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Abstract

This analysis investigates the ER=EPR hypothesis, which posits that quantum entanglement
(EPR) and Einstein-Rosen bridges (ER) are physically equivalent realities. This equivalence
implies that the fabric of spacetime itself emerges directly from quantum mechanical
correlations.

1. The Coincidence of 1935: Two Pillars of Modern Physics

The year 1935 marked a pivotal moment in theoretical physics, as Albert Einstein co-
authored two seminal papers that established the foundational, yet conflicting, pillars of
modern physics. At the time, they described phenomena at opposite ends of the cosmic
scale, but together they established the core tension that ER=EPR aims to resolve: the clash
between the smooth, local geometry of General Relativity and the strange, non-local
connections of Quantum Mechanics.

e The EPR Paradox In a paper with Boris Podolsky and Nathan Rosen, Einstein detailed
the perplexing nature of quantum entanglement. This phenomenon describes how
two or more particles can become linked in such a way that their fates are
intertwined, remaining correlated over vast, arbitrary distances. A measurement on
one particle instantaneously influences the other, a concept Einstein famously
dismissed as "spooky action at a distance." He viewed this non-local connection not
as a feature of reality, but as a sign that quantum theory was fundamentally
incomplete.

e The Einstein-Rosen Bridge (ER) In separate work with Nathan Rosen, Einstein
explored the implications of his theory of General Relativity. Within its field
equations, they discovered a startling theoretical solution: a topological "tunnel
through spacetime" that could connect two distant points. This geometric structure
is now commonly known as a wormhole.



The modern convergence of these two foundational ideas culminated in the ER=EPR
hypothesis, proposed by Juan Maldacena and Leonard Susskind in 2013. This postulate
makes a stunning claim: the "spooky" non-local connection of quantum entanglement is
physically identical to the geometric connection of an Einstein-Rosen bridge, or wormhole.
This bold postulate rests on a central axiom that equates the geometry of spacetime with
the structure of quantum information.

2. The Central Axiom: Entanglement as the Fabric of Spacetime

The core principle of the ER=EPR hypothesis is a radical assertion that fundamentally
redefines our understanding of space. Its central axiom states that spatial connectivity is not
a pre-existing, fundamental property of the universe. Instead, it is a property that is actively
generated by the presence of quantum entanglement between systems.

This equivalence is formally expressed through a simple but profound identity:
ER = EPR

The physical meaning of this equation is that quantum entanglement acts as the literal
"glue" that binds the fabric of spacetime together. Where there is entanglement, there is a
geometric connection; where there is none, space itself is discontinuous.

This relationship has dynamic consequences. A reduction in the amount of entanglement
between two quantum systems corresponds directly to a physical narrowing of the bridge’s
geometric throat. In this framework, the very "spooky action at a distance" that Einstein
viewed as proof of quantum theory's incompleteness becomes the physical cause that
literally holds his own geometric spacetime together. When entanglement vanishes
entirely—a process known as decoherence—the spacetime connection itself snaps,
completely severing the two regions. This physical idea is supported by a rigorous
mathematical structure defined within the AdS/CFT correspondence.

3. The Formalism: The Thermofield Double State

The physical conjecture of ER=EPR finds its rigorous mathematical footing within the
AdS/CFT correspondence—a powerful theoretical framework that relates theories of gravity
to quantum field theories. The specific quantum state corresponding to a wormhole is
known as the Thermofield Double State (TFD). The TFD state mathematically describes two
copies of a quantum system, designated Left (L) and Right (R), that are thermally entangled
with one another.

Its structure is given by the equation:
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The key variables in this equation are defined as follows:

e B: The inverse temperature of the system, which is directly proportional to the area
of the event horizon.

e |n)_L,R: The energy eigenstates, or possible energy levels, of the two entangled
quantum systems (Left and Right).

The physical significance of this mathematical duality is extraordinary. This specific quantum
state is the exact counterpart to the geometry of a static wormhole connecting two distinct
asymptotic regions of spacetime. Consequently, this duality has direct theoretical
applications. It implies that information could be transmitted between the two regions via
guantum teleportation protocols. Crucially, this informational transfer corresponds to
traversing the wormhole geometry, but this does not imply that a classical observer could
make the journey. The wormholes described are typically non-traversable in the classical
sense, adding a critical layer of nuance to the equivalence. This formal equivalence between
information and geometry forces a complete re-evaluation of the nature of spacetime itself.

4. The Ontological Shift: Spacetime as an Emergent Phenomenon

If true, the ER=EPR hypothesis forces a deep philosophical and physical shift in our
understanding of reality. It requires a fundamental redefinition of ontology—our model of
what exists—by changing what we believe spacetime is.

This new paradigm is often summarized by the phrase "It from Qubit." Under this model,
spacetime is no longer a fundamental, pre-existing container or "stage" in which the events
of the universe unfold. Instead, spacetime is an emergent phenomenon, "woven" from a
vast, underlying network of quantum entanglements. These networks, formally described as
Tensor Networks, constitute the deeper, more fundamental reality.

"Gravity is the hydrodynamics of entanglement."

This perspective offers elegant solutions to long-standing problems in physics, particularly
black hole paradoxes such as the Firewall Paradox. This formalism is especially powerful
because the "temperature" (B) in the Thermofield Double State is not metaphorical; it is
directly related to the physical Hawking temperature of a black hole's event horizon.
Therefore, in the ER=EPR framework, the interior of a black hole is a complex encoding of
information held within the thermal entanglement of its external Hawking radiation. There
is no paradox, because the inside and the outside are two different descriptions of the same
guantum information.

The ultimate conclusion from this perspective is that the universe is fundamentally
informational. This inverts classical ontology: matter and energy do not exist within a pre-
existing spacetime. Rather, the smooth, continuous geometry of spacetime we perceive is



an emergent property, a macroscopic manifestation of the relational information between
guantum systems.



