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In recent years, there has been active discussion on thermodynamic trade-offs between quantities charac-
terizing nonequilibrium systems and their performance. Nonequilibrium systems, particularly nonequi-
librium steady states, exhibit distinctive behaviors that are absent in equilibrium systems. One notable
example is oscillatory decay in time correlation functions, corresponding to oscillatory or cyclic modes.
In classical systems, such oscillations are described by the imaginary parts of the eigenvalues of linear
operators, such as rate matrices, Koopman operators, and Fokker–Planck operators. These eigenvalues
determine dynamical properties such as relaxation toward nonequilibrium steady states. Equilibrium sys-
tems correspond to a special case in which the eigenvalues are purely real, due to a symmetry constraint
imposed on the linear operators known as the detailed balance condition.

On the other hand, recent studies on the precision of biological clocks have suggested various thermo-

dynamic trade-offs involving dissipation, driving forces, and the imaginary parts of these eigenvalues. In

this talk, we discuss a series of our recent works demonstrating that diverse forms of trade-offs between

oscillatory behavior and dissipation or driving forces can be established, along with exact expressions for

dissipation in terms of the imaginary parts of the eigenvalues.


