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Optical solitons are coherent, self-trapped field structures arising from a delicate balance between linear
dispersion (or diffraction) and nonlinear self-focusing [1]. While the strong nonlinearity supporting these
structures typically induces chaotic and analytically intractable dynamics, solitons uniquely preserve their
coherence under weak perturbations, remaining stationary over long propagation distances [Fig. 1(a)].
This remarkable robustness has enabled transformative applications across spatial lattices, optical fibers,
and microcomb resonators. Yet, stability analyses of imperfect solitons have traditionally relied on dy-
namical and perturbative methods, offering limited insight into their statistical behavior under disorder
or fluctuations. Conversely, in the weakly nonlinear regime, recent advances in optical thermodynamics
have introduced a rigorous statistical-mechanical framework for highly multimoded photonic systems [2].
By leveraging chaos-induced ergodicity in the modal phase space [3], this theory predicts complete equi-
librium statistics—including the Rayleigh-Jeans (RJ) modal distribution [2] and the fluctuation statistics
of individual modes [3]—solely from two invariants of propagation: the total optical power P and inter-
nal energy U. At high optical powers, however, photons no longer behave as a weakly interacting gas,
necessitating a rigorous reassessment of the assumptions made in [2]. This raises a fundamental ques-
tion: can the statistical framework developed for delocalized photon gases be systematically extended to
strongly nonlinear regimes, where optical fields self-organize into solitonic field structures? In this work,
we establish a comprehensive thermodynamic description of weakly perturbed optical solitons propagat-
ing in isolated multimode photonic systems. We demonstrate that solitons can be assigned an optical
temperature 7" and a chemical potential p, enabling their complex dynamics to be captured through a
statistical-mechanical formulation. To predict these thermodynamic variables from initial conditions, we
introduce an effective modal basis that naturally emerges from the nonlinear index profile established by
the solitonic field [Fig. 1(b)]. In this representation, the linear fundamental mode deforms into a solitonic
defect state, while thermal fluctuations decompose into higher-order, phonon-like excitations [Fig. 1(c)].
Crucially, a unique set of thermodynamic parameters (7T, u) provides a unifying statistical description of
both spectral features, rigorously establishing optical solitons as a solid-like phase of light [4].
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