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Abstract: The Euro-Western tradition has long considered matter to be essentially non-relational, passive and
mechanical. Matter, that is, is thought to consist of elementary particles that remain internally unchanged while
moving inside of, or against, an equally unchanging or fixed background of space, time, or both. Consequently,
matter’s behavior has been seen as obeying—either fully or probabilistically—preexisting and invariant natural
laws.

In our paper, we first take a brief tour through three major traditions of Western materialism in order to
demonstrate how this basic picture has remained remarkably stable up to the present. We then argue that recent
physics research and quantum gravity theorizing about black holes provide an unprecedented opportunity to
revolutionize our understanding of matter by understanding it as inherently relational, indeterminate, and
generative. Our aim in doing so is to show that black hole physics has enormous interdisciplinary consequences
for the history, philosophy, and science of materialists.

I. The History of Materialism

Classical Mechanics. The first major Euro-Western tradition of materialism was Greek atomism. As is well known,
Leucippus, Democritus, and Epicurus all taught that all things—from the biggest stars to the smallest insects or
speck of dirt—are formed by the collisions, compositions, and decompositions of tiny, discrete, and indivisible
“atoms”  careening perpetually through a vast spatial void. Eternal and unchanging, the atoms’ only
differentiating attributes were their varying shapes and sizes, which enabled them to join together into countless
combinations that resulted in the full scope and diversity of the perceptible world at large. For Leucippus and
Democritus, these fundamental particles moved only along unique predetermined trajectories, whereas in
Epicurus they occasionally swerved spontaneously onto others. In finding reality to have a fundamentally closed,
immutable nature, however, both accounts nevertheless maintained the very same mechanistic conception of
matter and its relationship to void or space.

For the atoms, that immutability results in a rather profound irony. Ostensibly, those constituent elements produce
all of perceptible reality. Nevertheless, the full range of possible atomic compounds—and hence, of resulting
sensible objects—preexists any compound’s realization and so remains just as eternally fixed and unchanging as
the atoms own pre-given shapes and sizes. Certain combinations invariably result in lead, for example, whereas
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others’ result just as invariably in iron.  Accordingly, then, whether they were capable of swerving or not, the
atoms exerted zero creative agency over the character of their own productions. Instead, they remained
essentially non-generative, non-relational vessels that “create” merely by passively realizing preexisting
possibilities.

A similar situation obtains in relation to the immutable (non-)nature of what the atomists called “void.” An infinite
background emptiness that persists to a greater or lesser extent in (or as) the space between atoms, void also in
fact plays an integral role in constituting the sensible world. For example, in explaining lead’s relatively greater
density than iron, Democritus argued that the atoms of the former fit more closely together, and thus permit less
void between them, than do those of the latter.  As this example illustrates, both metals reliably possess their
respective defining properties only on condition that void (a) lacks any positive characteristics of its own (which
could differentially interact with the atoms) and (b) remains utterly unaffected by the movements and
combinations of the atoms that occur in or through it.

Taken together, the atomists described reality as a closed or bounded system whose productions could be
exhaustively explained in terms of specific effects following necessarily and absolutely from particular causes. In
doing so, they also positioned themselves as external, objective observers of that closed system, which remained
unchanged by their observations of it. From that vantage, they could deduce and discover invariant, preexisting
laws that would reveal reality’s underlying causal nature to them.

In short, the atomists’ materialist account of reality entailed a mechanistic conception of matter as inherently non-
generative and non-relational, a background-dependent conception of space, and the immutability of both. The
importance of this materialist account is difficult to overstate, especially to the history and ongoing practice of
science.  As we will see, however, as the prevailing cosmology changes, this concept of matter appears
increasingly obsolete.

Statistical Mechanics. The second major materialist tradition emerged in the nineteenth century. Treating matter as
if it moved randomly, modernist descriptions relied heavily on probability theory and statistics to predict it.
However, matter’s seeming randomness was in fact merely due to practical limitations only. Fundamental particles
(molecules, atoms, genes, isotopes, and so on) were simply too small and numerous for humans to observe all at
once. For Laplace, Boltzmann and others, then, matter continued to be just as fully determined as it was for the
atomists (albeit without any Epicurean spontaneity). Moreover, in adopting Newtonian notions of a fixed
background of empty absolute space and universal time, modern materialism also continued to see matter as
ultimately non-relational, passive, and obedient to invariant natural laws.

Quantum Mechanics. The third major materialism was quantum mechanics. In its initial formulation by Niels Bohr,
Erwin Schrödinger and Werner Heisenberg, and much to the disappointment of Albert Einstein, quantum
mechanics abandons a deterministic understanding of matter and finds matter instead to be inherently
probabilistic. Due to the “measurement problem,” as it has tended to be understood, there is a fundamental limit
on the precision with which matter can be known or predicted. As Heisenberg formulated it in his famous
uncertainty principle, for example, there is an inherent limit to how precisely it is possible to know both a particle’s
position and its momentum simultaneously. Beyond that limit, determinism dissolves into probability distributions.
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As developed subsequently in quantum field theory, moreover, particles no longer move within an empty or
smooth surface but are understood to be the excitations of fields that constantly jitter like violent waves with the
vacuum fluctuations of so-called “virtual particles.” While those vacuum fluctuations are too small to observe
directly or individually, collectively they nevertheless exert empirically measurable effects on particles that can be
observed.

This account certainly paints a far more lively and dynamic picture of matter’s behavior than what had prevailed
previously. Nevertheless, the vacuum fluctuations of the particle-fields of quantum field theory occur only within a
preexisting and fixed background spacetime. In other words, quantum field theory works only by ignoring the
gravitational field.  Moreover, if the measurement problem is understood as marking a purely epistemological
limit,  as it generally is, then despite the continual vacuum jittering, matter is still treated as if it cannot generate
any novel trajectories for itself. The total set of possible trajectories, in other words, remains just as eternal and
unchanging as in the atomists’ account. And thus, matter remains an essentially passive, non-relational
substance confined to fixed mathematical and epistemological probability ranges.

Despite their differences, then, all three of these major kinds of materialism nonetheless treat matter as essentially
passive and treat space and time as fixed, background givens.

II. Loop Quantum Gravity

By ignoring spacetime, quantum theories effectively leave gravity to the macro-realm of the theory of general
relativity. The effort to unify quantum theory with general relativity in a single framework is called quantum gravity
theory, which many consider the, yet-to-be experimentally confirmed, holy grail of contemporary physics.

Quantum gravity theory begins by extending quantum formalisms all the way down to the lowest quantifiable limit
of Planck’s constant. At this scale, there is no background-dependent frame of spacetime or gravity by which to
measure particles. There, the geometry of spacetime is measured instead by the yardstick of the Planck length
(1.6 × 10-35 meters). In quantum gravity theory the Planck length thus operates as a kind of natural cut-off  of all
measurable reality and so also acts as the foundational point of reference for the application of the same
probability-based mathematical framework of quantum theory but applied now to the behavior of spacetime itself
as a quantum gravitational field. The radical consequence of this move for the theory and history of materialism is
that it has finally released matter from the metaphysical cage of a fixed background spacetime.

The problem with combining general relativity and quantum mechanics, however, is that it tells us that if we could
physically measure spacetime all the way down to the Planck-scale, doing so would require energies so high that
it could actually create a micro-black hole.  At the Planck-level, then, some theorize that spacetime itself
dissolves into an ocean of “virtual” black holes bubbling wildly in and out of (virtual) existence like a kind of
“spacetime foam.”  As the smallest fluctuations of spacetime, these micro-black holes provide a dramatic
manifestation of the Planck-limit, a zone of utter ontological indeterminacy between “reality” and “non-reality,” or
“being” and “nothingness.” Importantly, while virtual black holes share this ontological indeterminacy with the
virtual particles of quantum field theory, the crucial difference is that the latter are fluctuations of a vacuum in (a
smooth, background) spacetime, whereas the former are fluctuations of spacetime itself, thereby rendering even
what is ostensibly the most fundamental or basic level of reality inherently indeterminate as well.

[6]

[7]

[8]

[9]

[10]

[11]

[12]



Both of the two major prevailing quantum gravity theories, loop quantum gravity and string theory, look for the
emergent structure of spacetime at the limits of where it breaks down: black holes. Despite their important
contributions, however, our argument is that both theories nevertheless end up preserving certain mechanistic
assumptions about matter by ignoring the indeterminacy of black holes.

Loop quantum gravity, for example, is rooted in Carlo Rovelli’s deeply relational account of quantum mechanics in
which all entities manifest only through particular interactions (or “observations”) that may or not involve humans.

 This relational ontology comes to an abrupt end, however, right at the Planck-scale. Below the Planck-scale,
Rovelli maintains, there is simply “nothing,”  and thus spacetime fundamentally comprises discrete “atoms” or
“grains” whose possible magnitudes have discrete Planckian units.  Even though everything, including
spacetime, manifests relationally, for Rovelli, those manifestations still obey predetermined and unchanging
probability distributions that are ultimately rooted in (Planck-based) possibilities—as numerous as those might be.

 The problem is that Rovelli treats the Planck-scale as if it were an absolute, preexisting basis for an
unchanging mathematical formalism that humans simply discovered and not, as we argue it is, an active zone of
generative, experimental indeterminacy. In our view, the more parsimonious account is that there simply is no
such non-relational limit that is not always co-constituted by acts of observation (human or not). In a sense,
Rovelli has tried to bury the measurement problem at the Planck-scale in an effort to rescue a mathematical
account of matter’s behavior even there. In doing so, however, he must erase what could instead be affirmed as
matter’s inherent quantum indeterminacy by limiting matter in advance to the possibility range of only Planck-
sized spacetime changes.

Given its pivotal role in prevailing math and physics, the Planck-scale certainly seems to mark a formal lower limit
to reality as scientists are currently able to measure and observe it. Formal limits, however, are not the same as
experimental or empirical ones. And as Rovelli himself readily acknowledges, loop quantum gravity’s current
theorizing does not precisely converge with physical observations and, thus, “something is missing.”  We agree.
But instead of simply continuing the quest to find an ever more precise or comprehensive means of explaining
away that “something” by rendering it quantifiable, we would like to suggest a different response. Instead, we
suggest that we also ought to embrace that “something” as indexing a physically minute yet dramatic and vivid
instance of matter’s inherent ontological indeterminacy and creativity.

Let’s look now at how string theory fares on the issue of black hole materialism.

III. String Theory

Following his shocking discovery that black holes radiate energy, Stephen Hawking advanced the even more
shocking claim that black holes swallow and destroy information.  Because the destruction of information
would directly violate the law of information conservation, Hawking’s claim became known as the “black hole
information paradox,” motivating numerous attempts to resolve it.

In 1993, string theorist Leonard Susskind made a brilliant contribution to such efforts with his theory of “black
hole complementarity.”  Returning to quantum mechanical basics, Susskind argued that two mutually exclusive
explanations for what happens to information heading towards a black hole are in fact equally valid, depending on
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the observational vantage.  Specifically, if we watched someone fall into a black hole, we would see them slow
down and stretch out at the horizon, eventually becoming scrambled into radiation, whereas the person falling in
would cross the horizon without noticing anything unusual until being destroyed much later.

Black hole complementarity eventually led to the “holographic principle,” string theory’s now highly influential
proposed solution to the information paradox.  Holograms, in essence, are three-dimensional projections
produced by light interacting with information that is stored on a two-dimensional film. Similarly, the holographic
principle essentially posits that black holes project three-dimensional holograms of their own information, which
they store on the two-dimensional surface area of their horizons. Which direction the hologram is projected,
moreover—outside or inside of the horizon—simply depends on the location of the observer, who acts as the
light-source reconstructing the information.

While the holographic principle constitutes an ingenious solution to both the information paradox and the
measurement problem,  the math on which it rests again works only by bracketing out or erasing reality’s
apparent indeterminacy (e.g., information’s location). We see no ontological basis for this bracketing out, however,
except that it enables mathematical prediction by uncritically upholding the ancient Western assumption of
matter’s intrinsic passivity. Instead of assuming in advance that the universe is made up of a fixed and finite total
amount of information, all of which must also have a determinate material location, we believe the theory of black
hole complementarity could help us appreciate and affirm matter’s inherent generative indeterminacy.

We argue, by contrast, that the more compelling and parsimonious view is that the measurement problem simply
cannot be overcome: indeterminacy and complementarity are themselves fundamental. If measuring Planckian
spacetime results in micro-black holes, this means measurement is integral to the identity and relationship
between not only black holes and spacetime but to the Planck-limit as well. Moreover, as Rovelli and others have
argued, quantum measurement applies to all interactions, whether involving humans or not. And if we ourselves
are material beings through and through, then matter produces the Planck-scale in our presence just as it must
produce non-Planckian based scales in our absence.  And thus, contrary to both string theory and loop
quantum gravity, we think the Planck-limit (and its possible sea of micro-black holes) does not reveal a preexisting
limit to reality but instead confronts us with matter’s fundamentally indeterminate, relational and generative nature.

V. Black Hole (New) Materialism

One key implication of this elaboration is that there simply cannot be any absolute, preexisting limit to material
reality that would remain unchanged or unaffected by our observations of it. Quantum field theory’s notion of
vacuum fluctuations are a means of rethinking “void” as a spectacularly lively and creativity place.  In particular,
we are inspired by the physicist Karen Barad’s new materialist interpretation of these quantum fluctuations as a
vivid dramatization of matter’s inherent and creative ontological indeterminacy. Her argument “is [not] limited to
the domain of the small. On the contrary,” she clarifies, “the play of indeterminacies is ontologically prior to
notions of scale and, more generally, space and time.” ,

We agree with Barad’s argument that matter’s indeterminacy precedes—and thus also pervades—all scales of
reality. However, while Barad has developed and discussed this interpretation in relation to quantum mechanics
and quantum field theory, she has yet to our knowledge directly theorized indeterminacy at the level of quantum
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gravity or in relation to  black holes.  Part of the motivation of this paper is thus to develop a generative new
materialist interpretation of spacetime and blackholes.

To be very clear, we certainly have no wish to deny or in any way diminish the extremely impressive achievements
of Western math and science in explaining and predicting matter’s behavior. Nevertheless, as every serious
scientist will readily admit, we are not yet—and indeed never will be—able to fully explain and predict matter’s
behavior. What we therefore wish to propose, in light of our discussion about black hole indeterminacy, is a
different way of understanding indeterminacy and its significance. Rather than continue to see it as merely
marking current limits of our knowledge of inherently non-generative matter, we wish to suggest that there are
empirically compelling and even urgent reasons for a very different understanding of the nature of matter as
indeterminant.

In our view, even an omniscient being with infinite knowledge would not be able to exhaustively quantify matter
because matter is inherently indeterminate, generative, and relational. Moreover, since we humans are just as fully
material as anything else, any act of human observation of matter—including even ostensibly “formal” kinds of
observations—must also play a role in constituting matter. And so, the belief that matter could ever be
circumscribed as a closed or bounded system with a fixed range of possibilities that obeys invariant laws
amounts to a dangerous delusion rooted in human hubris or fear. Such a view may well serve to maintain the idea
that we are cosmically exceptional beings given our ostensible ability to stand apart from mechanical matter and
learn how to exert an increasing degree of control over it.

IV. Generative Materialism

It is our position that black holes provide the historical foundations for a whole new theory of materialism, in
which matter is no longer passive, negative, or even simply probabilistic. This new performative or “pedetic”
materialism is defined by three core features that we think have important consequences across the sciences and
humanities.  The full elaboration of these features requires a much longer paper so in its place we would like to
simply flag them here as the beginnings of a new black hole materialism.

1. If virtual, micro-black holes index the primordial creativity of all matter, spacetime, and quantum
fluctuations, then all matter, from the Planck scale up to the macro level must also be defined by a pedetic
or generative indeterminacy. This means that natural laws, including the Planck limit, and probabilities are
products of a more primary indeterminate process subject to iterative change and revision over time.

2. Matter is not a continuous or discrete substance moving in spacetime; it produces spacetime. Black holes
are neither passive matter nor empty voids but active processes: the transformative mutagens of the
Cosmos. If we consider what is known about black holes without bracketing out the measurement problem
and indeterminacy, it points to an interpretation in which matter is an endlessly fluctuating process more
fundamental than spacetime or the Planck scale—which must be emergent features of quantum processes
not background laws of it. At the bottom of a black hole we do not find the infinitely small singularity that
general relativity predicted, but rather indeterminately moving energy—without any more fundamental
explanation.

3. Black hole indeterminacy points to an interpretation in which matter manifests itself relationally and
immanently. Matter is not the effect of something else external to it.
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