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There is a memorable scene in the Japanese anime clas-
sic Akira in which two young protagonists are in a jail
cell discussing the nature of the universe!. They have a
good excuse for doing so, for one of their school chums
is at that very moment gleefully laying waste to Tokyo
just by thinking about it, a victim of a powerful over-
dose of akirahood administered by reckless military sur-
geons. Amid the peeling paint and dripping water of
their prison they come to grips with their friend’s terri-
ble fate and the incomprehensible violence they have just
witnessed—and will shortly witness redoubled and redou-
bled again—through an existential discussion of worlds
within worlds not so different from what one might over-
hear late at night in a freshman dormitory. Their con-
versation reveals that the horror outside was made pos-
sible by a government research project into the ultimate
power animating all things, which subsequently escaped
and was rapidly leading to destructive rebirth of the uni-
verse. The latter actually comes to pass in the film, but a
brave intervention by three other victims of the program
at the last minute causes the new universe thus created
to consolidate itself into a tiny luminous marble, which
then drifts into the cup of the hero’s hands and vanishes.

In discussing cosmic matters it is impossible not to
draw analogies with science fiction art from time to time,
for the issues are as large as those depicted in such
films and equally mysterious, despite being experimen-
tally constrained. Our knowledge of the cosmos is still
very primitive, and much of our thinking about it cor-
respondingly speculative, more along the lines of what
might plausibly have been than what is so. Plausibility
is an interesting concept in theoretical physics, usually
amounting to either a physical analogy with something
observed to occur elsewhere in nature or a mathemati-
cal extrapolation of microscopic law. The latter, how-
ever, is actually a shibboleth, for the things that mat-
ter are nearly always collective organizational phenom-
ena that cannot be reliably predicted from microscopics.
The shapes of galaxies and the behavior of cosmic jets
are simple cases in point, but the observation also applies
to the grandest issues of modern cosmology, inflationary
expansion and the hierarchical consolidation of matter
after the big bang®™. The absence of predictive power
is actually self-evident, since there would be no point in
measuring these things if one could calculate them. As
a practical matter, all plausibility arguments that count
are analogies.

It may seem shocking to speak of the vacuum of space-
time as an organizational phenomenon, but this is actu-
ally just a matter of semantics. The idea behind the
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words is mainstream and fully consistent with the facts.
It has been known since the 1950s, and routinely veri-
fied by accelerator experiments since then, that empty
space is a kind of matter quantum-mechanically similar
to a rock®. The standard model of elementary particles
is grounded firmly on the idea of space as a phase. A
multiplicity of such phases and a complex sequence of
transitions among them in the early universe are corner-
stones of modern particle cosmology. The existence of
such phases is implicated in the structure one sees on
intergalactic scales, and the heat released in the transi-
tion between two of them is the ostensible power source
of inflation. Inflation itself is partly motivated by these
phases, since they make the observed uniformity of the
universe unnatural and something requiring explanation.

The semantic incongruity, however, like the subli-
mated worries about modern life that give us science fic-
tion nightmares, belies something important—unfinished
business of the 1970s that has been slowly and systemati-
cally tearing physics apart®7?. Stripped of their confusing
mathematical descriptions, the phases of the vacuum boil
down to physical analogies with phases of ordinary mat-
ter, natural phenomena observed to exhibit universality.
That means that their properties at long length and time
scales, where we normally do experiments, do not depend
on microscopic details at all, and thus do not constrain
them when measured. A simple example of emergent
universality would be sound propagation in fluids and
solids, an effect perfectly well accounted for as as mo-
tion of atoms, but also a generic property of the phases
not requiring atoms to make sense. Sound is an espe-
cially pertinent example because it has a second identity
at low temperatures as an emergent elementary particle



with properties identical to those of particles of light. In-
sensitivity to microscopic detail thus turns the concept
of fundamental on its head, in that it makes principles of
self-organization the truly important thing, rendering the
quantum underpinnings of the universe, whatever they
are, unknowable in the absence of experiments that reach
shorter scales and irrelevant to behavior we presently see.
Little wonder that physicists remain bitterly divided over
full acceptance of the vacuum as a phase®.

The vacuum as an organizational phenomenon has the
disturbing logical implication that the ancient dream of
commanding the ultimate power of the universe just by
thinking about it is a delusion, made so not by human
frailty but by the very physical processes one is trying to
understand. Ironically, nature abets this delusion. It can,
and often does, happen that an experiment improved to
reveal an ultimate cause reveals instead emergent univer-
sality of a nearby phase transition masquerading as one.
This effect is unfortunately very likely to be occurring in
the vacuum of space-time, for unstable renormalizability,
one of its strangest attributes, is observed in table-top
experiments to emerge very generally near phase transi-
tions. If it is indeed the case that the vacuum is char-
acterized by a hierarchical cascade of universalities then
all of our allegedly fundamental knowledge about it is
temporary, and destined to pass away in the future as
experiments improve.

The paper by Senthil et al.® is an attempt to address
this issue mathematically. It deals specifically with a
suspicion many of us have had that quark confinement,
one of the most cherished features of the standard model,
may be a collective effect that emerges at a phase tran-
sition and thus not fundamental at all. The paper is
complicated, an unfortunate side effect of the difficulty
of the task, for it is not generally possible to deduce emer-
gent phenomena from first principles. The best one can
do is postulate them and then demonstrate plausibility
by showing that small corrections get smaller as the mea-
surement scale increases. Such convoluted arguments are
ripe with opportunities for mistakes, regardless of how
careful the authors have been, so the test of emergent
universality that counts is always experimental. This, in
turn, forces the theory to address not quark confinement
itself but an allegory of it one might hope to test in a
table-top experiment. The logic is maddeningly indirect,
but unfortunately the only approach that is legitimately
scientific.

The central idea of the paper is quite simple. It was
discovered in the 1970s'? that an ordinary antiferromag-
net in one spatial dimension condenses at zero tempera-
ture into a quantum ground state with the curious prop-
erty that its low-lying excitations carry spin 1/2, even
though the underlying system of atoms from which it was
built possessed only spin flips, which carry spin 1. Collec-
tive organization in this system thus caused half-integral
spin to materialize out of nowhere, in the process defying
one of the most basic lessons of quantum mechanics that

the total spin of an assemblage is never less than the spin
of its parts. In retrospect the lesson was subtly corrupted
by postulating the number of atoms to be small. It is not
true in general. While there was no doubt that the an-
tiferromagnet result was correct, subsequent failure to
find the effect experimentally in real three-dimensional
materials created the widespread perception that it was
a strange, unimportant mathematical curiousity unique
to one dimension. But why one dimension should be so
different was never explained. Recent events, notably the
experimental discovery of electric charge fractionaliza-
tion in the fractional quantum hall effect, a related phe-
nomenon, and our ongoing frustrations with correlated-
electron materials, have led us to revisit this question and
to wonder if maybe the unique aspect of one dimension
might simply have been its infamous ability to suppress
ordering. The higher-dimensional analogue of the effect
would then be quantum criticality, something that oc-
curs only if the matter is delicately balanced at a zero-
temperature phase transition. In other words, perhaps
the missing fractionalization and our poor understand-
ing of zero-temperature criticality are one in the same.

The potential relationship to quark confinement in the
vacuum of space-time is similarly straightforward. If
the objects with fractional quantum numbers do indeed
emerge at low energy scales at phase transitions, then
they must disappear utterly the moment the system is
perturbed even the tiniest amount, since then it becomes
one phase or the other, neither of which exhibits frac-
tionalization in its low-energy spectrum. This can only
happen if there are stupendous attractive forces between
the particles that balance to zero at the transition but
become unbalanced the moment one moves away. More-
over, these forces must work at extremely long length
and time scales, since it is only the lowest-energy parti-
cles that disappear. At higher energies, no experiment
can tell whether one is exactly balanced at the transition
or pushed slightly off into the phase, so the fractional
objects must still be visible there. This very behavior—
integrity at high energy scales but powerful binding lead-
ing to loss of identity at low ones—is exhibited by quarks
and is codified as the principle of asymptotic freedom®.
Senthil et al.’s frequent use of the term confinement to
describe their effect is tacit acknowledgement of this po-
tential relationship.

Thus these ideas, if they are confirmed experimentally,
have the potential to overturn some of the most deeply
held beliefs in theoretical physics. The situation reminds
us that scientific knowledge, even at its most fundamen-
tal, is never static, and that the world of the mind, like
the physical one on which it is built, is filled with incom-
prehensible violence that spins out of control from time
to time. It is conceivable that this has now begun, and
that we are in the process of discovering that the artist’s
vision of the universe in the cup of the hand is not fan-
tastic nonsense at all but the essence of the matter.
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