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ABSTRACT

We investigate the dynamical scaling properties of a long-range O(N) model subjected to a sudden quench to its critical temperature [1], with a
particular emphasis on the resulting aging behavior and the broader implications for non-equilibrium statistical mechanics. In systems with long-
range interactions characterized by a power-law decay, the interplay between spatial correlations and temporal evolution presents rich and tunable
dynamical regimes [2]. By systematically varying the range of interactions, we demonstrate that the aging exponent of the system can be effectively
controlled, revealing a direct mechanism for modifying the dynamical scaling properties. This tunability offers a powerful means to explore a wide
spectrum of non-equilibrium behaviors, ranging from those characteristic of short-range interacting systems to novel scaling regimes unique to
long-range models.

To unravel these properties in a controlled and systematic manner, we first consider a continuous field-theoretical description of the problem
and then we develop a functional renormalization group (fRG) approach specifically inspired by boundary critical phenomena. The fRG formalism
provides a natural framework for analyzing systems where time-translation invariance is explicitly broken, making it particularly well suited for
studying the aging dynamics of critical systems following a quench. Unlike traditional perturbative approaches, our fRG treatment allows for a non-
perturbative picture, capturing crucial scaling behavior even in regimes where standard approximations break down [3]. This approach is further
reinforced by benchmarking our findings against the exactly solvable large-N limit of the model, which serves as a valuable reference point for
validating the predictions obtained from the renormalization group analysis.

Furthermore, we extend the so-called effective dimension [4] framework—originally formulated to establish a mapping between short-range and
long-range interacting systems in equilibrium—to the non-equilibrium setting. This generalization provides deeper insight into the universality of
dynamical critical phenomena and elucidates the connections between different classes of interacting systems far from equilibrium. By leveraging
this framework, we gain a more comprehensive understanding of how long-range interactions modify the fundamental scaling properties that govern
relaxation and aging in classical dissipative systems.

Finally, we broaden our analysis to quantum systems by incorporating the Keldysh formalism within the fRG framework. This extension enables
us to study the prethermal evolution of quantum long-range systems following a quantum quench to their dynamical critical point, shedding light on
the role of quantum fluctuations in shaping non-equilibrium dynamics. By systematically addressing both classical and quantum regimes, our work
provides a unified perspective on long-range interacting systems far from equilibrium, offering new theoretical insights with potential implications
for experimental realizations in ultracold atomic gases, trapped ions, and other platforms exhibiting tunable long-range interactions [2].
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