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The Whole Thing in One Page

Gravity looks like the most obvious force: things fall, bodies have weight,
planets go round the Sun. Its familiarity conceals two surprises. It is
extraordinarily weak between individual particles, yet it organises
astronomical matter. And the pressure you feel through your feet is not free
fall made tangible. It is the ground stopping free fall.

The first surprise is about scale. Electric attraction between an electron and
a proton exceeds their gravitational attraction by a factor of roughly 10739.
But ordinary matter contains nearly balanced positive and negative electric
charges. Its long-range electric effects largely cancel. Its gravitating mass
does not cancel in the same way. Gravity reaches across a cloud or a
galaxy and combines the contributions of its contents. It governs much of
the universe despite microscopic weakness, not because weakness itself is
a source of power.

Newton joined the sky to the ground. His inverse-square law makes a falling
stone and an orbiting moon answer to the same mathematics. Orbit is a fall
with enough sideways motion to keep missing. Escape is an energy
condition, not arrival at a border beyond which gravity stops. A stable orbit
also explains why attraction alone does not guarantee collapse: energy and
angular momentum must go somewhere before matter can settle inward.

Einstein began from a different fact. Small test bodies released together
follow the same fall regardless of their composition, once other forces are
controlled. Inside a small freely falling laboratory, ordinary gravitational
acceleration disappears from local experiments. The person standing on
Earth is the one being pushed away from that unforced motion.

The disappearance has a limit. Different parts of an extended object can fall
differently. Those differences make tides, stretch bodies and reveal
spacetime curvature. General relativity describes gravity through that
geometry, with energy, momentum and pressure among its sources. The
same account links orbital corrections, the bending of light and differences
between clocks held at different heights. Space and time are no longer a



fixed stage on which all this happens.

Geometry can change and carry energy away. Gravitational waves let
compact binaries lose orbital energy, spiral together and announce their
merger across space. Torsion balances, clock comparisons, satellites and
laser interferometers test different parts of the picture. Their different
measurements must fit the same account of how gravity works, from a
laboratory to a merging binary.

On larger scales, gravity gathers gas that can radiate energy and transfer
angular momentum. Compression heats forming stars; pressure supports
them. Different remnants reveal different forms of support, and sufficiently
extreme collapse can produce a black hole. Dark matter supplies the
leading account of much unseen gravitating material. Cosmic expansion,
including its observed acceleration, prevents this story from becoming a
prediction that everything must eventually fall together.

The same accumulation that builds structure also exposes the limits of our
description. Classical singularities are not observed objects of infinite
density. They mark places where the account fails to continue. A complete,
experimentally established quantum theory of gravity remains missing. The
familiar downward pull leads from your feet to an unfinished question about
the physical nature of spacetime.

That is the book.

Why You Should Care

Stand on bathroom scales and the number looks like gravity made visible.
Now imagine the scales and their passenger falling freely together, without
air resistance. The reading would be zero. Earth would not have stopped
attracting them. The contact force between passenger and scales would
have disappeared. The scales have not been persuaded to lie. They were
answering a different question all along.

That distinction rearranges ordinary experience. The sensation of weight
comes from support rather than from a direct awareness of the gravitational



field. A chair presses upward; the pavement diverts you from the path a
freely falling object would follow. Astronauts float for the same reason a
dropped object does. They are not in a region without gravity. They and their
spacecraft are falling together, continually missing Earth because they also
move sideways.

Once that distinction lands, familiar events start answering one another. The
apple and the Moon are not a children's story about a genius. They are a
demand that falling on Earth and motion in the sky answer to the same law.
Ocean tides and the stretching of a moon near a planet are the same kind of
difference across distance. A planet's escape speed, the shape of an orbit
and the path of a comet can be read as different accounts of motion through
a gravitational field.

Then the account changes without being discarded. Newton treats gravity
as attraction between masses. Einstein begins with free fall and rebuilds
gravitation as spacetime geometry. The older theory remains the tool used
for buildings, projectiles, most spacecraft planning and much of astronomy
because it is the right approximation in those regimes. The newer one
becomes necessary when precision, speed or compactness exposes what
Newton leaves out. Scientific progress looks less like replacing a false
answer with a true one and more like learning the conditions under which an
answer earns trust.

You already depend on that distinction. Satellite navigation compares clocks
moving at different speeds and sitting at different gravitational potentials.
Engineers must account for both effects or positioning errors would
accumulate. Modern atomic clocks can resolve gravitational frequency
differences across height changes far smaller than a person. Time is not a
universal background on which gravity acts. Clock rate belongs to the
gravitational description.

The machinery can be unexpectedly modest in principle. A suspended rod
can twist under the attraction of nearby masses. A pair of clocks can
disagree because one is held higher. An interferometer can compare light
travelling along two arms and register a passing gravitational wave. The



difficult part is excluding the other things that twist rods, shift frequencies
and disturb mirrors. The route from an ordinary object to a reliable
measurement is part of the fascination, not a technical interruption to it.

The subtitle also corrects an instinct about power. The interaction that wins
an isolated contest need not govern the largest system. Electromagnetism
dominates atoms, chemistry, materials and nerves, yet neutral matter
carries nearly balanced positive and negative charge. Gravity has no
comparable cancellation in ordinary matter. Its reach lets one cloud, star or
galaxy collect the contribution of every part. Scale changes the winner.

Finally, gravity sets the largest material stakes. It turns gas into stars, stars
into element-making furnaces and compact remnants into laboratories for
extreme physics. It holds galaxies and clusters together, while
discrepancies between visible matter and measured gravity supply much of
the evidence for dark matter. Push gravitational collapse far enough and the
classical theory predicts horizons and singularities. The task of combining
gravity with quantum physics remains unfinished. That limit does not erase
the successful predictions; it makes their range more interesting. We can
measure an effect accurately while still lacking a complete account of why
the world permits it.

Learn gravity and the floor changes first. Then clocks, orbits, stars and the
meaning of a physical law follow.

The Core Ideas

Weakness does not prevent accumulation

A fridge magnet defeats Earth every time it lifts a steel pin. Earth has
brought an entire planet to the contest and still loses. Yet the planet holds
the magnet, the fridge and the kitchen in place. The outcome changes with
what is being compared.

Compare an electron with a proton at the same separation. Their electric
attraction is about 2.3 x 10739 times stronger than their Newtonian



gravitational attraction. That comparison uses the same two particles and
separation, rather than a magnet and a planet with different sources. In
atomic and chemical calculations, gravity is usually negligible beside
electromagnetic effects. For this pair of particles, the disparity is enormous.

Move outward, and the terms of the contest change. Electric charge has two
signs. Ordinary matter contains positive nuclei and negative electrons in
nearly equal amounts, so their long-range electric fields cancel to high
precision. Separate a small fraction of those charges and large electric
forces appear, as in lightning. Electrical neutrality does not remove the
electromagnetic interactions that bind atoms or the magnetic effects of
organised matter. It does suppress the net electric pull between ordinary
planets.

The nuclear force binding protons and neutrons is a residual effect of the
strong interaction and reaches only across nuclear distances. The weak
interaction is also short-ranged. Gravity, like electromagnetism, has no
known range limit. Unlike electric charge, ordinary gravitating matter does
not come in opposite signs that neutralise in bulk. For a planet or a cold
cloud, adding matter generally increases the gravitational attraction. This is
the decisive contrast, not an exceptional ability to win a contest between
individual particles.

An electrically neutral planet is therefore still a gravitational source. Its
internal electric forces can be enormous without leaving a comparable
electric attraction for a neighbouring planet. Its mass remains available to
gravity. The effects from different parts combine according to their
directions: a spherical planet pulls inward towards its centre, while perfectly
symmetrical surrounding matter can give zero net pull at a point.
Uncancelled sources do not mean that every force arrow points the same
way.

Universality also gives gravity a peculiar intimacy. There is no known

material screen that blocks gravity. Charges in a conducting enclosure can
rearrange to screen an external static electric field; ordinary matter has no
corresponding negative gravitational charge to move into place. Put a roof



over a scale and Earth continues to act. You can oppose gravity with
electromagnetic support, centrifugal effects or another gravitational field, but
you cannot place a sheet of gravitational insulation between yourself and
the planet.

Nor does electrical neutrality make matter inert. Magnetic fields shape
interstellar gas and jets; gas pressure can hold a cloud apart; rotation can
prevent direct collapse. Gravity dominates many large-scale arrangements
without being the only relevant physics at those scales. A galaxy is not an
enlarged atom, but neither is it a place where electromagnetism has ceased
to operate. Which effect governs the next change depends on the state of
the material as well as its size.

The force rankings familiar from atoms do not settle every contest at every
energy. The strengths of the fundamental interactions vary with energy and
are defined through different couplings. In extreme conditions, comparisons
need a specified calculation. For the ordinary particle and astronomical
regimes of this book, the practical paradox holds: gravity is microscopically
tiny, universally coupled, long-ranged and unscreened.

Feeling weight means resisting free fall

Imagine a small sealed box falling freely, with negligible air resistance. A
loose key and the box share almost the same acceleration. The key floats
relative to the box rather than pressing on its floor. Gravity is present; the
usual sensation of weight has disappeared. Textbooks often call the
gravitational force itself weight. Here the distinction is between that force
and apparent weight: the support measured by a scale or felt through your
feet.

Why do different bodies share that fall? Adding matter does two things at
once. It increases the body's response to gravity, but it also increases its
resistance to acceleration. Double both and the extra pull has twice as much
inertia to overcome. The factors cancel. Greater attraction need not produce
greater acceleration.

Physicists give the roles separate names because their agreement needs



testing. Inertial mass measures resistance to acceleration. Passive
gravitational mass measures response to a gravitational field. Experiments
find them proportional; with the usual choice of units, we treat them as
equal. Active gravitational mass describes a third role: how strongly a body
sources the field experienced by other bodies. Newton's symmetric law
packages the two gravitational roles into one quantity. The falling-body
comparison tests passive gravitational mass against inertia, with other
forces controlled.

The equality is measured, not granted by vocabulary. A useful test
compares bodies of different composition in the same gravitational
environment, rather than repeating a fall with the same object. A
reproducible difference, once air resistance and other disturbances were
removed, would reveal something hidden by the everyday equation. The
universality of free fall is unusually informative precisely because gravity
could, in principle, have discriminated between materials and does not
appear to do so.

This is why the old question about a heavy ball and a light ball is badly
posed unless air is mentioned. In a vacuum they fall together. In air, shape,
area, density and drag can dominate the visible result. A hammer and
feather in an evacuated chamber behave differently from a hammer and
feather in a room because gravity did not change; the competing medium
did.

Now return to the bathroom scales. The machine is squeezed between your
feet and the floor. It reports the contact force supporting you against free
fall, calibrated as a weight. Stand in a lift accelerating upward and it reads
high. Accelerate downward and it reads low. In the idealised freely falling lift,
you and the scales accelerate together and the reading becomes zero. The
change is in the contact force, not in Earth’s mass or your own.

Einstein treated this disappearance as a clue rather than an oddity. Inside a
sufficiently small, freely falling laboratory, ordinary gravitational acceleration
can be transformed away. Local non-gravitational experiments, within a

region and duration small enough to neglect tidal effects, cannot distinguish
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that state from coasting in otherwise empty, flat spacetime. Reverse the
case. In a sealed rocket accelerating through empty space, a released
object meets the rising floor in the same local manner as an object dropped
in a room on Earth. This is the equivalence principle in introductory form.

Local is doing essential work. Make the laboratory large enough and two
freely falling objects separated vertically or sideways need not remain at the
same distance. Earth's field changes with position and points towards its
centre. Those differences are tidal gravity, or spacetime curvature in
Einstein's theory. They cannot be removed throughout an extended region
by choosing one falling frame.

An inverse square makes an orbit

Newton's law can be written in one line:
F=GmUmU/r?

For two point masses, the attraction is proportional to their masses and
inversely proportional to the square of their separation. The same rule
applies to non-overlapping, spherically symmetric bodies, using their
centre-to-centre distance. The constant G fixes the scale. Double either
mass and the attraction doubles. Double the separation and the attraction
falls to one quarter.

The square is not decorative. Imagine an influence spreading uniformly
away from a source. The area of a sphere grows with the square of its
radius. At twice the distance, the same outward geometrical spread covers
four times the area. The inverse-square pattern therefore appears in several
three-dimensional fields, though geometry alone does not prove that nature
must follow it or that every source is simple.

Combine that law with inertia and the sky stops needing a separate
mechanics. A moving body tends to continue in a straight line. Gravity
continually bends that path towards the attracting body. With too little
sideways speed it strikes the surface. With more it travels farther before
impact. At the right speed, the surface curves away as fast as the body falls.
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The miss continues. That is an orbit.

The word balance often causes trouble here. An orbiting satellite is not
sitting between an inward force and an outward force that cancel in one
inertial frame. Gravity supplies the inward acceleration that changes the
direction of velocity. The satellite's inertia supplies no outward push. In a
rotating frame one may introduce a centrifugal effect for useful bookkeeping,
but it belongs to the chosen frame, not to a second physical rope pulling the
satellite away.

Most bound two-body orbits are ellipses, with both bodies moving around
their shared centre of mass, the barycentre. A planet does not orbit a
motionless Sun in the exact problem. The Sun also moves, though usually
by less because it is more massive. This wobble is one route by which
astronomers detect unseen companions.

For a circular orbit around Earth at roughly 400 kilometres altitude, the
required speed is about 7.7 kilometres per second, ignoring drag and
treating Earth as spherical. Reaching the altitude is only part of the task. A
rocket must also supply that sideways motion. Throw an object straight
upward to the same height and it will return; being in space does not, by
itself, put anything in orbit.

The force picture has an energy partner. Gravitational potential is potential
energy per unit mass, measured relative to a chosen reference. Set that
reference to zero at infinite separation. In the isolated two-body problem, a
bound orbit then has negative total energy: its kinetic energy is insufficient to
overcome the negative gravitational potential energy. Give it enough speed
and its path can become parabolic or hyperbolic. Escape velocity is
therefore not the speed needed to reach a boundary where gravity switches
off. The field continues indefinitely. Escape means having enough initial
energy to keep moving away without further propulsion. From Earth’s
surface the ideal value is about 11.2 kilometres per second, neglecting air
resistance, rotation and other bodies.

An undisturbed orbit also conserves angular momentum, the measure of

12



motion around the centre. Gravity bends the path without automatically
making the satellite spiral inward. To settle into a tighter orbit, matter must
transfer energy and usually angular momentum elsewhere. This condition
will matter as much to a forming star as it does to a spacecraft.

Gravity shows itself in differences

The Sun pulls Earth more strongly than the Moon does, yet the Moon raises
the larger tide. The Sun's tide-raising effect is only about half as large. Total
pull is the wrong quantity: what matters is how much the pull changes from
one side of Earth to the other. The far more distant Sun produces less
variation across our planet.

If every part of a small object accelerated equally, it would fall as a unit
without internal strain. Real fields vary. Nearer parts can be pulled harder
than farther parts, and the directions of their falls can differ. The resulting
relative acceleration is a tide.

The Moon pulls on the whole Earth, not merely the oceans. The water on
the Moon-facing side is attracted a little more strongly than Earth's centre.
Water on the far side is attracted a little less strongly. In an idealised ocean
covering the whole Earth and allowed to settle into equilibrium, this
differential pull would produce two broad tidal bulges. Real oceans never
follow the equilibrium picture exactly. Coastlines, ocean depth, basin
resonance, friction and Earth’s rotation shape the tides printed in harbour
tables. “The Moon pulls the sea up” catches one side of the geometry and
misses the other.

The same principle stretches moons and stars, heats the interiors of
satellites whose orbits keep flexing them, and can tear apart an object that
passes too close to a compact mass. Tidal effects reveal the field's gradient,
not its absolute value. A person in a freely falling capsule can remove the
common acceleration locally; the slight tendency of separated particles to
converge or diverge remains.

The size of the source changes the experience. Near the horizon of a small
black hole, the difference in pull across a human body can be destructive.
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For an otherwise comparable, much larger black hole, the tidal effect at the
horizon can be gentler, even though no outward signal from inside can
escape. A horizon is a causal boundary, not a prescribed level of stretching.
Crossing one need not announce itself through a sudden local impact.

This is the bridge to curvature. In general relativity, spacetime curvature is
operationally visible through the relative acceleration of neighbouring
free-fall paths. A single falling particle can always regard itself as locally
unforced. A family of nearby particles carries information that one trajectory
cannot. Gravity is often learned through separation.

Newtonian gravity contains another useful difference between outside and
inside. For a spherically symmetric body, the external field acts as though
the body's mass were concentrated at its centre. This shell result lets a
planet enter orbital calculations as a point mass when its shape and internal
structure can be neglected. Inside a thin spherical shell, however,
attractions from all directions cancel exactly. The nearby part of the shell
pulls more strongly, but the more distant parts occupy more area. The
geometry compensates.

Inside a uniform-density sphere, only the enclosed mass contributes to the
net inward field; outer spherical layers cancel. As you move towards the
centre, acceleration decreases linearly to zero. Real planets are layered and
compressed, so the exact profile differs, but the shell argument prevents a
common mistake: being surrounded by more mass does not automatically
mean a larger net pull.

Differences also drive measurement. A gravimeter records local variations
caused by altitude, latitude, geology, groundwater, tides and instrument
motion. Surveyors and geophysicists use those variations to infer what
cannot be seen directly. The absolute downward acceleration near Earth's
surface is around 9.8 metres per second squared. The scientifically useful
part may be a change many orders of magnitude smaller.

A gradiometer compares the acceleration at separated positions, helping
distinguish variations in the field from motion shared by its platform. Neither
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instrument supplies an unambiguous underground photograph. Different
arrangements of buried material can produce similar gravity measurements,
so geological knowledge and other observations must constrain the
interpretation. Gravity can help locate a density difference; it cannot label
the buried material for us.

Space and time become part of the machinery

Imagine two excellent clocks, one on the floor and one on a high shelf.
Correct for temperature, motion and other disturbances, then compare their
rates. In Earth's weak, steady field, the lower clock runs more slowly. Both
can be working perfectly. A repair shop cannot fix a difference that belongs
to time itself.

The comparison matters. Each clock records its own proper time, the
elapsed time along its path, and nothing goes wrong locally. The difference
emerges when their readings or exchanged signals are compared. Atomic
transitions provide repeatable frequencies with which to do this. In 2022, a
strontium optical-clock experiment resolved a gravitational frequency
gradient across a single atomic sample about one millimetre high. This was
a comparison within the sample, not two wristwatches on adjacent shelves.
Satellite navigation must also account for clock-rate shifts caused by
gravitational potential and orbital motion.

Newton's universe has no place for gravity to alter time this way. Its clocks
share a universal background time; gravity changes how matter moves
through an otherwise fixed setting. General relativity makes that setting
responsive. Matter and energy help determine spacetime geometry, and
that geometry determines the unforced paths of matter and light. A clock is
therefore part of the physical story, not a referee standing outside it.

The familiar phrase that mass curves space leaves out two important
pieces. The geometry concerns spacetime, not space alone. The sources
include energy and momentum, with pressure and stress contributing
alongside rest mass. Einstein's field equations relate these sources to
curvature. They are non-linear: the geometry being calculated also enters
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the equations that determine it. Gravitational fields can interact with
themselves; adding two separate answers need not give the answer for the
combined system.

A freely falling test body follows a geodesic, the straightest available path
through spacetime. Its route through space alone can still curve, as the
Moon's orbit does. An engine or the push from a floor diverts a body from a
geodesic. Geometry has not abolished forces. It has changed which motion
needs a force to explain it.

The test is whether one geometry can account for different observations
together. Mercury's orbit acquires a small extra precession. Light passing a
massive body changes direction and can reach us along several paths,
producing multiple images or arcs. Clocks held at different gravitational
potentials accumulate different readings. Giving each effect an unrelated
rule would miss the achievement: they follow from the same account of
space and time.

A clock shift and curvature are nevertheless different measurements.
Accelerated observers in flat spacetime can also find frequency differences
between separated clocks. Redshift alone does not establish curvature.
Within general relativity, the distinction becomes clear by comparing
neighbouring free-fall paths: their tidal relative acceleration cannot be
removed across an extended region by choosing one falling frame. The
clocks tell part of the story; the separated falling bodies reveal something
the clocks alone cannot.

Nor must empty space be flat. Outside a star, matter may be absent locally
while tidal curvature remains. The equations and boundary conditions
connect that vacuum geometry to the wider system. We need no material
filling between the star and the orbiting planet to make the geometry count.

For weak fields, slow motion and modest precision, the account reduces to
Newton's. A flat map can be adequate across a town while failing across a
planet; the approximation earns its keep without becoming the whole truth.
We can calculate a falling key economically and still need relativity for a
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precision clock beside it. The world has not changed between the
calculations. The question has.

Gravity can carry energy away

Two black holes can orbit without touching anything. No atmosphere drags
on them; no solid surface rubs against another. Yet their orbit can shrink. In
Newton'’s isolated two-body model this would not happen. In general
relativity the binary can lose energy through gravitational waves, bringing
the holes closer until they merge. Empty space does not prevent an
exchange of energy when the gravitational field itself can change and
propagate.

A gravitational wave is travelling tidal distortion. Imagine a ring of freely
floating particles, initially at rest relative to one another. A wave passing
perpendicular to the ring changes their separations: along one direction the
ring stretches while along the perpendicular direction it contracts, then the
pattern reverses. The particles are still falling freely. What changes is the
relation between their paths. This is why a wave cannot be dismissed as a
force that vanishes when an observer drops the measuring equipment.

The pattern depends on the wave’s polarisation and orientation, but its key
feature is differential motion. An interferometer compares laser light along
perpendicular arms whose mirrors behave approximately as freely moving
masses over the relevant time interval. A passing wave changes the optical
travel times. Recombining the light converts that difference into an
observable signal. The mirrors do not need to absorb a large amount of
energy for the instrument to register the disturbance.

Producing a strong wave is harder than producing an ordinary changing
gravitational pull. A perfectly spherical star pulsating in and out does not
emit gravitational waves. There must be changing asymmetry of the
appropriate kind. A pair of compact objects orbiting one another supplies it:
the distribution is elongated in a direction that continually rotates. Physicists
describe the leading pattern as quadrupole radiation. The name is less
important than the requirement. Motion alone is insufficient; the
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arrangement of the moving source matters.

As a close binary radiates, its total orbital energy becomes more negative.
The objects move into a tighter orbit and travel faster. Their faster changing
configuration then radiates more strongly. This feedback makes the last part
of the approach increasingly rapid. The wave rises in frequency and
amplitude, producing the characteristic chirp. Its shape carries information
about the masses and the orbital evolution; the final fading oscillation tests
how the remnant settles down.

Ordinary planetary systems radiate too, but the effect on their orbits is
minute. Gravitational radiation becomes an efficient drain when large
masses move rapidly in a compact system. This is a different question from
whether gravity is strong between an electron and a proton. The enormous
disparity between a laboratory pair and a merging binary is precisely why
both belong in the same account of gravity.

Light often comes from hot matter outside a black hole. Gravitational waves
can reveal the binary's bulk motion even when no bright gas surrounds it. A
dark merger can therefore become observable without first acquiring
something luminous. Both signals need models to connect measurement
with source, but they expose different parts of the event. Their agreement
can test an account more sharply than either signal alone.

In general relativity these disturbances travel at light speed, not
instantaneously. The field is no longer an instruction that updates
everywhere at once when a mass moves. It has its own causal behaviour.
Gravity determines trajectories, but it can also take energy from a system
and deliver information about that change elsewhere.

Accumulation needs somewhere to put the energy

A cloud does not become a star merely because its particles attract. Let two
bodies fall towards one another without colliding or losing energy and they
may pass, separate and return. Lasting concentration requires more than an
inward acceleration. It requires a way to redistribute or remove the energy
released as the material gathers.
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Gas provides that route. Collisions convert organised infall into thermal
motion; radiation can carry energy out of the cloud. If cooling prevents
pressure from rising enough to halt contraction, a dense region can continue
shrinking. Turbulence and magnetic fields complicate the competition. The
outcome depends on how quickly energy escapes as well as how much
mass is present. Gravity initiates the contraction, but the gas determines
whether it proceeds, stalls or fragments.

The thermal result can run against everyday intuition. An ordinary hot object
cools as it radiates. A slowly contracting, self-gravitating gas sphere can
instead lose total energy while its interior gets hotter. The gravitational
potential energy becomes more negative; some released energy escapes
and some increases internal motion. There is no free energy. The sphere
pays by becoming more tightly bound. This is one reason the cold material
from which a star forms can end up sustaining nuclear fusion.

Rotation creates a second obstacle. A collapsing cloud generally has
angular momentum. As its material moves inward, conservation makes
rotational motion more important, and a disc can form rather than everything
falling directly to the centre. Torques, magnetic stresses and outflows can
transfer angular momentum, allowing some gas to accrete while other
material carries motion away. The rule met in the satellite orbit returns here:
attraction alone does not make an orbiting body settle.

Once a stellar core becomes hot and dense enough, fusion supplies energy
that helps maintain thermal pressure as the star radiates. Pressure is higher
deeper inside: a small parcel of gas is pushed harder from below than from
above. That difference can balance its inward gravitational pull. Fuel
consumption changes the balance over time. Fusion is not a second rope
pulling outward on the whole star; it sustains the internal conditions from
which pressure arises.

Different stellar histories leave different remnants. Electron degeneracy
pressure can support a white dwarf after ordinary nuclear burning has
ended. Neutron stars depend on dense-matter pressure, including quantum
effects and nuclear interactions. These are possible outcomes, not

19



successive stations through which every star passes. If a sufficiently
massive remnant cannot find a stable supported state, collapse can produce
a black hole. Concentration brings gravity into competition with forms of
support that an isolated particle would never challenge.

The larger universe contains another version of accumulation. Initially small
density differences can grow into gravitating structures within an expanding
cosmos. In the leading account, dark matter forms extended haloes, while
ordinary gas can radiate, condense and make luminous stars inside them.
Dark matter’s microscopic nature remains unidentified. Its role is inferred
from several kinds of observation, not from seeing a new particle inside a
telescope.

Expansion is not an outward wind pulling against each galaxy. It is the
evolution of large-scale distances in the cosmological solution, and bound
systems need not share it. Nor does relativity require the expansion
eventually to reverse. The simplest dark-energy model, a positive
cosmological constant, can produce accelerated expansion within Einstein’s
equations. Gravity shapes the universe; it does not impose collapse as its
universal destiny.

Where collapse does create a horizon, outward signals from inside cannot
reach the distant exterior. Classical solutions can lead further to a
singularity, where the description cannot be continued in the usual way.
That is not an observed bead of infinite density. It is a limit of the classical
account and a reason to seek a deeper theory.

The connection back to gravity’s weakness is now precise. Long range and
uncancelled matter sources allow attraction to organise vast collections
despite its small microscopic strength. Energy loss and the transfer of
angular momentum let some collections become concentrated. The
resulting stars make other forces productive; the most extreme collapses
test the geometry with which we describe gravity itself.
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How It Actually Works

Making fall measurable

A falling stone is over too quickly. Galileo used an inclined plane to slow
descent enough for distance and time to be compared. A rolling ball is not in
free fall: its acceleration depends on the slope and on its rotation. But its
motion offered a measurable version of the same time-squared relationship.
Galileo's experiments and arguments supported a new description of ideal
fall: speed increases steadily with time, and distance grows with the square
of elapsed time.

This replaced a hierarchy inherited from Aristotle, in which heavier bodies
were expected to fall faster because their natural downward tendency was
greater. Galileo also attacked the logic with a tied-body argument. If a light
stone falls slowly, attaching it to a heavy one should retard the heavy stone.
Yet the joined object is heavier than either component and should, by the
same rule, fall faster. The expectation contradicts itself.

Galileo's real motion was still complicated by friction, air and imperfect
timing. His achievement was to separate the ideal rule from the
disturbances, then use controlled motion to make the rule answerable to
measurement. Later vacuum experiments made the separation visible.
Remove the air and materials of different mass and composition approach
the same acceleration, while the smallest residual difference becomes a test
of deeper physics rather than a classroom trick.

The heavens were changing at the same time. Tycho Brahe accumulated
exceptionally precise naked-eye observations of planetary positions.
Johannes Kepler inherited the Mars problem and abandoned circles that
could not fit it. His three laws described planets moving in ellipses, sweeping
equal areas in equal times, with orbital periods linked to orbital size. They
were powerful regularities without a common mechanism. The equal-area
law encoded changing speed: a planet moves faster near the Sun and
slower far away. The period law connected every orbit in one system, but
did not explain why the connection had that form. The mathematics had
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outrun the physical account. Terrestrial fall and planetary motion remained
adjacent puzzles.

Newton joins the ground to the sky

Isaac Newton's system connected them. Motion would continue uniformly in
a straight line unless force changed it. A force directed towards a centre
could bend that inertial path. If its strength fell with the square of distance,
the resulting paths could reproduce Kepler's ellipses and other conic
sections.

Universal gravitation enlarged the claim. Earth pulls the apple; Earth pulls
the Moon; the Moon pulls Earth; the Sun pulls every planet; every planet
perturbs the others. The same mathematical relation applied across the
system. Edmond Halley helped turn Newton's private work into the 1687
Principia, managing publication and paying the printing cost.

The book's three parts moved from mathematical motion under forces,
through resisting media, to the system of the world. This was not a
declaration that Newton knew gravity's physical cause. The Principia
calculated what attraction did and showed how a wide set of motions
followed. Critics could still ask how bodies acted across empty distance.
Newton refused to make a speculative mechanism part of the demonstrated
system, though he considered possible causes elsewhere. The ability to
predict did not wait for agreement about what carried the attraction.

The inverse-square law also had to work for real spherical bodies rather
than fictional points. Newton's shell arguments established that a spherically
symmetric body attracts an external object as though its mass were
concentrated at the centre. This allowed planetary size to disappear from
many orbital calculations without pretending that the planets were physical
points.

Prediction and correction followed. Halley's comet became a returning body
rather than a new omen each time. Planetary perturbations could be
calculated, though the many-body problem resisted closed solutions and
required approximations. Tides, Earth's flattened shape and the motion of
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the Moon came under the same programme with mixed numerical success.
Universal did not mean effortless.

The strength constant now called G supplied a scale that remained difficult
to determine. Astronomers could infer relative masses and orbital relations,
but the law's absolute strength on Earth was hard to measure because
ordinary laboratory masses attract so weakly.

Twisting a fibre and weighing Earth

John Michell designed a torsion-balance method; Henry Cavendish carried
it out after Michell's death. In a closed room, a light rod with small lead
spheres hung from a fine wire. Larger spheres were moved into positions
that attracted the smaller ones sideways. The rod turned, twisting the wire.
From the angle, the wire's torsional stiffness and the geometry, Cavendish
inferred the gravitational attraction.

His 1798 paper was titled “Experiments to Determine the Density of the
Earth”. The modern constant G can be calculated from his result, but
Cavendish did not report it in that form. He weighed Earth by comparing a
laboratory attraction with terrestrial gravity.

The experiment established a template rather than ending the problem.
Later apparatus replaced visual deflection with electronic readout, changed
materials and geometries, rotated attractors and sometimes measured the
time response of a torsion pendulum rather than a static twist. The purpose
of variation is diagnostic. A true gravitational signal should follow
source-mass position and the known geometry; fibre relaxation, thermal drift
and electrostatic patches need not.

Measurements of G still disagree by more than their quoted uncertainties
often enough to trouble metrologists. Source masses must be shaped,
positioned and characterised; fibres creep; temperature changes
dimensions; local mass moves; electric and magnetic contamination must
be controlled. The 2022 CODATA adjustment gives G a relative standard
uncertainty of about 22 parts per million. The speed of light, by contrast, is
exact in Sl units because its value defines the metre; it is not a competing
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measurement with a smaller error bar. Gravity is easy to observe from Earth
and difficult to calibrate between objects that fit in a room.

In a replication reported in 2026, a NIST team re-used a BIPM torsion
balance. Source-mass calibration values were blinded until the analysis was
internally consistent, reducing the temptation to tune the answer towards
expectation. The resulting measurement still differed from the earlier BIPM
result.

Fields, energy and the planet that was missing

Uranus did not follow its predicted orbit perfectly. The error could be turned
into a search: what unseen body would pull it away from the calculated
path? Urbain Le Verrier in France and John Couch Adams in Britain
independently inferred that an outer planet could account for much of the
discrepancy. Johann Galle, assisted by Heinrich d'Arrest, identified Neptune
in 1846 close to Le Verrier's predicted position. A mismatch between
calculation and sky had helped point a telescope towards another world.

Behind such work, the mathematical tools were becoming more flexible.
Nineteenth-century physicists described gravity through a field assigned to
every point in space and through a potential whose differences track
gravitational work. An object responds to the field where it is; the source
determines the surrounding field. The description lets us ask what would
happen to a test body before putting one there.

Potential keeps the energy account. In a static Newtonian field, the work
associated with moving between two positions depends on the endpoints,
not the route. Points of equal potential form equipotential surfaces; the field
points in the direction in which potential falls fastest. An irregular body can
be represented by adding contributions from its parts, or by calculating
successively finer departures from spherical symmetry. These methods
make a lumpy planet calculable without pretending it is a perfect ball.

Neptune's discovery tempted a repeat when Mercury's perihelion advanced
slightly more than known Newtonian influences explained. An unseen inner
planet, Vulcan, was proposed. No planet was found that accounted for the
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discrepancy. The unexplained advance was small, about 43 arcseconds per
century after other contributions were accounted for, yet it remained. The
framework that found Neptune could not repair Mercury by adding another
planet.

Free fall becomes geometry

Albert Einstein entered through a different door. Special relativity had
already joined space and time and rejected instantaneous influence.
Newtonian gravity, acting across distance against an absolute temporal
background, no longer fitted comfortably.

In 1907 Einstein focused on the person in free fall who feels weightless. If all
test bodies share the same local acceleration, gravity has an unusual
universality. A freely falling frame can remove the common effect nearby. An
accelerating frame in empty space can reproduce it. From this equivalence
he inferred consequences for light and clocks before he possessed the final
mathematics.

The route took years. Marcel Grossmann directed Einstein towards
differential geometry. Einstein and Grossmann tried equations, restricted
them, defended a failed route and returned to broader covariance. In
November 1915 Einstein presented successive papers to the Prussian
Academy, reaching the field equations in their mature form on 25
November. The theory had to recover Newtonian gravity where the older law
worked and explain Mercury's residual precession. It did both.

Karl Schwarzschild found an exact solution for the exterior of a spherical
mass within months of Einstein's final equations. Its strange boundary was
not immediately understood as the event horizon of a black hole. The
modern concept emerged through later work on coordinates, stellar collapse
and global causal structure. In parallel, Alexander Friedmann and Georges
Lemaitre found expanding cosmological solutions, showing that the
equations did not require a static universe. Gravity had become a theory of
possible universes as well as local attraction.

General relativity also predicted that light passing the Sun would be
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deflected by more than Einstein's earlier equivalence-only calculation.
Eclipse expeditions in 1919 led by Arthur Eddington and Frank Dyson
reported results consistent with the new value and brought Einstein sudden
fame. The observations were difficult and less decisive than later legend
suggests. Subsequent radio, radar, spacecraft and lensing measurements
tested light propagation far more precisely.

Collapse made a different demand on the equations. In 1939 J. Robert
Oppenheimer and Hartland Snyder calculated the continued collapse of an
idealised sphere. Roger Penrose's 1965 theorem showed, under specified
conditions, that the failure of classical spacetime to continue was not merely
a consequence of exact spherical symmetry. This did not establish a
material point of infinite density. Later observations of compact dark
companions and merging objects would test the black-hole account
independently, without turning an event horizon into a solid surface.

Other tests accumulated. Robert Pound and Glen Rebka reported their
measurement of gravitational frequency shift in 1960, using gamma rays
exchanged between different heights in a Harvard tower. Radar
experiments then tested the extra signal travel time predicted by Irwin
Shapiro for paths passing near the Sun. Atomic clocks compared at different
heights and on aircraft or satellites recorded the expected rate differences.
Satellite navigation became a routine engineering test because clocks in
orbit experience both motion-related and gravitational shifts.

The 1974 discovery of a binary pulsar by Russell Hulse and Joseph Taylor
added a moving strong-gravity laboratory. Long-term pulse timing showed
the orbit shrinking in agreement with the loss of energy through gravitational
waves, after accounting for effects including the system's motion in the
Galaxy. It was indirect evidence, but exacting: the system behaved as
though it were losing energy through a channel no telescope had yet caught
arriving.
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Listening with rulers

A gravitational wave changes relative distances. The effect is tiny, so
Joseph Weber's early resonant bars gave way to laser interferometers with
long perpendicular arms, suspended mirrors and elaborate isolation. In
LIGO, the laser is split between two four-kilometre arms. Mirrors make the
light sample the arms repeatedly before the beams recombine. If one arm
lengthens while the other shortens, the interference changes. Vacuum tubes
remove air fluctuations; multi-stage suspensions and active controls
suppress ground motion; auxiliary channels monitor disturbances that could
counterfeit a signal.

Two detectors made the claim much harder to counterfeit. A local glitch can
resemble a short burst. The two American observatories are separated by
thousands of kilometres, so an astrophysical wave should arrive with a
physically allowed delay and compatible shape. A worldwide network
improves localisation and supplies more independent comparisons.

On 14 September 2015, the two Advanced LIGO detectors recorded the
signal later named GW150914. Its frequency and amplitude rose in the
characteristic chirp of two compact objects spiralling together. The original
analysis inferred source-frame masses of roughly 36 and 29 times the Sun's
mass. Its estimated remnant was about 62 solar masses; energy equivalent
to around three solar masses left as gravitational waves. These are rounded
estimates with substantial uncertainties, all from the same analysis. The
peer-reviewed announcement came on 11 February 2016.

The detection did several jobs at once. It directly detected gravitational
waves and showed that a heavy stellar-mass black-hole binary could merge
as general relativity predicted. Later observations turned the individual event
into the study of a population. The first signal's decisive contribution was the
arrival of a new astronomical messenger.

27



Tests that ask whether everything falls together

A universal claim invites awkward test materials. Torsion balances, lunar
laser ranging, atom interferometers and satellites compare different bodies
and systems, looking for a difference that ordinary experience would miss.

MICROSCOPE carried concentric test masses made from titanium and
platinum alloys. Electrostatic controls held them in position; differences in
the forces required would reveal a difference in their gravitational response.
The final results, published in 2022, found no violation of universal free fall
at a precision of a few parts in 10215 for this comparison. That limits
composition-dependent alternatives without proving equality for every
material and condition.

Antimatter required a separate direct test. In ALPHA-g, neutral antihydrogen
atoms were trapped magnetically, then released while researchers
controlled and modelled the field gradients that could mimic gravity. The
2023 result favoured downward attraction and excluded the specific
alternative of an upward acceleration equal in magnitude to ordinary
terrestrial gravity. Its uncertainty was compatible with the usual downward
value, but far too large to establish precise equality. Antihydrogen had
passed a direct test that familiar matter could not perform on its behalf.

At shorter distances, torsion balances and related instruments search for
departures from the inverse-square law. At astronomical scales, pulsars,
black holes, lensing and cosmic structure test other regimes. No single
observation covers gravity from micrometres to clusters or from weak
laboratories to merging horizons. A theory earns reach through a network of
tests whose assumptions and scales overlap.
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Gravity grows structure

General relativity allowed the universe itself to evolve, but the growth of
structure can often be followed with Newtonian gravity embedded in an
expanding background. Small early differences in density attracted more
matter. Denser regions could draw in further matter, provided growth could
outrun expansion and overcome pressure or other support. Expansion is
part of the evolving geometry, not an outward wind acting on every object.

By the twentieth century, gravitational discrepancies became evidence for
unseen matter. Fritz Zwicky inferred missing mass in the Coma cluster from
galaxy motions. Vera Rubin, Kent Ford and other observers found that
orbital speeds traced by stars and gas in spiral galaxies remained high at
large radii compared with predictions from the visible matter alone under the
standard law. Gravitational lensing, cluster collisions, the cosmic microwave
background and structure formation later supplied distinct lines of evidence.
Dark matter is the leading synthesis, though its microscopic identity remains
unknown and modified-gravity theories continue to be tested.

The Bullet Cluster separates some of these clues on the sky. In the collision
of two galaxy clusters, much of the ordinary matter is hot gas that interacts
and lags behind. The galaxies pass through more readily. A 2006 analysis
located the strongest lensing-inferred mass concentrations away from the
gas, near the galaxies. Under general relativity, most of the gravitating
material therefore could not be the visible gas.

This is more informative than a lone unexplained speed, but it is not a
photograph identifying a dark-matter particle. Lensing translates distorted
background images into a mass distribution through a gravitational model.
The collision then tests whether that distribution follows the ordinary matter.
Different measurements, using different physics, constrain the same
account.
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The unfinished join

General relativity treats spacetime geometry classically. Quantum field
theories describe matter and the other established interactions. Often this
division is harmless: quantum details average out in calculating a planet's
orbit, while gravitation is negligible in an ordinary particle experiment.

There is already a controlled way to calculate small quantum corrections to
gravity at energies far below the scale where they become large. This is
effective field theory. It does not promise an exact description at arbitrarily
high energy. Its existence matters because “we have no quantum gravity” is
too blunt: physicists can make limited, systematic calculations without
possessing the complete theory.

In perturbative treatments, small gravitational disturbances are represented
by massless spin-2 quanta called gravitons. No individual graviton has been
directly observed. Proposals for detecting one are experimental proposals,
not detections, and quantising small disturbances does not settle what
spacetime itself becomes in extreme conditions.

Black-hole interiors and the earliest universe press precisely where the
limited treatment cannot be trusted. Hawking's predicted black-hole
radiation combines quantum fields with a classical curved background and
raises questions about entropy and information. It has not been observed
from an astrophysical black hole. String theory, loop approaches and other
programmes seek deeper accounts, but no candidate has decisive
experimental confirmation as the complete theory.

A successor must preserve what already works and supply tests on which
alternatives differ. Its task is not to rescue gravity from failure in the
laboratory. It is to explain what happens when the successful approximation
of smooth, classical spacetime is no longer enough.
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How we know

Gravity is reconstructed from converging forms of evidence rather than one
decisive spectacle. Laboratory timing and trajectories establish free fall.
Torsion balances measure attraction between known masses. Planetary
motion, spacecraft tracking and pulsars test long-range dynamics. Atomic
clocks test gravitational time shifts. Lensing and radar delay test light
propagation. MICROSCOPE and other comparisons test universality. LIGO
and partner observatories measure changing spacetime strain.

The strongest claims in this book lie where these methods overlap and
repeat. The weakest lie at inaccessible extremes. Dark matter is inferred
from several gravitational and cosmological observations, but its particle
identity remains unknown and modified-gravity research continues. Event
horizons have strong observational support through compact-object
dynamics, accretion, imaging and gravitational waves, while singularities
belong to the classical mathematical account rather than direct observation.
Data have not selected a complete quantum-gravity theory.

Historical priority is uneven too. Famous names often stand for programmes
involving observers, instrument makers, mathematicians and later testers.
The chronology here assigns credit where documentation is strong and
avoids turning remembered anecdotes into experimental records.

What People Get Wrong

“Gravity acts only on things with mass”

Newton’s equation puts two masses on the page. Light has no rest mass. It
is tempting to conclude that gravity should leave light alone, or that a photon
must secretly be a tiny massive ball for its path to bend.

The equation is being used outside its intended domain. In general relativity,
light follows the lightlike paths permitted by spacetime geometry. It does not
require rest mass to respond to that geometry. Light also carries energy and
momentum, which contribute to gravitation. Rest mass is not the complete
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inventory of what can source a gravitational field.

Gravitational lensing makes the response visible. A foreground
concentration of mass can redirect light from a background source,
changing its apparent position, distorting its image or producing several
images. The source need not be physically stretched into the arc we see.
The different paths through the intervening geometry create the effect.

Light can therefore reveal matter that emits little light of its own. The
apparent distortion of a background galaxy becomes a clue to the mass in
front of it. The resulting mass estimate still depends on a lens model and the
distances involved; an arc is evidence to interpret, not a direct photograph of
invisible substance.

“Heavier things fall faster”

They often do in air. A dense stone reaches the ground before a sheet of
paper, and ordinary experience supplied Aristotle with a durable rule. The
hidden variable is drag. Air resistance depends on shape, area, speed and
fluid properties, while gravitational force grows with mass. A heavier
compact object can therefore be less affected by drag relative to its weight.

Remove the air and control other forces, and bodies of different composition
acquire the same gravitational acceleration to extraordinary precision. Their
greater gravitational response is matched by greater inertia. Modern
equivalence tests search for tiny departures from that cancellation rather
than treating it as philosophically guaranteed.

The correction is not that mass never matters. It matters to mutual
attraction, trajectories when both bodies move and the way an object
interacts with air or support. The tested result concerns sufficiently small
bodies in the same external field, with other forces controlled. It does not
say that dropping a planet beside a pebble leaves the rest of the
gravitational system unchanged.
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“There is no gravity in orbit”

Astronauts float, so the phrase zero gravity feels earned. At an altitude of
roughly 400 kilometres, representative of the International Space Station’s
orbit, Earth’s gravitational acceleration is still about nine-tenths of its surface
value. Without it, the station would leave along a straight path rather than
circle the planet.

Orbit is sustained free fall. The spacecraft moves sideways fast enough that
Earth curves away beneath it while gravity continually bends the path. Crew,
air and equipment share nearly the same acceleration, so little support force
separates them. The remaining disturbances and gradients produce
microgravity rather than perfect weightlessness.

This matters beyond vocabulary. It explains satellite motion, why orbital
manoeuvres change whole trajectories and why a dropped object inside a
spacecraft does not fall to the floor in the terrestrial manner. Definitions of
where space begins are conventions; gravity has no corresponding edge.
Nor does orbit require permanent engine thrust. Once inserted into a
suitable path, a spacecraft coasts under gravity apart from corrections, drag
and manoeuvres.

“Einstein proved Newton wrong”

Mercury, clocks and light showed that Newtonian gravity is incomplete. They
did not make it useless or false in every application. General relativity
recovers Newtonian behaviour when fields are weak, speeds are modest
and required precision is limited. The older equations remain easier to use
and accurate enough for falling objects, structures, many satellite
calculations and wide areas of astronomy.

The replacement story persists because scientific revolutions are narrated
as duels. One theory wins; the other is discarded. The real relation is
nested. Einstein changed what the theory says gravity is and widened its
domain, while explaining why Newton had succeeded where he did. The
1919 eclipse made that replacement theatrical, but later clock, radar, pulsar
and gravitational-wave tests supplied much stronger evidence than the
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famous photographic plates.

This correction supplies a rule for models. Ask what approximation was
taken, how large its neglected terms are and whether the decision depends
on them. The Newtonian prediction is not obtained by forgetting Einstein at
random; it emerges from a controlled weak-field and slow-motion limit. A
theory can be superseded as a universal account and remain the best tool
for a bounded problem.

“The rubber sheet explains curved spacetime”

Put a heavy ball on stretched fabric and smaller balls curve around the
depression. The picture makes curvature visible, then quietly borrows
gravity to explain gravity. The central ball sinks because Earth pulls it
downward. Rolling balls lose energy through friction and spiral in. Space is
reduced to a two-dimensional surface embedded in a third direction, while
time, which is essential to general relativity, is absent.

The analogy survives because the real geometry is difficult to draw. Used
with discipline, it can show that paths respond to geometry. It cannot explain
the source of curvature, free fall, stable orbits, clock rates or why no external
downward direction is required.

A better operational question is what neighbouring free-fall paths and clocks
do. Within general relativity, tidal changes in the separation of freely falling
paths reveal curvature. Clock rates and apparent light paths also depend on
how observers move, so neither is a curvature test without specifying the
comparison. No higher-dimensional sag needs to be pictured. A globe offers
the safer lesson: inhabitants can detect curvature from measurements made
on the surface, such as triangle angles and converging routes, without
appealing to an external direction in their equations.
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“Black holes suck in everything nearby”

A black hole exerts no special long-range suction. The classical exterior of
an isolated, settled hole is specified by its mass, angular momentum and
charge. Far away, mass dominates; large net charge is not expected for
astronomical holes. In an imagined replacement of the Sun by a
non-rotating black hole of equal mass, with Earth’s position and velocity
unchanged, the orbit would remain close to the same ellipse. This is a
comparison of fields, not a possible fate of our Sun. The catastrophe would
be darkness and cold, not immediate ingestion.

The myth comes from compactness. A black hole concentrates mass inside
an event horizon, allowing enormous orbital speeds, strong lensing and
severe tidal gradients nearby. Matter that loses orbital energy through
collisions or radiation can form an accretion flow and move inward. Matter
on a stable distant orbit need not.

The distinction matters because “suction” hides the physics that makes
black holes useful. Their environments reveal angular momentum, plasma,
magnetic fields and relativistic orbits. The horizon constrains causal escape;
it does not reach out like a drain. The common spiral seen in illustrations
usually requires a mechanism that removes energy and angular momentum.
The Newtonian two-body model sustains an orbit; relativistic radiation can
shrink a sufficiently compact binary. Neither supplies the special long-range
suction of the popular picture.

“Gravity will eventually pull everything back
together”

A ball thrown upward slows and returns. Applied to the universe, that picture
suggests expansion must eventually run out of motion and reverse. The
analogy smuggles in a conclusion. Even in Newtonian gravity, an object with
sufficient escape energy need not return. In cosmology, the expansion
history depends on the contents of the universe and their behaviour, not on
the word gravity alone.

Observations support accelerated large-scale expansion. In the simplest
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account, the cosmological constant supplies a contribution with negative
pressure whose effect in Einstein’s equations permits that acceleration. This
is not a new outward force acting from a centre, nor a failure of gravity to
notice distant galaxies. It is a different kind of gravitational source from
ordinary cold matter.

The expansion of the universe also need not stretch the Solar System or an
already bound galaxy in step. Local binding and the large-scale expansion
are different dynamical questions. We cannot read the fate of a star directly
from the average cosmic motion, or the fate of the cosmos from a falling
stone.

The long-term future depends especially on the nature of dark energy, which
remains uncertain. Gravity’s reach is universal; a single outcome is not.

Use It

Ask what is free and what is constrained

An astronaut and a person standing on Earth are both under gravity. The
useful difference is what prevents each from following an unforced path. The
astronaut's surroundings fall along with the body. The standing person's
surroundings push back. A floor, cable or pressure gradient supplies a
constraint that is absent in free fall.

Use this distinction whenever weight or acceleration becomes confusing. A
scale measures support, not the gravitational field by itself. Its reading in an
accelerating lift cannot be interpreted as a change in Earth's mass. An
accelerometer attached to a freely orbiting spacecraft can read almost zero
while the spacecraft's velocity, measured relative to Earth, changes
direction continually. The instruments are answering different questions.

The practical test is to identify the motion that would occur without contact or
thrust, then ask what prevents it. A bridge transfers loads through supports.

A rocket changes its trajectory through expelled propellant. A star's pressure
gradient resists inward compression. Naming gravity explains none of those
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responses until the constraint is included. Start with the free motion and the
particular way it is interrupted.

Separate potential, field and gradient

A clock comparison, a falling ball and a stretching body do not measure the
same feature of gravity. In a weak, steady setting, clocks held at different
positions probe differences in potential. A falling ball, tracked relative to
supported instruments, probes local acceleration. The changing separation
of neighbouring falling bodies reveals a gradient. Choosing the quantity is
part of choosing the question.

For tides, the Moon's average pull on Earth is less useful than its variation
across Earth. Near a black hole, a large mass can produce a gentler tidal
gradient at its horizon than a small mass, even though no signal from inside
either horizon can escape. Size matters twice: the size of the source and the
extent of the object being stretched.

When an effect separates or deforms a system, compare neighbouring
positions rather than quoting one field value. When comparing clock rates,
keep track of their motion as well as their positions. And when a gravity
survey suggests a buried void, ask what other distribution of density could
produce the same measurements. The right quantity sharpens an inference;
it does not automatically make the inference unique.

Follow the energy through the motion

Force tells you how motion changes locally. Energy lets you connect the
beginning and end of a path. An object moving upward can still be
accelerating downward: it is spending kinetic energy while gaining
gravitational potential energy. There is no contradiction and no moment at
which gravity must reverse direction.

For an idealised example near Earth's surface, lifting one kilogram through
one metre increases its gravitational potential energy by about 9.8 joules.
Taking a longer, gently sloping route does not remove that increase. It
reduces the force required along the route by increasing the distance over
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which it acts. Friction adds a further cost; it does not change the ideal
gravitational account. The number belongs to this mass, height change and
local field, not to height in isolation.

Orbits reward the same habit. Starting from a circular orbit, a brief backward
engine burn reduces a spacecraft's speed immediately and lowers the
opposite part of its orbit. As the spacecraft falls towards that lower region, it
speeds up again. A sequence that begins by slowing down can lead to a
faster, lower circular orbit after another burn. The whole manoeuvre cannot
be understood by treating speed as something the engine sets once and
gravity leaves alone.

Whenever matter is said to collapse or settle, ask where its energy and
angular momentum go. Radiation, collisions, torques and outflows are
physical answers. “Gravity pulls it inward” is only the start of one.

Match the model to the required precision

Newtonian gravity and general relativity are not competing brands from
which a calculation must choose a permanent allegiance. A model is useful
within conditions and to a tolerance. The same terrestrial field can be
Newtonian enough for a building calculation and relativistic enough to shift a
precision clock.

For many trajectories, weak fields and speeds far below light permit an
economical Newtonian treatment. Satellite timing, Mercury's residual
precession and compact binaries demand corrections or a fuller relativistic
calculation. Intermediate cases can be treated systematically by adding the
first important corrections rather than solving the most general equations
afresh.

The transferable question is quantitative: how large is the first neglected
effect compared with the accuracy needed? An elaborate model is not
automatically better if its extra detail is smaller than uncertain input data.
Conversely, an old approximation does not remain adequate merely
because it worked for a less precise instrument. The clock that resolves a
height difference across a small laboratory changes the useful
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approximation without changing the building's gravity.

Check whether contributions cancel or reinforce

The magnet lifting a pin does not refute gravity's astronomical influence. It
reveals why strength alone is the wrong comparison. Ordinary matter is
nearly electrically neutral, so enormous positive and negative contributions
can leave a small external electric field. Its gravitational source does not
cancel through an equivalent pair of ordinary opposite charges.

Now imagine measuring the attraction between two small masses in a
laboratory. A little unwanted electric charge can overwhelm the gravity being
sought. Screening that electric influence is not a distraction from the
experiment; it is what makes the gravitational question answerable. The
same electromagnetic strength that disappears from the planet-to-planet
comparison can dominate again when neutrality or screening is imperfect.
Before declaring a tiny signal gravitational, ask what stronger interaction
could have survived the controls.

Then check how the gravitational contributions combine. Inside a symmetric
shell, pulls from different directions cancel even though none of the source
mass has disappeared. Adding the masses and adding their force arrows
are different operations. A statement that there is more matter is not yet a
prediction of which way a test body moves. The geometry must have its say.

The limits

A gravitational measurement does not identify everything that produced it.
An orbital perturbation can suggest an unseen companion, but its detailed
properties require further evidence. A lensing map constrains projected
gravitating structure within a model; it does not by itself reveal a particle's
identity. A successful clock experiment tests specified relationships, not
every prediction of general relativity at every scale.

Nor does a theory supply its own initial conditions. To calculate a particular
orbit, one needs positions and velocities as well as the force law. To explain
a forming star, one needs the cloud's density, temperature, rotation and
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means of exchanging energy. A universal law becomes a particular
prediction only after the physical situation is specified.

The deepest limit is different. Classical general relativity can lead to paths
that cannot be continued, signalling an incomplete description. That is not
permission to fill the gap with any attractive story. A replacement still owes
an account of the observations that the existing theory gets right. Dark
matter's identity, dark energy's nature and a complete quantum description
of gravity remain questions, not empty spaces in which evidence ceases to
matter.

The one thing to keep

A key released from your hand falls. The visible motion lasts a moment, but
it contains three different pieces of physics. The hand supplied a constraint;
release removed it; the floor ended the fall by taking up momentum and
energy through deformation, vibration and heat. Gravity determined the
unimpeded part of the motion. It did not do the stopping.

The distinction survives when the object is too large to hold. A cloud does
not become a star merely by feeling an inward pull. It must lose or
redistribute energy and angular momentum. Once a star exists, pressure
can support it while radiation carries energy away. If the conditions
supporting a remnant fail, a different state or continued collapse becomes
possible. The fate belongs to gravity and to what matter can do while
responding to it.

You should now see apparent stillness differently. The floor is supporting
you. Pressure is supporting the Sun. The Moon needs no support to remain
in orbit, because motion need not stop at the place towards which it
accelerates. What looked like one downward force has separated into free
motion, resistance and the changing relations between neighbouring paths.

The key is now more than a thing that drops. Its fall shows what happens
without support; its impact shows what support has to do. The same

distinction reaches from the floor to a star without making them the same
object. Familiarity had made falling look obvious. It was standing still that
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needed explaining.

Terms

Gravity. The universal interaction associated with mass-energy and
spacetime geometry. In Newtonian physics it appears as attraction between
masses; in general relativity it is represented through curved spacetime and
free-fall paths.

Gravitational field. A description of gravitational influence at each position.
In Newtonian physics it gives the acceleration of an ideal test mass; in
relativity the corresponding local, tidal and geometric description is richer.

Mass. A property entering inertia and gravitation. Rest mass is invariant for
an isolated particle, while the gravitational source in relativity also includes
energy, momentum, pressure and stress.

Weight. Often the gravitational force on a body, approximately mass times
local gravitational acceleration. Apparent weight is the supporting force
measured by scales; it can vanish in free fall without gravity vanishing.

Inertial mass. The measure of resistance to acceleration under an applied
force. Its observed proportionality to passive gravitational mass is the
empirical foundation of universal free fall and the equivalence principle.

Gravitational mass. In Newtonian language, the role mass plays in
sourcing a field and responding to one. The most precise free-fall tests
compare passive gravitational mass with inertial mass and find no
composition-dependent difference within their tested limits.

Acceleration. The rate at which velocity changes in magnitude or direction.
A circular orbit is accelerated even at constant speed because its direction
changes continuously towards the central body.

Free fall. Motion governed by gravity without support, thrust or another
significant non-gravitational force. An orbiting spacecraft and a dropped
vacuum chamber both approximate free-fall systems.
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Equivalence principle. The experimentally grounded connection between
free fall, inertia and gravitation. Locally, a freely falling laboratory removes
common gravitational acceleration, while an accelerating laboratory can
reproduce weight-like effects.

Universal gravitational constant, G. The constant setting the strength of
Newtonian attraction. Its 2022 CODATA recommended value is 6.67430 x
107-11 cubic metres per kilogram per second squared.

Local gravitational acceleration, g. The free-fall acceleration associated
with a local field, about 9.8 metres per second squared near Earth's surface.
It varies with altitude and local mass distribution. Effective surface values
also include Earth's rotation.

Inverse-square law. A relation in which strength falls with the square of
distance. Double the separation from a spherical source and Newtonian
gravitational acceleration falls to one quarter.

Gravitational potential. Gravitational potential energy per unit test mass
relative to a chosen reference. Its differences organise work, orbital energy,
escape and weak-field gravitational clock comparisons.

Gravitational binding energy. Energy needed to separate a gravitationally
bound system into distant components. Losing energy can make such a
system more tightly bound; slow contraction can increase its internal
temperature.

Escape velocity. The minimum ideal speed needed to reach unlimited
separation without further propulsion, neglecting drag and later encounters.
It marks an energy condition, not an edge where gravity ends.

Orbit. A path produced by existing motion under gravitational influence. In
the ideal Newtonian two-body problem, bound trajectories form ellipses and
each body moves about the system's barycentre.

Barycentre. The centre of mass around which a system's members move
under internal forces. A star's barycentric wobble can disclose an orbiting
planet or another unseen companion.
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Tidal force. Relative gravitational acceleration across an extended object.
Tides stretch, squeeze or separate neighbouring paths and remain
detectable when common free-fall acceleration is removed locally.

Gravitational gradient. The rate at which the gravitational field changes
with position. Gradiometers measure these changes directly; interpretations
of buried density or other structure depend on geometry and additional
evidence.

Geodesic. The straightest available path through a given geometry. Freely
falling test bodies follow spacetime geodesics, while support, thrust or
pressure drives them away from those paths.

Spacetime. The four-dimensional physical structure joining spatial and
temporal relations. General relativity makes its metric dynamic rather than
treating space and time as a fixed background.

Metric. The mathematical object that determines intervals, clock readings,
distances, angles and causal structure in spacetime. Einstein's equations
relate its curvature and dynamics to energy and momentum.

Curvature. The measurable departure of geometry from flat spacetime.
Relative acceleration between neighbouring free-fall paths reveals it. A
clock shift or coordinate acceleration alone does not establish curvature.

General relativity. Einstein's classical theory of gravity. It represents
gravitation through dynamic spacetime geometry and reduces to Newtonian
behaviour in appropriate weak-field, slow-motion limits.

Gravitational redshift. The difference in measured frequency between
signals or clocks at different gravitational potentials. Lower clocks generally
accumulate less proper time than higher clocks in a stationary terrestrial
comparison.

Gravitational lensing. Deflection and focusing of light by gravitational
geometry. Lensing can magnify, distort or multiply background images and
map mass that emits little or no light.
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Gravitational wave. A propagating disturbance in spacetime curvature
produced by changing mass-energy asymmetry. It changes relative lengths
transversely and travels at light speed in general relativity.

Event horizon. A causal boundary from inside which no future-directed
signal can reach distant external observers. It is not a solid surface and
need not mark locally dramatic curvature for a large black hole.

Angular momentum. A measure of motion around a chosen point or axis.
Once rotation blocks further inward settling, material must transfer angular
momentum to other matter, fields or radiation to keep accreting.

Quantum gravity. Quantum descriptions of gravitation, including controlled
low-energy calculations and proposed complete theories. No complete
framework has decisive experimental confirmation in the extreme regimes
where classical spacetime becomes inadequate.

Go Deeper

The compact overview

Timothy Clifton, Gravity: A Very Short Introduction (Oxford University Press,
2017). Begin here for a second pass over the whole subject. Clifton moves
from the historical laws through general relativity, astrophysical
consequences and attempts to go beyond Einstein without turning the book
into a mathematics course. It is concise enough to read beside this one and
technically serious enough to expose where a faster explanation has hidden
machinery. Its brevity leaves little room for derivations. Use it to sharpen the
conceptual map rather than as a set of worked problems; the larger
technical treatment below has a different job.
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The guided technical ascent

Bernard Schutz, Gravity from the Ground Up: An Introductory Guide to
Gravity and General Relativity (Cambridge University Press, 2003). This is
the bridge from popular explanation to working physics. Schutz starts with
measurable gravity, develops astronomy and relativity in stages, and uses
mathematics rather than treating equations as a breach of etiquette.
Mathematical developments are separated from much of the main
discussion, allowing a first reading without following every calculation. Read
selectively first: terrestrial gravity, orbits, geometry and gravitational waves.
Return for the derivations after the physical model feels stable. The
additional space allows one physical idea to be used in several settings
rather than merely named. The observational record predates the first direct
gravitational-wave detection, so read those passages historically.

The theory's biography

Pedro G. Ferreira, The Perfect Theory: A Century of Geniuses and the
Battle over General Relativity (Little, Brown, 2014). Read this for what
happened after Einstein. Ferreira follows general relativity through eclipse
fame, neglect, black holes, cosmology, mathematical revival and modern
tests, keeping institutions and disagreements visible. It corrects the heroic
picture in which one man writes equations in 1915 and the world
immediately understands them. The book is history led by a practising
cosmologist, so it is strongest on the development and scientific culture of
the theory rather than on step-by-step mechanics.
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The primary voice

Albert Einstein, Relativity: The Special and the General Theory, translated
by Robert W. Lawson (Routledge Classics, 2001). Einstein wrote this
popular exposition for readers without advanced mathematics. The train,
rotating disc, lift and geometry arguments let you see how he wanted the
conceptual route to work. Read it as a primary document, not the last word.
Terminology, experimental evidence and cosmology have changed, and
several passages are harder than their modest notation suggests. Its reward
is direct contact with the reconstruction: Newtonian intuition being tested,
retained where sound and rebuilt where it fails. Keep a modern companion
nearby when Einstein discusses the evidence then available, especially
cosmology and the early solar-eclipse tests.

Notes and Sources

The Whole Thing in One Page and Why You
Should Care

Scope and terminology. This is an account of gravity as a physical
interaction, from terrestrial free fall to relativistic geometry and gravitational
assembly. It is not a full history of cosmology or a derivation of general
relativity. The working Newtonian model and its limits follow the mechanics
developed in University Physics, volume 1, and Schutz's Gravity from the
Ground Up. Einstein's popular exposition supplies a primary account of the
transition from inertial motion to equivalence and geometry. “Weight” is used
with an explicit distinction between gravitational force and apparent weight,
the contact force measured by scales.

lllustrations. The falling box, lift, accelerating rocket, floor-and-shelf clocks,
the small-mass laboratory, particle ring, orbit inserted at 400 kilometres,
kilogram lifted through one metre and equal-mass replacement of the Sun
are thought experiments or idealised calculations, not reported events. The
magnet and pin, supported body and released key are ordinary physical
illustrations. No dialogue, private thought or composite historical scene is
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presented as observation.

Conceptual foundations

Weakness and cancellation. The electron-proton comparison uses
Coulomb attraction divided by Newtonian gravitational attraction for the
same two particles at the same separation: e?/(4meoGmOm). The 2022
CODATA recommended constants give approximately 2.27 x 10139,
rounded to 2.3 x 10239 in the text. The separation cancels. This is not a
comparison of differently sized objects, a ratio for every particle pair or a
statement about all interaction energies. The nuclear binding force is
identified as a short-range residual of the strong interaction. Electrical
neutrality does not suppress magnetic effects, pressure or local
electromagnetic binding. The screening comparison is electrostatic: see
University Physics, volume 2, on conductors in electrostatic equilibrium.

Free fall and equivalence. Einstein's account and Will's review distinguish
universal free fall from the broader equivalence principle. Equality of passive
gravitational and inertial mass is tested experimentally; active gravitational
mass is a distinct source role. The local equivalence statement assumes
test bodies and non-gravitational experiments in a region and duration small
enough for tides to be negligible. It does not remove curvature throughout
an extended region. “All bodies fall together” is not applied to massive
objects that substantially change the external field.

Orbit, escape and shell reasoning. Newton's Principia establishes
inverse-square central motion and the gravitational properties of spherical
shells. The energy explanation uses an isolated Newtonian two-body
system, with potential energy zero at infinite separation. At approximately
400 kilometres altitude, a spherical-Earth calculation gives circular speed
about 7.7 kilometres per second and gravitational acceleration about 0.89 of
the surface value. The ideal surface escape speed is about 11.2 kilometres
per second. Air resistance, rotation, other bodies and non-spherical
structure are omitted in those examples. They are rounded model results,
not launch specifications.
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Tides and gravity surveys. NOAA's tide material distinguishes the Moon's
differential attraction from its total pull and gives the solar tide-raising
contribution as roughly half the lunar one. Two bulges describe an ideal
equilibrium ocean, not the timing or amplitude at a particular port. Newtonian
tidal strength scales approximately as source mass divided by distance
cubed when the object's size is small compared with the separation. The
same differential principle explains stretching and periodic flexing. A gravity
survey is an inverse problem: a measured field or gradient does not
uniquely identify the underground density distribution. The comparison
between small and large black holes concerns tidal strength at
corresponding horizons, not at the same distance from their centres.

Geometry, clocks and light. Will's review supplies the relation among the
Newtonian limit, perihelion precession, light deflection, redshift and signal
delay. Fankhauser and Read analyse why gravitational redshift does not, by
itself, demonstrate spacetime curvature: accelerated observers in flat
spacetime can register corresponding shifts. The manuscript therefore
treats tidal relative acceleration as the cleaner local diagnostic. Clock
statements specify stationary comparisons in weak, steady fields rather than
asserting that coordinate height determines clock rate in every spacetime.

The millimetre clock result. Bothwell and colleagues, published in Nature
in February 2022, resolved a gravitational frequency gradient across a
millimetre-scale strontium atomic sample. The experiment was not a
comparison of two separate conventional clocks one millimetre apart. The
text preserves the scale while keeping the apparatus description at its
demonstrated scope. Satellite-navigation statements concern the need to
model both motion and gravitational potential; no single numerical correction
is presented as valid for every constellation or orbit.

Radiation and orbital energy. The binary and interferometer explanations
follow general relativity's leading quadrupole radiation and the LIGO
discovery and instrument papers. A spherically pulsating source does not
radiate gravitational waves. The freely moving ring is an ideal illustration of a
wave's transverse tidal response; its apparent stretching depends on
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orientation and polarisation. In a bound binary, radiated energy makes the
orbital energy more negative and the orbit tighter. The approximate free
motion of interferometer mirrors applies over the relevant measurement
band, not at every frequency or indefinitely.

Cooling, angular momentum and stellar support. Astronomy 2e supplies
the physical sequence from gas contraction through pressure, radiation and
stellar remnants. Robertson's analysis explains the restricted application of
negative heat capacity to self-gravitating systems. For an ideal virialised,
non-relativistic system with negligible boundary terms, 2K + U = 0 and total
energy E = -K; losing total energy can increase internal kinetic energy. This
is not a universal rule for every radiating cloud. The disc-wind observations
reported by the Max Planck Society in 2023 give a concrete example of
angular-momentum transport. White dwarfs, neutron stars and black holes
are alternative outcomes depending on a stellar history, not a compulsory
sequence. Angular-momentum transport is needed once rotational support
obstructs further accretion; the text does not require every contracting cloud
to shed angular momentum from the start. The pressure-gradient
explanation concerns a locally hydrostatic stellar layer.

Expansion and horizons. The account uses the standard distinction
between bound local systems and a large-scale cosmological solution. A
positive cosmological constant can yield accelerated expansion within
general relativity. The text does not assert a measured constant equation of
state for all future time or a settled cosmic fate. Penrose's singularity result
establishes conditional geodesic incompleteness, not a directly observed
point of infinite density. The event horizon and a classical singularity are
different concepts.
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Experiments and discovery

Galileo, Kepler and Newton. Galileo's Two New Sciences, in the Crew and
de Salvio translation, supplies the tied-body argument and the mathematical
treatment of accelerated motion. A rolling ball on a slope is not itself a freely
falling body. Kepler's orbital regularities and Newton's unification are
presented as different contributions. The Newton Project provides the 1687
Principia record; the Queen's College Halley exhibition documents Halley's
publication work. The apple is used as the familiar terrestrial example, not
as a reconstructed discovery scene.

Cavendish and the constant. Cavendish's 1798 paper explicitly
foregrounds Earth's density. Calling it a measurement of G requires a
translation into later notation. Michell's apparatus design and Cavendish's
execution are credited separately. Mohr and colleagues' 2022 CODATA
adjustment was published in 2025 and considered data available through 31
December 2022. Its recommended G is 6.67430 x 10*-11 in Sl units, with
relative standard uncertainty about 22 parts per million. The exact Sl speed
of light is a definition, not a superior experimental estimate.

The 2026 replication. Schlamminger and colleagues' Metrologia paper,
published on 16 April 2026, reports the NIST use of the BIPM torsion
balance. Source-mass values were deliberately blinded; the hidden factor
was revealed in 2024 after internal-consistency checks, with further analysis
before publication. The final paper, rather than inconsistent summary
metadata, is the authority used here. This individual result is not a new
CODATA recommended adjustment, so it does not silently replace the
book's explicitly labelled 2022 value.

Neptune, Mercury and general relativity. NASA's Neptune history credits
Galle and d'Arrest's 1846 identification, Le Verrier's prediction and Adams's
independent calculations. Mercury's roughly 43 arcseconds per century is
the unexplained residual after the other accounted contributions, not its total
perihelion motion. Janssen and Renn reconstruct Einstein's path to the
November 1915 field equations and the role of mathematical collaborators.
The dates assigned to Schwarzschild, Friedmann, Lemaitre, Oppenheimer
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and Snyder, and Penrose mark distinct stages, not a single immediate
understanding of black holes.

Eclipse, tower, radar and pulsar. The 1919 eclipse is treated as early,
limited support rather than a conclusive modern-precision test. Pound and
Rebka's measured result appeared in 1960; the preceding proposal is not
confused with that report. Shapiro proposed the radar time-delay test in
1964. Hulse and Taylor discovered the binary pulsar in 1974. The later
orbital-decay comparison requires corrections for relative Galactic
acceleration. Will's review sets out why these measurements test different
parts of the theory.

GW150914. Abbott and colleagues' 2016 discovery paper is the sole source
for the quoted 36, 29, 62 and three-solar-mass figures. All belong to that
paper's source-frame inference and are rounded, uncertain estimates. Later
catalogue estimates are not mixed into the subtraction. The observation
date, 14 September 2015, is distinct from the publication date, 11 February
2016. The result demonstrates one binary merger; conclusions about
populations require later samples. The accompanying Advanced LIGO
instrument paper supports the four-kilometre arms, repeated optical
sampling and disturbance controls.

MICROSCOPE and ALPHA-g. Touboul and colleagues' final 2022 result
reports an E6tvos ratio of [-1.5 + 2.3 (statistical) + 1.5 (systematic)] x 10*-15
for the titanium-platinum comparison. “A few parts in 1075” preserves the
scale without claiming exact equality or a universal limit for all matter.
Anderson and colleagues' 2023 antihydrogen experiment excludes the
specified upward acceleration of magnitude g and is compatible with
ordinary downward acceleration at much lower precision. It is not a precision
confirmation that every form of antimatter gravitates identically to matter.

Dark matter and the current boundary. Clowe and colleagues' 2006 Bullet
Cluster analysis relates lensing-inferred mass concentrations to gas and
galaxy positions. The conclusion retained is conditional on the gravitational
framework and does not identify a particle or rule out every alternative
theory. NASA's dark-matter material supplies the wider observational
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context. The LZ preprint released on 1 September 2026 reports a candidate
in observations collected in 2023-2024, not a confirmed dark-matter
discovery. Its release date is not the event date. As checked on 5
September 2026, the microscopic identity remains unknown.

Quantum gravity. Donoghue explains how general relativity operates as a
controlled low-energy effective field theory. That existing framework is
separated from an experimentally established complete theory at extreme
scales. Tobar and colleagues' single-graviton work is a detection proposal,
not a reported detection. Hawking's 1975 paper predicts particle creation
using quantum fields on a classical curved background; the manuscript does
not claim an observation of Hawking radiation from an astrophysical black
hole. Analogue experiments would not, by themselves, establish that claim.

What People Get Wrong, Use It, Terms and Go
Deeper

The corrections and lenses use the same mechanisms and evidence
identified above. The kilogram-metres example is an ideal mgh calculation
with g approximately 9.8 metres per second squared. The backwards burn
example assumes an initially circular orbit and impulsive manoeuvres; it
distinguishes immediate speed change from the speed reached later along
the new orbit. The equal-mass black-hole comparison concerns the external
field and is explicitly hypothetical. The four recommended works were
checked for author, title, publisher, translation and edition details. Older
books are recommended for explanation or historical perspective, not as
substitutes for current experimental evidence.
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