Making the case for a “CERN for analogs”
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Scientific and practical arguments are offered in favor of a facility where to explore, with analogs,
the otherwise unreachable territories of the theoretical investigations on the fundamental components of nature. In this facility, theorists, both of the high-energy and of the condensed matter
types, should work next to experimentalists, mostly of the condensed-matter type, and technologists. I call this facility HELIOS, an evocative name for something that should shed light on the
darkness of the unknown, and an acronym for High Energy Laboratory for Indirect ObservationS.
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1. Analogs

1 Actually,

many more than one life would be necessary to reach there... The fastest man-made spacecraft, Voyager
1, travels at about c/18000, so it would reach the nearest black hole, that is about 1000 light years away, in about 18
million years.
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When I am asked to explain what quantum mechanics (QM) is about, I usually hit the ground
with a foot. That solid floor under my feet could not exist, if QM were not true. No matter the
substance, the electrons would all collapse on the nucleus, and would not make the bonds that
hold together the structure of the solid. In a way, a solid, as large as a mountain, is a molecule,
as large as a mountain. And a molecule can only exist because QM is true. Therefore, the larger
the mountain, the more evident its quantum nature. The above is indisputable, and it was clear
already to Schrödinger [1]. Nonetheless, the standard folklore is that QM is what works only in the
extremely small, where mysterious things happen, and those mysteries cannot be perceived at our
scales. According to that folklore, that stuff is out of reach for us, poor and clumsy macroscopic
beings. Well, that is not true. We can reach that exotic realm, simply because we are immersed into
it! We need to know what to look for, and that is not easy, but neither impossible. Similarly (or
analogously, would be perhaps a more appropriate word in this paper), we should be able to reach,
here and now, the ultimate building blocks (were they strings, loops, superparticles, dark matter,
or whatever), no matter how far they might be, in the small, in the large, or in the past. Their direct
or indirect effects, on the world as it is here and now, must be tangible. That is the rationale behind
testing fundamental theories with analogs.
It was Feynman who argued that different systems obey the same equations (of electrostatics,
in that lecture [2]) when there is one structure common to all: “What is common to all our problems
is that they involve space and that we have imitated what is actually a complicated phenomenon
by a simple differential equation. [...] Are they [the electrostatic equations, ed] also correct only
as a smoothed-out imitation of a really much more complicated microscopic world? Could it be
that the real world consists of little Xons which can be seen only at very tiny distances? And that
in our measurements we are always observing on such a large scale that we cant see these little
Xons, and that is why we get the differential equations?” [2] These days we have refined our art of
imitating one system with another. Many analog models are available, and beautiful experiments
are performed, especially for the Hawking radiation. All of this taught us that, when one sets-up a
proper analog system, e.g., of a black hole, then it can get from there first hand information on...
the black hole! So why put one’s life 1 in danger traveling till the nearest black hole? Why use
an enormous amount of resources to try to reach those energies with particle accelerators, when
the tip of a pencil [3] might serve the scope decently well? Of course, probes like gravitational
waves, or cosmic rays, are precious, but why not to make the most of the indirect evidences that
analog systems might offer? The reason why this is not happening yet, at the least not at the
scale it should be happening, is that the relation between different systems, that we call analogy,
still needs a universally accepted definition. The relation between different systems that we call
symmetry indeed enjoys rigorous and universally accepted definitions, both from the mathematical
and the physical points of view. None doubts that the use of such relation is legitimate: I test system
A, A is symmetric to B, I have tested system B. These systems can look very different, but once we
have established the symmetry, we know that it is one and the same system. These days, due to the
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I : t → −1/t ~x →~x/t ,

(1.1)

that is an arbitrary uniform expansion or contraction of the system. This symmetry is studied in
cosmology, and allows to map an explosion problem to a dual implosion problem. In principle this
duality allows the complete three-dimensional evolution of highly structured explosion ejecta to be
modeled using a static target in an implosion facility. From (1.1) it is clear that such a symmetry
group is larger than the Galilei group, and in [7] the maximal invariance group was determined to be
the semi-direct product for the Galilei group with SL(2, R), the latter containing time-translations,
dilations, and the inversion I . Those results had an important impact on the field.
In the days of the AdS/CFT correspondence [8], relating gravity and matter, of quantum gravity models inspired by condensed matter [9], like crystalline gravity, (see also [10]), and of the
great advancement of analog experiments [11] (see also the review [12]), we believe that the times
are mature for a dedicated laboratory, entirely devoted to test fundamental theories with analogs
[13]. The other side of the story is that analogs are often important materials for technological
applications, like graphene [14]. Henceforth, such a place would be an invaluable think-tank where
unconventional thinking would be routinely applied, to create new technology and to solve fundamental problems. With our group in Prague, we have moved some steps in that direction focusing
on Dirac materials, and have explored various theoretical [15] and experimental [16] directions.
Many other groups around the world are taking similar roads, with different systems [11] (see also
the review [12]) and with thrilling success. What is missing is a lab built with the same spirit of
CERN, that unifies, systematizes and organizes those efforts, but also raises the status of this research to a quest to reach beyond the known. Let me call this facility High Energy Lab for Indirect
ObservationS[13] (HELIOS).

2. Goals of HELIOS
Test fundamental theories: The prominent goal of HELIOS is to solve, with analog experiments, key open problems of the high energy theoretical investigation. First, the community should
identify a list of key open problems that HELIOS will be able to attack. Such list should include
those problems whose solution cannot be found solely with the theoretical analysis, as different
competing theories give different answers. Furthermore, they must be problems that can clearly
be faced via a reliable analog. This latter point is the most crucial. The first example that comes
to the forefront is the information paradox, that might or might not take place during black hole
2
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increasing interest, philosophers are intensively working on those issues, see, e.g. [4]. Our point
of view, discussed in [5], is that all we need is: i) to rigorously identify the structure/aspect/feature
common to both systems, and once that is done, ii) we have to find the mathematical relations
between the two systems, that indeed make them one.
A beautiful example are the supernova explosions simulated in the laboratory by plasma implosions induced by intense lasers, a field of experimental physics to which laboratories like the
National Ignition Facility at the Lawrence Livermore Laboratory, U.S.A., and the Laser MegaJoule
in Bordeaux, France, have devoted considerable efforts. The Euler equations of fluid dynamics are
invariant under an inversion transformation [6]
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evaporation, see, e.g., [17]. On the one hand, the ultimate answer can only come from an experiment. On the other hand, it is a problem that analog must be able to handle. Give experimental
perspectives of the abstract research: HELIOS can also provide an experimental playground to
any theoretical scenario. This is not as testing the given theory, but rather to find aspects of that
investigation that can have an experimental facet. Thus, black hole physicists could build and play
with acoustic quasinormal modes, whereas string theorists could learn about Liouville field theory
constructing membranes of constant Gaussian curvature, etc. I find this part of HELIOS’s mission of paramount epistemological and educational importance. It has been a peculiarity of these
decades that the most theoretical investigation completely decoupled from experiments. The two
carriers, for theorists and experimentalists, are completely separated. This is clearly a mistake, and
HELIOS could serve also the scope of solving this epistemological vulnus. In fact, aspects of any
theoretical construction can be reproduced in analogs, including SUSY, string theory, loop quantum
gravity, extra dimensions, Generalized Uncertainty Principles, and all the hep-th bestiary. “Find
the Xons”: HELIOS should then have the grand goal of putting on firm basis the whole analog
approach to physics. In other words, it should try to seriously investigate the questions posed by
Feynman, and previously discussed in this paper. We may say that this part of its mission is to
“find the Xons”. High intensity cross-fertilization: Technological byproducts are listed as goals
of any fundamental research facility, including CERN that lists among the goals of its research[18]
“Advancing the frontiers of technology”. Having often to deal with novel materials, already under
intense scrutiny for technological applications, HELIOS has a much clearer vocation for innovative
technology. The case of graphene, a bi-dimensional nanomaterial, with an enormous interest for
industrial applications, is paradigmatic. In a way, we can say that, while for CERN’s priorities technologists are a step below fundamental physicists, in HELIOS the two categories would be much
closer. Hence, in HELIOS the cross-fertilization will be highly effective and intense: theoretical
problems might be solved by technologists, technology problems might be solved by fundamental
physicists. Costs: This is not a study of the feasibility of HELIOS, not even a preliminary one,
but rather a place were we offer scientific and technological arguments in favor of the construction
of this facility. Nonetheless, on a semi-serious note, let me try to quantify very approximately the
costs of such an enterprize, in euros. I focus on what will be necessary for the experiments with
graphene, and then will brutally multiply by ten to include into one facility a good sample of the
analogs currently at our disposal [12]. For the “graphene module” of HELIOS, first one should
be able to fabricate nanostructures of any wanted geometry, with the highest precision. Existing
machines, e.g. the ORION NanoFab Helium Ion Microscope, cost around 0.8 million, but are still
not what necessary for HELIOS. Therefore, a dedicated machine of this kind should be built. I
judge this to cost 1.5 million, or more. Another important component of this module is a laser, to
mimic a gravitational interaction. To have very short and well controlled pulses, necessary to probe
the bidimensional material, we can estimate 0.5 million, and including the diagnostics, a total of
1 million. Of course, one needs also all sort of measuring devices, in particular STM machines
are the most appropriate for certain experiments [3], and, including microscopes, for all these instruments I estimate at least 2.5 million. We would like HELIOS to be self-sufficient, hence it
should also be able to produce graphene, e.g., via chemical vapor deposition (CVD), or improved
methods. For this, and other means of production, I estimate a cost of 1 million. All together,
this amounts to 6 million. It is extremely important that HELIOS has its own powerful computa-
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3. Conclusions
In HELIOS we shall be able to explore, with analogs, the otherwise unreachable territories
of the theoretical landscape. On the other hand, the technological spin-offs are potentially many
more than for other facilities with similar goals. In particular, the unconventional use of advanced
materials to reproduce exotic scenarios will push ahead the limits of technology, and may furnish
unsuspected solutions to practical problems.
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