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Matter of
Perspective



Top (Unruh effect): Even in
vacuum, observers may disagree on
particle content. An accelerating
observer detects a warm bath of
particles where an inertial observer
sees none.

Middle (The Andromeda
Paradox and Relativity of
Simultaneity): Two observers at
the same point on Earth—one
stationary, one walking—will
disagree on what is happening right
now (as seen from right here) in
distant galaxies. A moon event
(such as an egg breaking) can be
‘now’ for the stationary, and ‘not
yet’ for the runner.

Bottom (Quantum Fields and
Observer-Dependent Particles):
What counts as a particle depends
on the observer. Each pink sphere
represents a local quantum field
mode, vibrating against the vacuum.
But acceleration or curvature shifts
the vacuum state, so an observer
may see particles where another
sees none—like Unruh radiation or
Hawking emission.




Matter of Perspective

Empty space isn’t empty—and even that depends on who’s
looking. The quantum vacuum teems with field fluctua-
tions, but two observers can fundamentally disagree about
whether particles exist. An astronaut floating peacefully sees
perfect vacuum. Her twin, accelerating through the same
region, is bombarded by thermal radiation at temperature
T = a/2nckg—the Unruh effect. Particle content becomes
relative, like simultaneity in Einstein’s relativity:.

OBSERVER-DEPENDENT VACUUM o QUANTUM FIELD
THEORY o CURVED SPACETIME EFFECTS o BOGOLIUBOV
TRANSFORMATIONS o UNRUH EFFECT o HAWKING
RADIATION o COSMOLOGICAL PARTICLE
PrRODUCTION o DYNAMICAL CASIMIR EFFECT o RELATIVE
PARTICLE NUMBER o KILLING VECTOR FIELDS o VAcuuM
STATE AMBIGUITY

«Vacuum voco locum omnem
in quo corpora sine resistentia movetur.»

(“Vacuum I call every place
in which a body is able to move without resistance)
— Sir Isaac Newton, 1713

«Repugnare ut detur vacuum,
sive in quo nulla plane sit res.»

(“That a vacuum or space in which there is

absolutely no body is repugnant to reason.”)
— René Descartes, 1644
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Matter of Perspective

The concept of vacuum has been contested since antiquity. Aristotle rejected the pos-
sibility of void—nature abhors a vacuum—and medieval natural philosophy largely fol-
lowed. Torricelli's 1643 experiment demonstrated that a sustained void could exist above
a column of mercury, but the space was considered merely empty of air, not of all phys-
ical influence. Newton's mechanics required absolute space as a reference frame but
assigned no physical properties to empty regions. The nineteenth-century luminifer-
ous aether filled the vacuum with an elastic medium to carry light, but the Michelson-
Morley experiment (1887) and Einstein's special relativity (1905) eliminated the aether
without replacing it. Quantum mechanics reopened the question. Dirac's 1930 electron
theory predicted that the vacuum teemed with an infinite sea of negative-energy elec-
trons—the Dirac sea—whose holes appeared as positrons. Casimir's 1948 prediction
that two uncharged conducting plates would attract due to restricted vacuum modes,
confirmed experimentally by Lamoreaux in 1997, established that the quantum vacuum
exerts measurable forces.

By the time quantum field theory matured on curved backgrounds, the vacuum had al-
ready shed any pretence of emptiness. In 1966—69, Leonard Parker showed that the ex-
pansion of the universe itself could create particles from the vacuum, the first rigorous

demonstration that a time-dependent spacetime geometry converts vacuum fluctuations
into real excitations. In 1973, Stephen Fulling proved that the definition of ‘particle’ de-
pends on the observer's choice of quantisation, while Paul C. W. Davies and William

G. Unruh showed that a uniformly accelerated observer in flat spacetime perceives a

thermal bath where an inertial observer sees none. In 1974, Stephen Hawking extended

these ideas to black holes, deriving that they emit thermal radiation at a temperature

inversely proportional to their mass. The result stunned even Hawking—he had set out

to disprove it. Jacob Bekenstein had already argued on information-theoretic grounds

that black holes must carry entropy proportional to their horizon area, but without a

temperature the claim seemed formal. Hawking's calculation supplied the temperature,
and with it the entropy became physical: S = kzc3A/(4Gh). The four laws of black

hole mechanics, catalogued by Bardeen, Carter, and Hawking in 1973 as a mathematical

analogy to thermodynamics, turned out to be thermodynamics.

The implications extended beyond black holes. If particle content depends on the ob-
server, then so does the vacuum energy density that drives cosmological expansion, com-
plicating the already severe cosmological constant problem. The Schwinger effect (1951),
in which a sufficiently strong electric field pulls electron-positron pairs from the vacuum,
provided an independent line of evidence that the vacuum is a reservoir from which real
particles can be extracted given enough energy. Birrell and Davies synthesised these
threads in their 1982 monograph Quantum Fields in Curved Space, which remains the
standard reference. By the late twentieth century, the vacuum had been transformed
from the simplest concept in physics—nothing—into one of the most contested.

The term ‘vacuum’ has distinct meanings across classical physics, quantum field theory, and
general relativity. In classical physics, vacuum refers to the absence of material particles—a
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region of space devoid of atoms, molecules, or macroscopic matter. The classical vacuum
is an empty stage on which forces act.

In quantum field theory (QFT), the notion of vacuum acquires a different character. Here,
fields—not particles—constitute the primary entities. The vacuum is the ground state
of all quantum fields, the configuration of lowest possible energy consistent with the
commutation relations and field dynamics. Even when no particles are present, quantum
fields fluctuate around their minima, giving rise to nonzero vacuum expectation values for
certain observables. These fluctuations are not artefacts of measurement or disturbance;
they are features of the quantum equations themselves. In Minkowski spacetime, the
vacuum is Lorentz invariant. No preferred direction or frame exists, and the absence of
particles is an absolute property shared by all inertial observers.

However, in general relativity (GR), spacetime is no longer a fixed, flat background. It
becomes a dynamical entity whose curvature interacts with matter and energy. The
introduction of curved spacetime disrupts the global symmetries that underlie the inertial
vacuum of QFT. In regions of strong gravitational fields or global curvature, there is
generally no unique, globally defined vacuum state. Instead, the concept of vacuum
becomes observer-dependent. Different families of observers may disagree about whether
a given region of spacetime is populated by particles. This relativity of the vacuum
holds because the definition of positive frequency modes—those corresponding to particle
excitations—depends on the choice of time coordinate, which itself is tied to the observer’s
worldline. Consequently, what one observer identifies as an empty vacuum, another
observer may interpret as a state containing particles, momentum, or thermal radiation.

In quantum field theory, the notion of a particle is defined relative to a choice of time. In flat
Minkowski spacetime, all inertial observers share the same time direction (up to Lorentz
boosts that preserve the sign of frequency). This gives a unique way to split field solutions
into positive-frequency modes (time dependence e~*“*, w > 0) and negative-frequency
modes. Creation and annihilation operators are built from this split, and the vacuum is the
state annihilated by all annihilation operators. Because inertial observers agree on which
frequencies are positive, they agree on particle number.

In curved spacetimes or for accelerating observers, no universal time direction exists.
Different observers, following different trajectories, adopt different time coordinates and
decompose the field into different sets of modes. What one observer identifies as a positive-
frequency mode may contain negative-frequency components according to another. Since
positive frequency defines particles and negative frequency defines antiparticles, the two
observers disagree on how many particles are present.

Mathematically, if one observer expands the field ¢(x) in terms of a basis of modes { f, ()},
while another observer uses a different basis {g,()}, the two expansions are related by a
Bogoliubov transformation. This transformation mixes creation and annihilation operators,
leading to the possibility that the vacuum state for one observer appears populated with

particles to another. If the Bogoliubov coefficients 3;; are nonzero, the expected particle
2

5

number for mode j in the g-basis, measured in the f-vacuum, is (0| Ng’j|() = Zi |85
and the total count is <0f|]\79|0f> = Zz ; \Bij|2_
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The number operator N = Zj &}L-&j counts excitations above a given vacuum. It is
constructed from creation and annihilation operators, which themselves depend on the
choice of mode basis. Change the basis—by switching to an accelerating frame or a different
time slicing—and the operator changes. Two observers examining the same quantum state
with their respective number operators obtain different expectation values. This is not a
coordinate artefact—a particle detector carried by an accelerating observer registers real
energy deposits while an inertial detector in the same region remains silent.

A particle, in this framework, is not a fundamental object embedded in spacetime. The
quantum field is fundamental—it pervades all of spacetime and its state is agreed upon
by all observers. A particle is what a detector registers when coupled to the field along a
specific worldline. The Unruh-DeWitt model makes this precise. It describes a pointlike
system with discrete energy levels that follows a trajectory through spacetime, interacting
locally with the field at each point along its path. The excitation rate depends entirely on
the trajectory. Along an inertial path in the Minkowski vacuum, the detector remains in
its ground state, but along a uniformly accelerating path through the same field state, it
absorbs energy and clicks. The same field, the same quantum state, two different particle
counts.

Classical wave physics offers a partial analogy. A moving listener hears a Doppler-shifted
frequency, but the wave carries the same energy—no new physics follows from the listener’s
motion. In quantum field theory, frequency decomposition is more consequential. Positive-
frequency modes define particles; negative-frequency modes define antiparticles. When
an observer’s trajectory mixes these—as acceleration does—modes that one observer calls
vacuum become, for the other, a superposition containing particles. The accelerating
detector absorbs real energy, thermalises, and reaches equilibrium at a definite temperature.
This energy is drawn from the agency maintaining the acceleration, so the total energy
budget remains consistent across frames. The field state has not changed; what has changed
is which degrees of freedom the detector accesses.

Yet the quantum state of the field is observer-independent. The state vector |¥) in the
Hilbert space does not change when observers switch coordinates. What changes is the
decomposition of that state into particle and vacuum sectors. The stress-energy tensor 7,,,
local curvature invariants, and S-matrix elements between asymptotic states also remain
invariant. The field equations hold in all frames. What becomes observer-dependent is
the particle interpretation—how many quanta a given detector counts—not the underlying

field configuration or its gravitational effects.

The Unruh effect (Unruh, 1976) occurs in flat Minkowski spacetime. An inertial observer
in this vacuum detects nothing, but an observer undergoing uniform acceleration a
through the same region perceives a thermal bath at temperature 7y, = ha/(2wckp).
The accelerating observer follows hyperbolic trajectories that asymptotically approach
but never cross a Rindler horizon—a boundary in flat spacetime beyond which signals
can never reach the accelerating observer, analogous to a black hole horizon. Rindler
coordinates, natural to this observer, cover only the wedge of spacetime accessible to them.
The Minkowski vacuum, expressed in Rindler modes, decomposes into entangled pairs
straddling this horizon. Since the accelerating observer cannot access modes behind the
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horizon, tracing over those inaccessible modes produces a thermal density matrix. The
thermal spectrum is exact for uniform acceleration, not an approximation.

Hawking radiation (Hawking, 1974) arises from an analogous mechanism at black hole
horizons. An observer falling freely across the horizon encounters no particles—locally,
the equivalence principle guarantees that spacetime looks flat, and the vacuum looks
empty. A distant stationary observer, however, perceives thermal radiation at temperature
Ty = he3/(8nGMkyg), where M is the black hole mass. The event horizon separates
spacetime into causally disconnected regions. Field modes straddling the horizon are
entangled across it. The distant observer, who can access only the exterior, must trace over
the interior modes. The resulting reduced state is thermal, with its spectrum set by the
surface gravity. The connection to the Unruh effect is direct: a stationary observer hovering
near a black hole must accelerate to avoid falling in, and the temperature they measure
matches the Unruh temperature for that acceleration. At large distance, the gravitational
redshift reduces this to the Hawking temperature.

Cosmological particle production occurs in expanding spacetimes. During inflation, the
rapid exponential expansion of space stretches quantum vacuum fluctuations to macro-
scopic scales. A mode that begins as a short-wavelength fluctuation well inside the Hubble
radius gets stretched until its wavelength exceeds the horizon size. At that point the mode
freezes—it can no longer oscillate because no causal process spans its wavelength—and its
quantum amplitude becomes a classical perturbation in the energy density. After inflation
ends and the expansion decelerates, these frozen modes re-enter the horizon and seed
the density perturbations that grow into galaxies and galaxy clusters. The temperature
anisotropies in the cosmic microwave background, measured by COBE (1992), WMAP
(2003), and Planck (2013), match the nearly scale-invariant spectrum predicted by this
mechanism. The particle interpretation follows the same pattern as the Unruh and Hawking
cases: the rapid change in the metric mixes positive and negative frequencies, and an
observer at a later epoch counts particles where an earlier observer counted none.

The Casimir effect (Casimir, 1948) demonstrates that boundary conditions alter the vacuum.
Two parallel conducting plates restrict which field modes can exist between them, lowering
the vacuum energy density relative to the space outside. The resulting pressure difference
pushes the plates together—a measurable force produced by the vacuum itself. In the
dynamical variant, the plates accelerate or their separation oscillates, and the changing
boundary conditions parametrically amplify vacuum fluctuations into real photons. Labo-
ratory realisations using superconducting circuits with time-modulated boundaries have
confirmed this photon creation.

Hawking Radiation

By 1972, black hole mechanics followed formal laws resembling thermodynamics:
changes in mass, angular momentum, and charge obeyed a relation involving surface
gravity x and horizon area A, with k positioned where temperature would appear
and A where entropy belongs. Yet classical general relativity permitted no emission,
implying zero temperature. The analogy appeared to be coincidence.
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Jacob Bekenstein argued otherwise. On information-theoretic grounds, black holes
must possess entropy proportional to horizon area. Hawking rejected this—without
an emission mechanism, a black hole could not have true temperature.

In 1973, Hawking visited Moscow and met Yakov Zel'dovich and Alexei Starobinsky,
who had shown that rotating bodies could amplify vacuum fluctuations—superradi-
ance. Hawking set out to prove gravitational collapse could not produce particles.

He traced field modes through the spacetime of a collapsing star. Outgoing modes
near the forming horizon undergo exponential redshift, mixing positive and negative
frequencies. The Bogoliubov coefficients yield a Planck spectrum at temperature 1’y =
he? /(8mG Mk ). Hawking spent weeks rechecking, yet the result persisted.

Hawking published in Nature as Black hole explosions? (1974), with a full derivation in
Communications in Mathematical Physics (1975). The result introduced the information
paradox: thermal radiation carries no trace of what fell in, contradicting unitarity.

The popular picture of virtual particle pairs splitting at the horizon does not appear

in Hawking's derivation. The radiation follows from the global causal structure of the
collapsing spacetime and the entanglement of field modes across the horizon. It has
never been directly observed—for a solar-mass black hole, 7}, ~ 6 x 10~® K—though
analogue experiments in BECs, fluids, and superconducting circuits have reproduced

consistent features.
. Cosmological . .
Feature Unruh Effect Havtrkl’ng Particle Schwinger Dy'lne?mlcal
Radiation . Effect Casimir Effect
Creation
Physical acc[ejlrelii;& in Black hole event Expanding Strong external Tm:(;iil()lident
Context . horizon FLRW universe electric field wcarty
flat spacetime conditions
' Bogohuboy Hc?rlzon mode Mode stretching Vacuum Parame?rlc
Primary transformation | mismatch and . . s amplification of
. . . . and horizon instability via
Mechanism | (Minkowski <> equivalence . : vacuum
. . crossing tunnelling .
Rindler) principle fluctuations
Key Proper Black hole mass | Hubble r?lte H, Electric field Modulation
. M, surface coupling frequency and
Dependence | acceleration a . strength F
gravity strength boundary speed
Characteristic ha Ty = Particle density I Pthon
Scale / U= 5ok hed o H?2 ( TE, ) production peaks
mckp _— exp | — ~
Formula 8tGMkp, E at w4 ~ 2w,
Analogues:
. BECs, trapped Analogu.es . CMB . High-intensity SQU.ID—Pased
Experimental ions (BEC:s, fluids); anisotropies, lasers. eraphene circuits,
Probes o black hole primordial > Brap modulated
superconducting . . lattices -
circuits thermodynamics |  fluctuations cavities

Comparative overview of observer-dependent vacuum phenomena. Each column
represents a distinct physical context in which the concept of vacuum, and thus of particle
content, becomes relative to the observer’s state of motion or horizon access.
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Technical Derivation of the
Unruh Effect

The Unruh effect manifests within the
framework of quantum field theory in flat
Minkowski spacetime. Consider a massless
scalar field ¢(z) governed by the Klein-Gor-
don equation

Oé(z) = 0,

where [J denotes the d'Alembertian operator
associated with the Minkowski metric Mo
with signature (—, +, 4+, +). Explicitly,
0? 0? 0? 0?

Ot a—d——d—,
ot? * 022 * or?  Oy?
An inertial observer describes spacetime using
Cartesian Minkowski coordinates (¢, z, z, y),
in which the line element is

ds? = —dt? + dz? + dx? + dy?.

The field ¢(z) is quantized by expanding in
terms of plane wave modes that are eigen-
functions of the time translation operator 9,,
exploiting the global timelike Killing vector
field 0, of Minkowski spacetime.

Uniformly accelerated observers, however, do
not naturally perceive the Minkowski time ¢
as their proper time. Instead, their worldlines
trace hyperbolic trajectories characterised by
constant proper acceleration .. These trajec-
tories are described by

22—t =o2

To describe the experience of such observers,
it is natural to introduce Rindler coordinates
(n,&, z,y), defined by the transformations
t = &sinh(an),
¢ (am) with £ >0,7€eR,
z = Ecosh(an),

where a is an arbitrary constant with dimen-
sions of inverse length, conventionally chosen
so that ) has dimensions of time.

Substituting into the Minkowski line element
yields

dt = a& cosh(an)dn + sinh(an)dg,

dz = a¢sinh(an)dn + cosh(an)dE,

so that
—dt? + dz? = —(a&)?dn? + d€2.
Thus, the Minkowski metric becomes
ds? = —(a&)?dn? + d€? + dz? + dy>.

The coordinate £ measures the proper distance
from the Rindler horizon located at £ = 0,
and 7 serves as the observer's proper time
scaled by a~!. The proper acceleration o ex-
perienced by an observer at fixed ¢ satisfies

a=1/¢

Hence, smaller £ corresponds to larger proper
acceleration.

It is important to note that the Rindler coordi-
nates (7, £) cover only a subset of Minkowski
spacetime, specifically the right Rindler wedge
defined by z > |t|.

The surface £ = 0, corresponding to z = |t|,
acts as a causal boundary: signals from be-
yond this horizon cannot reach the acceler-
ated observer. This causal restriction implies
that uniformly accelerated observers perceive
only part of the global spacetime, fundamen-
tally altering their notion of vacuum and par-
ticle content.

The hyperbolic trajectories of constant £ cor-
respond to observers moving with constant
proper acceleration « = 1/&, whose four-
velocity u* and four-acceleration a* satisfy

2

By = — Bg =
uu, =—1, ata, =a".

'
The presence of a causal horizon and the dis-
tinct mode structure in Rindler coordinates
underlie the emergence of the Unruh effect,
which will now be derived by solving the field
equations in this coordinate system.
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