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A major challenge in computational physics is developing accurate and efficient theories for non-equilibrium, light-
driven phenomena and emerging states of matter. Time-Dependent Density Functional Theory (TDDFT) has been 

instrumental in simulating light-induced modifications in complex systems. Extending this, Quantum Electrodynamics 
Density-Functional Theory (QEDFT) provides a first-principles framework to predict and manipulate ordered phases in 
strongly coupled light-matter hybrids, or polaritons, enabling phenomena like photon-mediated superconductivity and 

optically driven topological states. This burgeoning field, Cavity Materials Engineering, leverages strong electron-
photon coupling to design novel quantum states. A key paradigm shift lies in harnessing vacuum quantum fluctuations 
to alter material ground states without populating photon modes. Unlike conventional polaritonic physics, this "dark" 

regime enables ground-state quantum phase transitions driven solely by vacuum fluctuations, unlocking profound 
material transformations. Grounded in non-relativistic QED, QEDFT unifies light-matter coupling with electronic 

properties, providing a robust framework for engineering quantum materials. This approach opens exciting 
opportunities to design and control quantum materials, advancing our understanding of matter at the intersection of light 

and quantum phenomena.
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