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A black hole is a region of spacetime where gravity is so intense that nothing, not even light, can

escape once it crosses the event horizon. A black hole forms when a massive star collapses at the

end of its life, when two neutron stars merge, or (for the largest ones) through processes nobody

fully understands yet at the center of galaxies. This note walks through what a black hole actually

is, how it is structured, what the mathematics says, how astronomers detect them, and what the

open questions in 2026 still are.

A Schwarzschild radius describes an idealized nonrotating, uncharged black hole. It should be

distinguished from its center and from amaterial surface.

Anatomy of a black hole, singularity, event horizon, photon sphere, accretion disc.
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WhataBlackHole Is

A black hole is defined by a single property: an event horizon. The event horizon is the boundary

insidewhich the escape velocity exceeds the speed of light. Because nothing can travel faster than

light, nothing inside the horizon can ever leave. From outside the horizon, the black hole behaves

like an ordinary gravitational mass. The strangeness only begins at the boundary.

The defining mathematical quantity is the Schwarzschild radius, the radius of the event horizon

for a non-rotating black hole. It depends only on the mass:

𝑟𝑠 =
2𝐺𝑀
𝑐2

Plug in numbers: for a black hole with themass of the Sun𝑀⊙ ≈ 1.989 × 1030 kg, 𝑟𝑠 ≈ 2.95 km. That
is, if the Sun were compressed into a sphere about 6 km across, it would become a black hole. For

the Earth’s mass, 𝑟𝑠 ≈ 8.87mm. The mathematics is clean. The compression required is the hard
part.

HowaBlackHoleForms

Stellar-mass black holes (typically 5 to 50 solar masses) form when a star more massive than

roughly 20 solar masses runs out of nuclear fuel. The core collapses under gravity, the outer

layers blow off as a supernova, andwhat remains exceeds the Tolman-Oppenheimer-Volkoff limit

(the mass beyond which neutron-degeneracy pressure cannot support the star). At that point

gravitational collapse continues all the way to a singularity.

Intermediate-mass black holes (100 to 100,000 solar masses) are harder to explain. The current

best candidates involve runawaymergers in dense star clusters or the leftover seeds of early mas-

sive stars. Direct detections of intermediate-mass black holes via LIGO-Virgo became possible

only after 2019.

Supermassiveblackholes (millions tobillions of solarmasses) sit at the centers ofmost large galax-

ies, including our own. Sagittarius A* at the center of the Milky Way is about 4.3 million solar

masses. How supermassive black holes grew so large so early in the universe is one of the major

open questions in 2026.

StructureofaBlackHole

From the inside out, a non-rotating Schwarzschild black hole has three concentric regions worth

naming.
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Singularity

At the geometric center sits the singularity, where general relativity predicts the curvature

of spacetime becomes infinite and the laws of physics, as we know them, stop describing the

situation. The singularity is not a place inside space; it is a moment in the future of anything that

crosses the event horizon. Quantum gravity should eventually replace the classical singularity

with something finite, but we do not yet know what that something is.

EventHorizon

The event horizon at radius 𝑟𝑠 = 2𝐺𝑀/𝑐2 is a one-way membrane. From outside, the horizon is the
surface from which no information can ever reach the outside universe. Time dilation diverges

at the horizon: a clock falling in appears to a distant observer to slow asymptotically to a stop

and never quite reach the horizon, though the falling clock itself crosses cleanly without noticing

anything locally peculiar.

PhotonSphere

At 𝑟 = 1.5 𝑟𝑠, light can orbit the black hole on circular geodesics. The photon sphere is what gives
Event Horizon Telescope images their iconic bright ring: photons whip around once or several

times before escaping toward the camera. The 2019 image ofM87* and the 2022 image of Sagittar-

ius A* are the photon ring made visible.

TypesofBlackHoles

Type Mass range Origin Examples

Stellar-mass 5 - 50 M⊙ Collapse of massive

star

Cygnus X-1, V404

Cygni

Intermediate 100 - 105M⊙ Star cluster mergers

(theorized)

HLX-1 candidate

Supermassive 106 - 1010M⊙ Galactic center, un-

known growth path

Sagittarius A*, M87*

Primordial Tiny - planetary Early universe (hy-

pothesized)

None confirmed
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HawkingRadiation

Stephen Hawking showed in 1974 that black holes are not perfectly black. Quantum field effects

near the event horizon cause the black hole to emit a faint thermal radiation with temperature

inversely proportional to its mass:

𝑇𝐻 = ℏ𝑐3
8𝜋𝐺𝑀𝑘𝐵

For a stellar-mass black hole this temperature is around 10−8 K, far below the 2.7 K cosmic mi-
crowave background. Stellar-mass black holes therefore absorb far more from the CMB than they

radiate, and effectively never evaporate within the current age of the universe. A primordial black

hole of about 1012 kg, however, would be evaporating right now and ending its life in a final flash.
None has been observed.

HowWeDetectBlackHoles

• X-ray binaries. A black hole in a binary system pulls matter from its companion star. The

infalling gas heats to millions of kelvin and emits X-rays. Cygnus X-1 was identified this way in

1971.

• Stellar orbits. Stars orbiting an invisible massive object reveal the central mass. Andrea Ghez

and Reinhard Genzel won the 2020Nobel Prize for tracking stellar orbits around Sagittarius A*.

• Gravitationalwaves. LIGOandVirgodetect the ripples in spacetimeproducedwhen twoblack

holesmerge. The first detection, GW150914, was announced in 2016 and earned the 2017 Nobel

Prize.

• EventHorizonTelescope. A planet-scale very-long-baseline interferometry array imaged the

photon ring of M87* (2019) and Sagittarius A* (2022). These are the first direct images of black-

hole shadows.

OpenQuestions in2026

Black-hole physics remains one of the most active areas of theoretical and observational physics.

A short list of questions that remain unresolved:

• Information paradox. What happens to the information about matter that falls in? Unitary

quantummechanics says it must be preserved. Hawking radiation appears thermal and there-

fore information-free. Recent (2019 onward) calculations using the replica trick and quantum

extremal surfaces suggest the information does come back, but themechanism is not fully un-

derstood.
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• Singularity resolution. What does the actual interior look like once quantum gravity is in-

cluded? String theory and loop quantum gravity make different predictions; no observation

can yet distinguish them.

• Supermassiveblackholeorigins. JWSThas revealedmature supermassive blackholes at red-

shift 7+, less than a billion years after the Big Bang. The growth mechanism remains an open

problem.

• Firewalls and complementarity. Is the equivalence principle violated at the horizon for an

infalling observer? TheAMPSfirewall argument suggests yes; ER=EPR-type arguments suggest

no.

Related study notes: Special Relativity, Einstein Field Equations, The Four Fundamental Forces.

The OpenStax physics textbooks develop the corresponding physical models with further worked

problems.

ASchwarzschildScale

A Schwarzschild black hole of 10 solar masses has a horizon radius of about 29.5 km, because the

radius is proportional to mass. A black hole of twice that mass has twice the radius in this model.

Theeventhorizon is a causal boundary; it is not ahard shell that an infallingobserver strikes. Tidal

forces depend on the black-hole scale and the trajectory. Rotating black holes require a different

geometry, and an astrophysical accretion disk lies outside the horizon rather than being part of its

definition.

The points to check in this example are:

• A horizon and a curvature singularity describe different features.

• The Schwarzschild formula assumes zero rotation and zero charge.

• Light from outside the horizon can reach distant observers; signals sent after crossing inward

cannot escape.

CheckYourUnderstanding

Try the questions before reading the answers.

Question 1. What is the Schwarzschild radius for 1 solar mass approximately?

Answer. 2.95 km.

Question 2. Must every observed black hole have a visible disk?

Answer. No. A luminous disk requires surroundingmatter and suitable conditions.
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PracticeQuestions

Work each question before reading its solution. The set runs fromdirect recall and substitution to

the applied questions that exams actually use to separate grades. The downloadable PDF includes

these questions and their solutions.

Question 1. Define a black hole and its event horizon.

Solution. A region where gravity has curved spacetime so severely that no signal, light included,

can escape from inside a boundary called the event horizon. The horizon is not a surface of mate-

rial; it is a one-way causal boundary in spacetime. Crossing it is unremarkable locally, irreversible

globally.

Question2. Compute the Schwarzschild radius for the Sun (𝑀 = 2×1030 kg) and for Earth (6×1024

kg).

Solution. 𝑟𝑠 =
2𝐺𝑀
𝑐2
. Sun: 2×6.67×10

−11×2×1030

9×1016
≈ 3 km. Earth: about 9 mm, a marble. Any mass has a

Schwarzschild radius; a black hole is what exists when the mass actually fits inside it.

Question 3. If the Sun were replaced by a solar-mass black hole, what would happen to Earth’s

orbit?

Solution. Nothing. Outside the original solar radius the external gravitational field is identical:

orbits depend on the mass, not on how compactly it is packaged. Black holes do not vacuum up

their surroundings; they are only ”inescapable” inside a few Schwarzschild radii. Earth would

freeze in the dark, on exactly the same orbit.

Question 4. How do stellar-mass black holes form, and what mass range do they occupy?

Solution. When a star above roughly 20 solar masses exhausts its fuel, the core’s collapse can no

longer be halted by neutron degeneracy pressure, and it implodes past its own horizon while the

envelope explodes as a supernova. The remnants observed run from about 3 to 150 solar masses,

with LIGO’s mergers filling in the census.

Question 5. What sits at the centers of galaxies, and what is the evidence in our own?

Solution. Supermassive black holes of millions to billions of solar masses. In the Milky Way,

decades of infrared tracking showed stars whipping around an invisible point, Sagittarius A*, at

up to 7,000 km/s, pinning 4 × 106 solar masses inside a Mercury-orbit-sized region; the work won
the 2020 Nobel Prize, and the EHT imaged the object’s shadow in 2022.

Question 6. Describe spaghettification, and explain the surprising size-dependence of horizon

tides.

Solution. Tidal stretching: gravityonyour feet exceedsgravityonyourhead, elongatingyouwhile

compressing sideways. Tides scale as𝑀/𝑟3, and since 𝑟𝑠 ∝ 𝑀, tidal force AT the horizon scales as
1/𝑀2: a stellar black hole shreds youwell outside its horizon, while at a billion-solar-mass horizon

the tides are gentler than Earth’s. Bigger is safer, briefly.
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Question7.What isHawking radiation, andwhydoes itmattermore in principle than in practice?

Solution. Quantum field theory near the horizon lets black holes radiate as thermal bodies

with 𝑇 ∝ 1/𝑀, slowly evaporating. A solar-mass hole radiates at 10−7 K, colder than the cosmic
microwave background, and would need 1067 years to evaporate: unobservably slow. Its impor-
tance is conceptual: it links gravity, quantum theory, and thermodynamics, and spawned the

information-loss debate.

Question 8. An astronaut falls in while you watch from far away. Compare the 2 accounts of the

crossing.

Solution. The astronaut crosses the horizon in finite time by their own clock, noticing nothing

special locally. You see their signals slow, redshift, and dim asymptotically: they appear to freeze

at thehorizon, neverquite crossing. Bothaccounts are correct; gravitational timedilationdiverges

at the horizon for the distant observer. Relativity permits different stories that never contradict in

any sharedmeasurement.

Question 9. What did the Event Horizon Telescope photograph in 2019, and what exactly is the

dark patch?

Solution. M87’s central black hole, 6.5 × 109 solar masses, imaged by a planet-wide radio interfer-
ometer. The dark region is the ”shadow”: the set of sky directions whose light paths end on the

horizon, framed by the lensed glow of hot accreting gas. It is not a photo of the horizon surface

but of its silhouette against the light behind and around it, matching general relativity’s predicted

size within 10%.

Question 10. Could the LHC create a dangerous black hole? Answer with the physics.

Solution. Any micro black hole it could conceivably make (only in speculative extra-dimension

models) would weigh micrograms and, by Hawking’s 𝑇 ∝ 1/𝑀, evaporate in ∼ 10−27 s. More deci-
sively, cosmic rays strike Earth’s atmosphere daily at energies far beyond the LHC’s and have for

4.5 billion years without incident. The planet’s continued existence is the completed experiment.

FrequentlyAskedQuestions

What isthesimplestdefinitionofablackhole?

Ablack hole is a region of spacetime bounded by an event horizon, the surface atwhich gravity be-

comes strong enough that nothing, not even light, can escape. From outside, a black hole behaves

like a normal gravitating mass; the strangeness only appears at and inside the horizon.
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What istheSchwarzschildradius?

The Schwarzschild radius r_s = 2GM/c2 is the radius of the event horizon for a non-rotating black

hole. For a Sun-mass black hole it is about 2.95 km; for an Earth-mass black hole, about 8.87 mm.

Anything compressed inside its Schwarzschild radius becomes a black hole.

Doblackholesreallyevaporate?

Yes, through Hawking radiation, but extremely slowly for any black hole formed by stellar col-

lapse. A stellar-mass black hole has a Hawking temperature around 10−8 K, far below the cosmic

microwave background, so it currently absorbs more than it emits. Only primordial black holes

near 1012 kg would be evaporating now, and none has been observed.

What isatthecenterofablackhole?

Classical general relativity predicts a singularity, a pointwhere spacetime curvature is infinite and

the theory breaks down. A complete theory of quantumgravity should replace the singularitywith

something finite, but no consensus answer exists in 2026.

DidtheEventHorizonTelescopephotographtheactualeventhorizon?

Not directly. The 2019 image of M87* and the 2022 image of Sagittarius A* show the bright photon

ring at roughly 1.5 times the Schwarzschild radius, with the black-hole shadow inside it. The event

horizon itself is slightly smaller and produces no light, so what is photographed is the silhouette

cast by the horizon on the bright accretion disc behind it.

Howmassive istheblackholeatthecenteroftheMilkyWay?

Sagittarius A*, at the center of the Milky Way, is about 4.3 million solar masses. It is one of the

closest supermassive black holes to Earth (about 26,000 light-years away) and one of the two black

holes the Event Horizon Telescope has imaged directly.
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