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Top (Candidate Properties): Dark
matter candidates are evaluated by
properties such as mass (from
massless to heavy), speed (cold vs
warm), interaction type (weak,
gravitational only), and
detectability (via lab or decay
signatures). Each row indicates a
possible property constraint.
Second Row (WIMPs and
Axions): WIMPs (Weakly
Interacting Massive Particles) are
cold, massive, and weakly
interacting, long favored due to
supersymmetric theories. Axions
are extremely light, produced via
field misalignment, and may
convert to photons in magnetic
fields.

Third Row (Sterile Neutrinos
and Primordial Black Holes):
Sterile neutrinos mix with active
ones but don’t interact via the weak
force, allowing them to evade
detection. Primordial black holes
are relics from the early universe
that behave as cold dark matter
through pure gravitational
influence.

Bottom Row (Kaluza-Klein
theories and MOND):
Kaluza-Klein particles arise from
extra spatial dimensions; their
quantized modes could serve as
dark matter if stable. Modified
Newtonian Dynamics (MOND)
suggests gravity itself needs
correction at low accelerations —
removing the need for particle dark
matter.
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Darkness to Bind Them

Dark matter’s existence is inferred through multiple inde-
pendent lines of evidence spanning different cosmic scales.
Galaxy rotation curves remain flat far beyond visible matter,
indicating extended gravitational influence. Galaxy clusters
contain hot gas whose temperature and confinement require
gravitational potentials deeper than visible matter can provide.
Gravitational lensing reveals mass distributions exceeding
luminous components, particularly in systems such as the
Bullet Cluster where dark and visible matter separate during
collisions. The cosmic microwave background’s fluctuation
patterns indicate that ordinary matter comprises only 15% of
the total matter content needed to match observations, with the
remainder consisting of non-baryonic material already present
before photon-matter decoupling.

DARK MATTER EVIDENCE o GALAXY ROTATION
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(“...darkness spreads over Egypt — darkness that can be felt”)
— Exodus 10:21
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Darkness to Bind Them

In 1933, Swiss astrophysicist Fritz Zwicky analyzed the velocity dispersion of galaxies in
the Coma Cluster and found their motions to be too fast to be gravitationally bound by
the visible mass alone. He introduced the term dunkle Materie (dark matter) to describe
the missing component. Though initially met with skepticism, his mass discrepancy
hinted at a core problem in astrophysical mass accounting.

The issue resurfaced in the 1970s when Vera Rubin and Kent Ford measured rotation
curves of spiral galaxies using optical spectroscopy. Instead of decreasing with radius
as expected from luminous matter distributions, the rotation speeds remained flat well
beyond the visible edge. Independent radio observations by Albert Bosma confirmed
this effect through 21 centimeter emission from neutral hydrogen, revealing a pervasive
halo of unseen mass enveloping each galaxy.

By the early 1980s, theorists such as Jeremiah Ostriker and Jim Peebles emphasized the
necessity of dark matter to explain large-scale structure formation. Without anon-luminous
component, galaxies and clusters could not form on observed timescales. Theoretical
simulations incorporating dark matter successfully reproduced the filamentary distri-
bution of galaxies seen in redshift surveys.

Gravitational lensing provided additional, independent confirmation. Light from dis-
tant sources bent around foreground mass concentrations showed more deflection than
visible matter alone could account for. In 2006, observations of the Bullet Cluster — a
high-speed collision of galaxy clusters — visually separated dark matter from hot gas via
X-ray and lensing data, offering direct evidence of a collisionless mass component.

Dark matter’s influence now spans cosmology, astrophysics, and particle physics. Mea-
surements of cosmic microwave background anisotropies by missions such as WMAP
and Planck established dark matter as essential for matching early-universe fluctuations

to present- day structure.

To understand the structure and evolution of the universe, astrophysicists must measure
not just light, but mass. Stars, galaxies, and gas clouds emit radiation that reveals their
presence, but the dynamics of the cosmos are governed by gravity — by how much mass
exists and how it is distributed. Knowing where matter is, and how much of it there is, is
necessary for explaining motion, structure formation, and stability across cosmic scales.
The question is: how can one measure mass across millions of light-years, when most of it
emits no light at all?

The primary method is to observe motion. In Newtonian mechanics, any orbiting body
experiences a centripetal acceleration that is directly related to the mass it orbits. This
relationship allows astronomers to determine how much mass lies within a given radius,
provided they can measure orbital speeds and distances. By measuring the velocities of
stars at different radii from the center of a galaxy, astrophysicists can infer how mass is
distributed throughout the galaxy — not just in its luminous regions.

Spectroscopy plays a central role in this process. When light from a star or gas cloud is
dispersed into its component wavelengths, the resulting spectrum reveals its motion via
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Doppler shifts. A redshift indicates motion away from the observer; a blueshift indicates
motion toward. These shifts allow for measurements of velocity along the line of sight.
Rotational velocities within galaxies, random velocities in galaxy clusters, and internal
turbulence in gas clouds can all be extracted from spectral line profiles.

Radio astronomy extends these measurements beyond visible light. Neutral hydrogen, the
most abundant element in the universe, emits radiation at a wavelength of 21 centimeters.
This emission can be traced even in the outskirts of galaxies, where stars are sparse or
absent. Observing the motion of this gas provides crucial data on gravitational effects well
outside the luminous core.

In systems without a simple rotation pattern — such as elliptical galaxies or clusters — mass
is inferred statistically. The velocities of constituent bodies follow distributions governed
by the overall gravitational potential. In these cases, the virial theorem (as is explored
also in the chapter on osmosis) connects the average kinetic energy of the system to the
total mass required to confine it. This technique is especially important in estimating the
masses of galaxy clusters, where galaxies orbit in all directions and the system behaves
like a gravitationally bound swarm.

A complementary approach bypasses dynamics altogether: gravitational lensing. According
to general relativity, mass curves spacetime, bending the path of light from background
sources. When a massive object — such as a galaxy or cluster — lies along the line of
sight to a more distant source, the background light is distorted. By analyzing the shape
and degree of this distortion, one can map the total mass distribution of the intervening
object. This method is purely gravitational: it measures mass regardless of whether it
emits, absorbs, or reflects light.

When mass in a galaxy is concentrated toward the center, orbital velocities should decrease
with distance, just as planets in the Solar System orbit more slowly the farther they are
from the Sun. Observations do not match this expectation. In spiral galaxies, stars orbit
the center at nearly constant speed (Rubin & Ford, 1970) over vast radial distances. These
flat rotation curves indicate that the enclosed mass does not level off where the stars end,
but continues to increase. The luminous matter — stars, gas, and dust — cannot account
for this excess gravity.

The persistence of high orbital speeds well beyond the visible edge of galaxies is confirmed
by radio observations of neutral hydrogen. Radio telescopes can map the velocity of this
gas across the outskirts of galaxies. These measurements show that rotational velocities
remain flat or even rise at large radii, where the density of luminous matter has dropped to
negligible levels. The simplest explanation is that galaxies are embedded in extended halos
of non-luminous mass, whose gravitational influence dominates in the outer regions.

On larger scales, galaxy clusters present an analogous discrepancy. These systems contain
hundreds or thousands of galaxies bound together by gravity, along with large amounts of
hot gas that emits strongly in X-rays. The temperature and distribution of this gas reflect
the depth of the gravitational potential well. If only the visible galaxies and gas contributed
to the cluster’s gravity, the hot gas would escape over cosmological timescales. That it
remains bound implies a much larger total mass than what is seen. The internal motions of
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galaxies within clusters, measured by redshift dispersion, independently confirm this excess
mass. Gravitational lensing applies also to these massive clusters, and in both contexts
(individual galaxies and clusters), the lensing signal supports the presence of a dominant,
unseen mass component.

A unique astrophysical event — the Bullet Cluster — provides direct evidence for a
non-luminous mass component that behaves differently from ordinary matter. This system
consists of two galaxy clusters in the process of collision. As they pass through one another,
the hot gas from each cluster interacts and slows down due to ram pressure (pressure due
to bulk motion; compare to temperature, the internal kinetic component, in Chapter 28),
becoming spatially displaced from the galaxies themselves. X-ray observations reveal
this gas concentrated between the clusters. However, gravitational lensing maps of the
same region show that most of the mass is still centered on the galaxies, not the gas.
This separation implies that the dominant mass component did not experience significant
drag during the collision. It must interact gravitationally, but not electromagnetically —
suggesting it is both massive and effectively collisionless.

The early universe provides a separate window into the distribution of mass through the
spectral composition of the cosmic microwave background (CMB). This radiation carries a
record of acoustic oscillations in the primordial plasma — pressure waves driven by the
interplay between gravity and radiation. The pattern of these oscillations, visible as peaks
in the CMB power spectrum, (Spergel et al., 2003) depends sensitively on the matter content
of the universe. Ordinary (baryonic) matter couples to photons and thus participates in
pressure waves, while non-baryonic matter does not. Matching the observed amplitude
and spacing of the peaks requires a dominant component of matter that does not interact
with radiation, but contributes to gravitational attraction. Precision measurements by
the WMAP (Wilkinson Microwave Anisotropy Probe) and Planck satellites confirm that
ordinary matter accounts for only a small fraction of the total.

Numerical simulations of structure formation reinforce this conclusion. Starting from the
nearly uniform density field observed in the CMB, simulations track the growth under
gravity. The timing and scale of galaxy and cluster formation are highly sensitive to the
amount and type of matter present. If only ordinary matter were included, structure would
form too slowly to match what is observed in deep-field surveys. The emergence of galaxies,
clusters, and the cosmic web within a few billion years requires a gravitational source
that was present from the earliest epochs, unaffected by radiation pressure, and capable of
seeding the collapse of matter on small scales. The observed universe forms on schedule
only when this additional component is included.

Thus, the evidence for dark matter does not rest on a single anomalous measurement, but
on the convergence of diverse and independent observational domains. Galaxy rotation
curves, cluster dynamics, X-ray temperature profiles, gravitational lensing, and the cosmic
microwave background all indicate that visible matter accounts for only a small fraction of
the gravitational forces at work. The required additional mass must act through gravity,
but not through electromagnetism; it must clump on galactic scales, but remain diffuse
enough not to obstruct light; it must have existed before the era of recombination, but
not interfered with photon-matter coupling. The simplest explanation consistent with all
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constraints is the existence of a non-luminous, cold, and effectively collisionless form of
matter — distinct from atoms, but essential for the cosmic configuration. To convey the
scale: the local dark matter density near the Sun is estimated at roughly 0.3 GeV/cm?,
equivalent to about one proton mass per every three cubic centimeters — an extraordinarily
diffuse medium, yet one whose cumulative gravitational effect across galactic volumes is
decisive.

Attempts to resolve these discrepancies by modifying the laws of gravity instead of
introducing a new kind of matter have achieved only partial success. Modified Newtonian
dynamics (MOND) can account (Milgrom, 1983) for some features of galactic rotation
curves, but struggle with systems lacking clear symmetry or equilibrium. The Bullet
Cluster, in particular, presents a direct conflict: the separation of gravitational and luminous
mass cannot be explained by alterations to the gravitational field alone. Gravitational
lensing imposes geometric constraints that any alternative theory must satisfy, and these
constraints are difficult to reconcile with models that dispense entirely with unseen mass.
The full range of phenomena — from early-universe fluctuations to present-day structure
— aligns with the presence of a real, additional matter component, much better than by a
reformulation of force laws.
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The rotation curve of M33 (Triangulum Galaxy). Blue points show observed Ha velocities; the red
curve includes dark matter contribution; the gray dashed line represents visible baryonic matter
only. The persistent high velocities at large radii provide compelling evidence for an extended dark
matter halo. Raw data from Kam et al. (2015), MNRAS 449, 4048. Fitted curve is not from the
literature and is for illustrative purposes only.
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Mass Scales in the universe

Object Mass (kg) Object Mass (kg)
Electron neutrino < 2 x 10736  Human ~ 70
Electron 9.1 x 103! Earth 6.0 x 1024
Proton 1.7 x 10727 Jupiter 1.9 x 1027
Gold atom 3.3x 1072  Sun 2.0 x 1030
Water molecule 3.0 x 10726 Milky Way ~ 1042
DNA base pair ~1072*  Local group ~ 4 x 10%2
E. coli bacterium ~ 10715  Observable universe ~ 1053

Density Scales in Nature

Material / Region Density (g/cm?®)

Intergalactic vacuum ~ 10730

Interstellar medium ~ 10724

Best laboratory vacuum ~ 10717

Air at sea level 1.2x 1073

Water 1.0

Iron 7.9

Lead 11.3

Osmium (densest element) 22.6

White dwarf core ~ 108

Atomic nucleus ~2x 101

Neutron star core ~ 10%°

Quark-gluon plasma ~ 1016
The universe spans roughly 90 orders of magnitude in mass and 46 orders of magnitude in density. The
density range accessible to direct laboratory measurement occupies only a narrow band between 10717 and
102 g/cm®. Nuclear densities, neutron star cores, and the conditions of the early universe require inference
from particle collisions, gravitational observations, and quantum chromodynamics.
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Gravitational Inference and
the Distribution of Dark Mat-
ter

Virial Mass in Galaxy Clusters (see also
Chapter 31)

Clusters of galaxies are treated as self-
gravitating systems in equilibrium. Let a sys-
tem of NN particles with masses m, and veloci-
ties v, have total kinetic and potential energy:
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By the virial theorem:

2(K) + (U) =0.

Assuming an isotropic one-dimensional veloc-
ity dispersion so that (v?) = 302 and, for a

roughly uniform sphere, U = —g Gﬁ\{z, we
obtain: )
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where R is the effective radius of the system.
For rich clusters such as Coma, the mass in-
ferred by this formula exceeds luminous mass
(stars + gas) by over an order of magnitude.

Rotation Curves and Halo Profiles
In spiral galaxies, stars and gas orbit the galac-
tic center under gravitational attraction. For
circular orbits:
v2(r)  GM(r) v (r)r
= > = .

r r

Observations show that v(r) remains nearly
constant beyond the optical radius, implying
M (r) o r, inconsistent with the radial profile
of visible mass.

This necessitates a dark matter halo extending
beyond the visible disk. Simulations and fits
to data often use the Navarro-Frenk-White
(NFW) profile:
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where p, is a characteristic density and r, a
scale radius. This profile produces approx-
imately flat rotation curves at large r and

matches the mass distributions required to
stabilize galaxies against dispersal.

Weak Gravitational Lensing

Lensing measures projected surface mass. In
the weak lensing regime, the convergence
k() is given by:
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with angular diameter distances D (observer
to source), D, (observer to lens), and D,
(lens to source). The deflection angle is sen-
sitive to the integrated surface mass density
3(0). Mapping k via background galaxy dis-
tortions reconstructs the total projected mass
distribution.

In systems such as the Bullet Cluster, lensing
peaks and X-ray emission peaks are spatially
offset. This implies that the dominant mass
component is not collisional (as hot gas is),
but rather behaves as a collisionless fluid, con-
sistent with dark matter expectations.

Implications

The gravitational field inferred from cluster
dynamics, orbital motion in galaxies, and lens-
ing geometry all points to a dominant non-
luminous mass component. Its spatial dis-
tribution is extended, centrally concentrated,
and required across all scales. These observa-
tions define dark matter phenomenologically:
a gravitationally interacting, non-emissive
mass component that clumps and seeds struc-
ture.
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	Timing Is Everything   Timekeeping has progressively moved toward smaller physical phenomena: from Earth's rotation to pendulums, from crystal oscillations to atomic transitions, and now toward nuclear resonances. The SI second, defined by 9,192,631,770 periods of cesium-133's hyperfine transition, relies on quantum interactions between nuclear and electronic magnetic moments. This shift to microscopic reference standards improves precision exponentially — hydrogen masers achieve stability of one part in 1013, while optical lattice clocks using strontium reach one part in 1018 by probing transitions at ∼1015 Hz. The progression continues toward nuclear clocks using thorium-229, which promises precision of one part in 1019 by exploiting transitions in atomic nuclei rather than electron shells. 
	The Center Holds   A geometric puzzle about Gaussian probability stumped mathematicians for over sixty years: prove that convex sets that are symmetric around the origin have enhanced overlap under Gaussian measure — that P(A ∩ B) ≥ P(A) · P(B). Despite partial results for boxes, ellipsoids, and slabs, the general case resisted all attempts. In 2014, Thomas Royen, a retired pharmaceutical statistician from a small German university, solved it using textbook methods: transforming to squared variables, applying Laplace transforms, and checking matrix determinants. His proof, published in an obscure journal, went unnoticed for years. 
	A Thought About Nothing   The Boltzmann Brain paradox shows that statistical mechanics predicts a disturbing outcome: random fluctuations in a high-entropy universe would produce isolated conscious entities more frequently than entire ordered universes such as ours. A single brain with false memories requires orders of magnitude fewer unlikely coincidences than 13.8 billion years of cosmic evolution. These hypothetical observers would experience coherent thoughts and apparent histories, yet exist only as momentary statistical fluctuations. It is not easy to dismiss this preposterous theory based on scientific reasoning alone. 
	From Air to Arbor   Ask where a tree's mass comes from and intuition points downward: soil, water, nutrients drawn up through roots. This is almost entirely wrong. Trees are made of air — ∼95% of their dry mass comes from atmospheric CO₂. Through photosynthesis, plants build themselves from carbon dioxide, converting invisible gas into solid wood, cellulose, and lignin using sunlight. Van Helmont's 1640s willow experiment demonstrated this: a tree gained 164 pounds (∼74 kg) while the soil lost only two ounces (∼60 g). Isotope labeling confirms the molecular accounting — carbon in wood comes from air, not earth or water. When trees burn, they simply return their borrowed carbon and sunlight to the atmosphere, completing a chemical cycle that temporarily crystallizes air into living architecture. 
	Renormalize All the Things   The two most successful theories in physics cannot coexist. Quantum field theory treats forces as particle exchanges on a fixed stage, while general relativity says the stage warps. When combined, they produce catastrophic contradictions: QFT predicts vacuum energy 10120 times larger than observed, gravity refuses renormalization, and black holes seem to destroy quantum information. Each theory works perfectly in its domain, yet they give mutually exclusive descriptions of reality. This incompatibility of theories is the most glaring problem in modern physics. 
	Darkness to Bind Them   Dark matter's existence is inferred through multiple independent lines of evidence spanning different cosmic scales. Galaxy rotation curves remain flat far beyond visible matter, indicating extended gravitational influence. Galaxy clusters contain hot gas whose temperature and confinement require gravitational potentials deeper than visible matter can provide. Gravitational lensing reveals mass distributions exceeding luminous components, particularly in systems such as the Bullet Cluster where dark and visible matter separate during collisions. The cosmic microwave background's fluctuation patterns indicate that ordinary matter comprises only 15% of the total matter content needed to match observations, with the remainder consisting of non-baryonic material already present before photon-matter decoupling. 
	A Truce Story   On Christmas 1914, enemy soldiers climbed out of their trenches and shook hands. Along sectors of the Western Front, British and German troops spontaneously ceased fire, met in No Man's Land to exchange tobacco and souvenirs, sang carols together, and buried their dead side by side. Some kicked footballs around shell craters. This unofficial truce lasted hours to days depending on location. By Christmas 1915, high command used coordinated artillery barrages to prevent any recurrence. 
	Superanonymous   A significant combinatorial breakthrough from an unlikely source: an anonymous 4chan post (2011) responding to a question about anime episode viewing orders. Superpermutations are strings containing every possible ordering of n symbols as substrings. For years, mathematicians believed the minimal length followed the pattern of factorial sums observed in small cases. The anonymous poster derived a rigorous lower bound, modeling the problem as path optimization through a permutation graph. This proof remained obscure until 2014 when mathematician Robin Houston rediscovered it, leading to the disproof of the long-standing conjecture and establishing new bounds on this combinatorial problem — with the original derivation still officially credited to “Anonymous 4chan Poster.” 
	Slices of Life   DNA sequencing has evolved from Sanger's chain-termination method through the next-generation revolution of 454 pyrosequencing, Ion Torrent, and Illumina platforms to modern nanopore technologies. The computational challenge of genome assembly uses sophisticated algorithms such as de Bruijn graphs to reconstruct complete genomes from millions of short fragments, while paired-end chemistry and long-read technologies help resolve repetitive regions that have long frustrated genomic reconstruction efforts. 
	It Is Just a Phase   The Hough transform detects geometric shapes in images by converting the problem from image space to parameter space. Images undergo edge detection to identify significant brightness transitions. Each edge pixel then “votes” for all possible geometric structures that could contain it. For line detection, edge points generate constraints in parameter space through the relation b = y0 - mx0. Points lying on the same line create intersecting lines in parameter space, forming accumulator peaks. 
	Wet, Cold, Slippery Slope   Ice's exceptional slipperiness results primarily from a quasi-liquid layer (QLL) of disordered water molecules at its surface rather than from commonly assumed mechanisms. While pressure melting and frictional heating contribute under specific conditions, neither explains ice's slickness at rest or across wide temperature ranges. Surface molecules, having fewer hydrogen bonds than those in the interior crystal lattice, form a nanometer-thick disordered layer that functions as a molecular lubricant even well below freezing. Counterintuitively, ice is most slippery around -7°C rather than at 0°C, as the QLL is sufficiently mobile at this temperature while the underlying ice remains hard enough to resist deformation. 
	Flat Universers   The universe appears flat to within 0.4% precision according to cosmic microwave background measurements. This flatness, described by the Lambda-CDM model, indicates that space follows Euclidean geometry even across vast cosmological distances. The universe may be spatially infinite while having a finite age of 13.8 billion years. This implication comes from the Big Bang model: an expansion of intergalactic space rather than an explosion within pre-existing space. If space was already infinite at the beginning, it expanded uniformly from every point. No center to the universe! 
	The Man in the Velvet Mask   The prisoner known as “Eustache Dauger” remained in state custody for thirty-four years (1669–1703) under extraordinary protocols of secrecy. His confinement spanned four locations under the continuous supervision of a single jailer, Bénigne Dauvergne de Saint-Mars. Official correspondence reveals exceptional measures: a specially constructed cell with sound isolation, strict limitations on communication, and a requirement to wear a black velvet mask when visible to anyone outside Saint-Mars's control. The prisoner served as valet to another detainee at Pignerol before eventual transfer to the Bastille, where he died and was buried under the alias “Marchioly.” 
	The Demon is in the Details   Maxwell's Demon, proposed in 1867, describes a thought experiment where a tiny being controls a door between two gas chambers, selectively allowing fast molecules into one chamber and slow ones into another. This sorting creates a temperature gradient from uniformity, seemingly decreasing entropy and violating the second law of thermodynamics. The resolutions are through work costs of measurement and the information-theoretic cost of manipulating information. 
	Orbital Affairs   The Woodward-Hoffmann rules establish how mathematical symmetry conservation governs chemical reaction pathways at the quantum level. In pericyclic reactions, the symmetry properties of molecular orbitals — represented by wave functions with specific nodal patterns analogous to trigonometric functions — must be conserved throughout the reaction coordinate. This conservation requirement creates selection rules that determine allowed stereochemical outcomes. The symmetry constraints differ fundamentally between thermal and photochemical conditions, as light excitation inverts the orbital symmetry relationships, thereby enabling reaction pathways forbidden under thermal conditions and vice versa. 
	Matter of Perspective   Empty space isn't empty — and even that depends on who's looking. The quantum vacuum teems with field fluctuations, 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 = ħa/2πckB — the Unruh effect. Particle content becomes relative, like simultaneity in Einstein's relativity. 
	Chaotic Neutrality   Deterministic systems can exhibit chaotic behavior, where minuscule differences in initial conditions lead to drastically different outcomes. The double pendulum and three-body gravitational problem exemplify this despite having few components and simple equations. Counterintuitively, far more complex systems such as falling objects often behave predictably because dissipative effects continuously suppress perturbations. 
	The Three Genome Problem   Every human inherits two distinct genomes: nuclear DNA from both parents and mitochondrial DNA almost exclusively from the oocyte. This second genome — 37 genes controlling cellular energy production — mutates 10–100 times faster than nuclear DNA, causing devastating diseases when defective. Traditional IVF cannot prevent mothers from passing faulty mitochondria to children. Enter mitochondrial replacement therapy: scientists transfer nuclear DNA from an affected mother's egg into a donor egg with healthy mitochondria. From single-base edits to chromosome transfers — many ethical questions arise to be discussed. 
	A Freely Willful Ignorance   Milligrams of propofol erase consciousness in seconds. Fatal familial insomnia prevents its cessation for months until death. While we can reliably toggle awareness, no unified mechanism explains why subjectivity vanishes. Consciousness cannot be reduced to neural correlates or fit by classifiers. Any attempt to locate its origin in physical mechanisms presupposes the very phenomenon under study. Free will and physics appear incompatible, but the standoff is asymmetric: agency is the lived fact that makes physics construction possible. Consciousness occupies the apex of a revision hierarchy where, in any conflict with lower-level descriptions, the knower must prevail. 
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