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Abstract.
Recent progress in and near-term promise of observational cosmology are nothing but remarkable. Still, some of the most consequential and violent cosmological phenomena remain veiled. Two of these – quantum thermodynamics of the black hole event horizon and the symmetry breaking in the essentially non-equilibrium expansion of the early universe – are addressed in this paper and are responsive to Thematic Science Area 5, Cosmology and Fundamental Physics, of the current call. The science approach contemplated here is that of analogy, and the realization is that of condensed matter and solid state experimental and theoretical physics. Other relevant phenomena in condensed matter systems – from “string theory” realizations to dark matter/dark energy formalism – may also provide invaluable insight into how Universe evolved. Ground-based and justifiable microgravity experimental condensed matter studies focused on such elucidating analogues, and associated theoretical and computational work, will advance the core observational cosmology program.
Analogies of Standard Model and Grand Unification Theory symmetry breaking, cosmic strings, and brane collision theories of the Big Bang. 

The detailed analogies between the superfluids and early universe theories are so precise that they have been published by G. Volovik in his new book ‘The Universe in a Helium Droplet’.
 For example, spontaneous symmetry breaking in the early universe has been modeled effectively using analogies to defect formation during spontaneous symmetry breaking in the quantum fluids. In superfluid 3He, for example, the high temperature symmetry group is U(1)×SO(3)×SO(3), accounting for translation, and orbital and spin rotations. When cooled through a phase transition (normal to superfluid), 3He undergoes spontaneous symmetry breaking. A remarkable consequence of this symmetry breaking is the possibility of generating topological defects. In the case of 3He, the possible defects include, among others, quantized vortices and vortex sheets. These make a compelling analogy to putative cosmological topological defects of cosmic strings and domain walls. Quantized vortices can be present in superfluid 4He as well. The dynamics of early universe phase transition maps onto superfluid helium physics through Kibble – Zurek (KZ) theory
,
.  Such models of the universe make an analogy to the superfluid order parameter and provide an exact mathematical match theoretically. Because these analogies are exact, they must hold even when considering such extreme conditions as the highly non-equilibrium expansion of the early universe. While earlier suggestions that cosmic strings are responsible for large-scale clumping of matter are now ruled out by observation of  essentially Gaussian fluctuations in the cosmic background, the existence of these objects in smaller numbers has not been ruled, nor their role in early universe expansion. In a probe of an analogy to cosmic string formation, careful experiments have been conducted by Peter McClintock and his colleagues at Lancaster University to measure topological defect (quantized vortex) formation under near-static conditions as isothermal liquid 4He is pressure-quenched into its superfluid state
. These careful measurements have given a null result, possibly due to a very rapid decay of the resulting quantized vorticity before it could be detected experimentally, or possibly do to other experimental artifacts. Follow-up proposals shift this effort to a direct measurement of topological defect (vortex sheet) formation that results on the SOC state within superfluid 4He near its superfluid transition while the system if driven very far from equilibrium in a highly controlled way, in much closer analogy to early universe theories
. Similar effort is ongoing in the studies of phase transitions and topological defects in superconductors
.
The complex topological description of superfluid 3He is analogous to that of some string theories.  The D-brane collision and annihilation, one of the string theory models of the “Big Bang”, has an analogue in the collision of superfluid phase boundaries of 3He in a magnetic field
. In superfluid 3He, two distinct superfluid phases can co-exist even at zero temperature. The boundary between the two has a finite energy density that can be released when two such boundaries are brought into contact. Similar to the hypothesized cosmological D-brane – anti-D-brane collision, the annihilation releases energy as thermal radiation, but also generates lower-dimension topological defects – analogues of cosmic strings. As is expected with cosmic strings, a finite density of residual defects – vortex tangle – has been observed in intricate experiments by the group lead by Prof. George Pickett, University of Lancaster. 
Analogues of Black Hole Event Horizon.
The event horizon of black holes is expected to emit radiation equivalent to that of a blackbody with effective temperature inversely proportional to the black hole’s mass. Direct experimental observation of this Hawking-Unruh radiation from the evident black holes is not likely, as their effective temperature is too low – far below that of the cosmic background. Any experimental confirmation of the Hawking-Unruh mechanism will likely come from condensed matter and other analogues. 

Unruh pointed out
 that equivalence principle requires that an observer accelerating in a vacuum (which is populated with field modes) experience an effective thermal bath with temperature proportional to the acceleration, and inversely proportional to the speed of modes supported in vacuum. An intriguing possibility of testing nonlinear and quantum effects in the extremes of black hole event horizon is offered by analogue systems of high-energy-density laser light pulses in optical fibers
, shallow waves in classical
 and quantum
 fluids and the Self-Organized Critical (SOC) state if the superfluid/normal fluid interface under a heat flux
. In the optical fiber approach, the equivalent of the event horizon is created by altering the dispersion in the medium by a co-propagating short powerful laser pulse. In acoustic approaches, the “vacuum” is accelerated to speeds exceeding the speed of mode propagation. While in a real black hole the relevant speed is that of light, in acoustic analogues the speed is much lower – that of sound or surface waves. This lower speed -- below 1 m/s in surface modes of helium films, few m/s for bulk entropy (second sound) waves -- makes the analogy approach viable.

Another unexpected connection between black hole physics and condensed matter physics was demonstrated recently in an apparent correspondence between dual gravitational description of a charged black hole and of a superconductor
. Condensate behavior such as square-root temperature dependence for the condensate fraction, frequency-dependent conductivity, energy gap for charged excitations, and the evidence of quasiparticle “pairing” – are all derived from solving Einstein’s equations in the dual theory. 
Condensed matter analogues have a significant promise in providing knowledge complementary to that of observational and theoretical cosmology. There is a vibrant and engaged scientific community approaching the topic from both condensed matter and cosmology prospective through theoretical, computational, and experimental studies
,
. All pieces are in place for rapid progress and more discoveries in the coming decade.
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