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∆𝑒𝑓𝑓 𝜆 = ∆𝑒−2( Τ𝜆 Ω)2

● Stochastic thermodynamics and quantum 

mechanics underpin the development of small-

scale devices

● Quantum thermodynamics sets to extend the 

laws of thermodynamics into the quantum regime

● Strong system-reservoir coupling is a crucial 

aspect of thermodynamics at the nanoscale

● Standard master equation tools provide analytical 

insight into quantum systems, but are inaccurate in 

the strong coupling regime

● Numerically exact techniques offer accurate 

predictions, but do not provide analytical intuition

● Research goal: Develop a technique that is valid 

at strong coupling and provides accurate results 

and analytical insights into the role of strong 

coupling and apply it to develop nanoscale devices

● Exact Hamiltonian 

mapping reshapes 

the system-reservoir 

boundary to include a 

collective coordinate 

from the environment 

into the system

𝑗𝑞 ~ 𝛾𝜆2|Δ𝑒𝑓𝑓 𝜆 |2

● Strong coupling effects are crucial for a correct thermodynamic 

description in the quantum regime

● Such strong coupling phenomena may be harnessed as a 

resource in the development of new nanoscale devices

● The reaction coordinate method is a versatile and powerful tool 

applicable in quantum thermodynamics offering accurate 

predictions and novel analytical insights through the lens of 

parameter renormalization

● The RC method predicts transport pathways in the 

spin-boson model which are beyond second order in 

perturbation theory in 𝝀

● 3-level system, each transition 

coupled to separate baths at 

temperatures 𝑇𝑐 < 𝑇ℎ < 𝑇𝑤

● A work reservoir extracts 

energy from a cold bath and 

releases it into the hot bath

● Cooling is guaranteed if the 

cooling condition is met

● Strong coupling renormalizes 

the energy levels of the QAR 

with 𝝀

● The cooling condition is shifted

at strong coupling, offering a 

novel operational regime

● Pure dephasing model: Spin-boson 

model with a single bosonic reservoir 

suffering only decoherence dynamics

● Non-Markovianity is linked to strong 

coupling in open quantum systems theory

● The model is exactly solvable, providing 

a useful benchmark for non-Markovian 

dynamics using the RC method

● Non-Markovianity is quantified using a 

distinguishability criterion between 

quantum states (BLP) and a 

characterization of the divisibility of the 

quantum map (RHP)

Sequential: 𝑗𝑞~𝜆
2

Superexchange: 𝑗𝑞~𝜆
4

● Sequential current: mediated by transitions in the spin

𝐻 = 𝐻𝑠 + መ𝑆 𝐵 + 𝐻𝐵

● Spin-boson model: Spin 

coupled to two thermal baths 

held at different 

temperatures

● The RC method properly 

captures thermal transport at 

strong coupling

● Strong coupling 

suppresses the spin 

splitting, understood through 

an effective model

● An analytical expression 

for the thermal current at 

strong coupling emerges

𝐻𝑅𝐶 = 𝐻𝑠 + Ωො𝑎† ො𝑎 + 𝜆 መ𝑆 ො𝑎 + ො𝑎† + ො𝑎 + ො𝑎† 𝐵′ + 𝐻′𝐵

● Superexchange current: exchange of quanta between 

baths without inducing transitions in the spin

Δ𝑒𝑓𝑓(𝜆)

1 − Δ𝑒𝑓𝑓(𝜆)
≤
𝑇𝑐(𝑇𝑤 − 𝑇ℎ)

𝑇ℎ(𝑇𝑤 − 𝑇𝑐)

ො𝜎𝑥 ො𝜎𝜃

Δ𝑒𝑓𝑓(𝜆)

● Interaction energies 𝝀 are included beyond second order in perturbation 

theory through the inclusion of the reaction coordinate (RC) of frequency 𝛀

● The mapping is exact, but is most useful when the residual coupling 

parameter 𝜸 is perturbative to employ cheap master equation methods

● The method is applicable to both bosonic and fermionic systems and is 

general enough for applications beyond quantum thermodynamics

ො𝜎𝜃 = ො𝜎𝑥sin 𝜃 + ො𝜎𝑧cos(𝜃)


