A Stochastic Dynamics Framework for Social Evolution from Observed Data
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els observed historical trajectories as
overdamped Langevin processes. Within
this setting, we infer the underlying stochastic dynamics by estimating the structural trends (drift) and
intrinsic fluctuations (diffusion) that govern their evolution, even under fragmentary and irregular ob-
servations. This allows us to reconstruct latent dynamics from incomplete data and to derive dynamical
quantities that are inaccessible to standard static or deterministic approaches. Based on the inferred
stochastic dynamics, we quantify the irreversibility of social change and estimate exogenous perturba-
tions beyond those explained by endogenous dynamics alone.

We apply this framework to three distinct empirical settings: the modern Democracy-Inequality-
GDP/capita dataset, the historical Seshat dataset, and the Google N-gram dataset. Across these cases,
our approach enables us to examine how events affecting individual social agents—such as words, coun-
tries, or civilizations—as well as system-wide shocks shape the irreversibility of the overall dynamics.
Here, irreversibility serves as a dynamical diagnostic of how strongly observed trajectories align with the
intrinsic probability current of the inferred system. Specifically, we find that major disruptions, including
the Great Recession and COVID-19, are associated with declines in average irreversibility across coun-
tries (see Fig. 2). More broadly, these results suggest that social evolution is better understood as a
continuous stochastic process shaped by both structural forces and random fluctuations, rather than as
a mere sequence of discrete states.
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