties?
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news & views

a surface code11. Notably, this model can 
benef t hugely if the nodes consist of small 
clusters of coupled qubits, such as those 
now demonstrated. ❐

John J. L. Morton and Jeroen Elzerman are  
at the London Centre for Nanotechnology  
and Department of Electronic & Electrical 

QUANTUM DOTS

Electrifying cavities
A design that allows electrical contacts to be created on semiconductor microphotonic structures brings quantum 
networks based on semiconductor single photon sources one step closer.

Ruth Oulton

The ideal photonic quantum network 
would have access to a large supply of 
single photons. We could imagine a 

chip that contains a large array of devices, 
with each of them producing exactly one 
photon when triggered electrically or 
optically. Single photons from each source 
must be indistinguishable in wavelength, 
polarization and bandwidth1. 

Reporting in Nature Communications, 
Pascale Senellart and co-workers from 
the Laboratoire de Photonique et de 
Nanostructures, CNRS, France, Université 
Paris Diderot, and attocube systems AG, 
Munich demonstrate a signif cant step 
towards the practical realization of an array 
of single photon sources2. T ey have realized 
a semiconductor quantum dot (QD) single 
photon source that allows an electric f eld to 
be applied to the QD without impeding the 
path of single photons.

Self-assembled QDs have long been 
considered viable practical single photon 
sources. Each dot can be populated by 
an electron and a hole, and when these 
recombine to emit a photon, the QD empties 
and emits no further photons at the same 
wavelength until it gets populated again. 
Key to the success of QD technology is that 
a QD may be embedded in a distributed 
Bragg ref ector (DBR) cavity structure that 
allows ef cient out-coupling of the photons 
(Fig. 1). Etching a pillar structure in a 
DBR conf nes the light, via total internal 
ref ection, to a small volume. In the past 
decade, improvements in pillar design 
and fabrication have allowed physicists 
to replicate in the solid state many of the 
cavity quantum electrodynamic ef ects 
observed f rst with atoms. Careful design 
and fabrication of QD pillars has led to a 

bright source of identical (indistinguishable) 
photons3 and entangled photons4 ready for 
integration into a quantum chip.

Further progress in micropillar design 
has been hampered by the signif cant 
dif culties in applying an electric f eld to 
the micropillar. Application of an electric 
f eld is an important functionality if QDs 
are to be a viable quantum technology. T e 
self-assembly process produces QDs with 
almost-perfect quantum ef ciency. But 
it is not possible to control the position 

at which the QDs form in the pillar, and 
even knowing the precise location of the 
QDs is challenging. T is makes it dif cult 
to fabricate a pillar with a QD placed in 
the middle of the cavity. Moreover, the 
QDs are not homogeneous in size, which 
means that the light emitted may not match 
the cavity wavelength exactly. An electric 
f eld can be used to f ne-tune the photon 
wavelength, overcoming the problem of 
size inhomogeneity to produce an array 
of indistinguishable photon sources. 
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Figure 1 | Dot in a pillar. a, Schematic of a QD emitter embedded in the centre of a micropillar cavity. 
Alternating quarter-wavelength layers of GaAs/AlAs, known as DBRs, cause destructive interference, 
which allows them to ef ectively act as mirrors. A GaAs cavity of depth λ/ 2 allows confinement of light 
with wavelength λ, with further confinement achieved by etching the DBR into a pillar a few micrometres 
in diameter. Individual QDs incorporated in the centre of the cavity are identified spatially and spectrally 
using spectroscopy, allowing a pillar of a suitable mode wavelength and position to be fabricated. 
b, A scanning electron microscopy image of a set of fabricated micropillars. Panel b reproduced with 
permission from ref. 8, © 2009 AIP.
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Model
• two-level system 
• coherent manipulations through external laser 

addressing (adiabatic)
• oscillations damped by phonon interactions

R. Oulton, Nature Nano. 9, 169 (2014)

D. P. S. McCutcheon and AN, PRL 110, 217401 (2013)



Phonon interactions

Lattice displaces in response to changes in 
charge configuration
• polaron formation – new boundary
• we incorporate this physics into our 

master equation via a unitary 
transformation

• allows strong electron-phonon 
interactions

• direct expt-theory comparisons
Topical Review: AN and D. P. S. McCutcheon, JPCM 28, 103002 (2016)

Spectral density –
system-bath coupling strength 
weighted by bath density of states



Phonon interactions

Lattice displaces in response to changes in 
charge configuration
• polaron formation – new boundary
• we incorporate this physics into our 

master equation via a unitary 
transformation

• allows strong electron-phonon 
interactions

• direct expt-theory comparisons

Damping of coherence

A. Brash et al.,  PRL 123, 167403 (2019) 

Spectral density –
system-bath coupling strength 
weighted by bath density of states

Topical Review: AN and D. P. S. McCutcheon, JPCM 28, 103002 (2016)



Polaron transformation

We perform a unitary polaron transformation to our Hamiltonian to identify a 
new perturbation term 

System now couples through raising and lowering operators to 
environmental displacements.

Following an adiabatic, Markovian procedure in the polaron frame we 
obtain a generalised polaron mater equation

This leads to a non-perturbative temperature and coupling 
strength dependent renormalisation of system driving



Benchmarking – Landau-Zener

Benchmark 
Landau-Zener 
dynamics against 
numerically exact 
TEMPO method

J. Iles-Smith, O. Diba, AN, PRL 132, 190401 (2024)



Work distributions

Jarzynski fluctuation relation also 
reproduced, consistent with laws of 
stochastic thermodynamics PRL 132, 190401 (2024)



From strong-coupling intuition to numerically 
exact statistics

Strong coupling matters — but can we remove the remaining 
approximations?

Polaron approach

strong-coupling physics with physical transparency, 
but still uses adiabatic/Markovian assumptions in the 

transformed frame

Process tensor approach

full WPD from a non-perturbative influence 
functional; no weak-coupling, no Markovian or 

slow-driving assumption

Next: encode the work characteristic operator as an open-system 
propagation problem.



Process-tensor framework for work statistics

Start from the TPMP work 
characteristic function

Treat the counting field χ as a 
time-like coordinate

Combine physical time and χ 
into a single generalised-time 
axis τ

All environmental memory is 
encoded in a PT-MPO 
influence functional

Turn work counting into a 
tensor-network propagation 

problemM. Shubrook, M. Cygorek, E. Gauger, J. Iles-Smith, AN, arXiv:2512.16823



Mapping to a generalised-time propagation
The work characteristic operator evolves under different forward and backward 

Hamiltonians.

physical time counting field generalised time τ

• System-local propagators contain the work-counting operations

• PT-MPO formalism contains full non-Markovian environmental correlations
• Sweep along τ to obtain Φ, then Fourier transform to P(W)



Application: Landauer erasure of a qubit

• Initial two-level system is 
maximally mixed

• Drive the splitting towards 
resonance with a structured bath

• Return to the far-detuned point 
to keep the protocol cyclic

• Compare reference driving with a 
closed-system shortcut to 
adiabaticity

Goal: compute the full work distribution beyond weak coupling, 
Markovianity and slow driving.

M. Shubrook et al., arXiv:2512.16823



Erasure fidelity and low-order work statistics

• Fidelity improves with stronger coupling and slower driving
• STA improves intermediate-time erasure by suppressing non-adiabaticity
• Mean and variance do not always clearly distinguish the protocols
• The full WPD is needed to see the underlying pathways

M. Shubrook et al., arXiv:2512.16823



The full work distribution reveals hidden structure

• Broad positive-work feature: 
energetic cost of erasure via 
dissipation

• Sharp side peaks near W=0: 
non-adiabatic closed-system 
transitions

• STA suppresses the 
unwanted side peaks while 
leaving most of the WPD 
unchanged

• Explains why fidelity can 
change even when 
mean/variance look similar

M. Shubrook et al., arXiv:2512.16823



Summary and future work

Polaron theory shows that strong 
coupling qualitatively reshapes work 
statistics
– renormalised gaps and phonon-assisted 
pathways are visible in P(W)

Process tensors make open-system work 
statistics numerically exact
– no weak-coupling, Markovian, or slow-
driving assumption is required
– Landauer erasure shows why the full 
WPD matters

Ongoing
- How do we probe these work distributions experimentally?
- Optimal control in non-Markovian environments
- Many-body driven open systems

PRL 132, 190401 (2024) arXiv:2512.16823
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