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Executive	Summary
Starlink	is	frequently	analyzed	through	its	launch	logistics:	the	number	of	satellites	required,	the	rocket	capacity
available,	the	cadence	needed	to	sustain	a	constellation	tens	of	thousands	strong.	By	that	measure	the	system	looks
impossible.	But	the	launch-throughput	problem	is	the	part	SpaceX	has	largely	solved.	The	constraints	that	actually
threaten	the	program’s	sustainability	lie	elsewhere—in	a	capital	model	that	incinerates	its	core	asset	on	a	five-year
clock,	in	an	architecture	with	no	equilibrium	by	construction,	in	a	shared	orbital	shell	with	no	traffic	authority	and
half	a	dozen	operators	racing	to	fill	it,	and	in	an	atmospheric-injection	side	effect	being	scaled	before	it	has	been
measured.

The	central	finding	of	this	analysis	is	that	Starlink	contains	a	genuinely	strong	business	inside	a	far	more	dubious
one.	The	defensible	core—premium	connectivity	for	mobile	and	remote	platforms	that	fiber	cannot	physically	reach
—is	real	and	worth	tens	of	billions	of	dollars.	The	megaconstellation	built	around	that	core,	sized	to	compete	with
terrestrial	fiber	across	the	entire	populated	surface	of	the	Earth,	does	not	close—on	economics,	on	orbital
sustainability,	or	on	environmental	risk.	The	recent	pivot	to	marketing	the	network	in	terms	of	total	capacity	rather
than	coverage	does	not	resolve	these	problems;	it	obscures	them.

A	word	on	why	this	analysis,	and	why	now.	In	June	2026	SpaceX	completed	the	largest	initial	public	offering	in
history,	and	it	did	so	substantially	on	the	strength	of	Starlink—the	satellite-internet	business	pitched	to	investors	as
a	viable	competitor	to	terrestrial	broadband	at	a	scale	that	justifies	a	trillion-dollar	valuation.	Going	public	also
meant	disclosure:	for	the	first	time,	the	company’s	own	registration	statement	put	hard	numbers	behind	that
business—segment	revenue	and	operating	income,	capital	expenditure,	satellite	useful	life,	subscriber	economics,
and	the	risk	factors	management	itself	considers	material.	That	filing	is	what	makes	this	analysis	possible	at	the
level	of	specificity	attempted	here.	Much	of	what	follows	takes	SpaceX	at	its	word,	using	its	disclosures	as	the
primary	source	rather	than	speculation,	and	tests	the	central	claim	the	company	itself	put	forward—that	low-Earth-
orbit	broadband	is	a	sound	competitor	to	fiber—against	the	numbers	in	the	prospectus	and	the	physics	of	the	orbit	it
depends	on.	The	occasion	is	the	IPO;	the	method	is	to	hold	the	public	claims	to	the	public	filings;	the	question	is
whether	the	math	the	valuation	rests	on	actually	closes.

A	note	on	framing:	this	is	a	position	paper,	not	a	neutral	survey.	Its	purpose	is	to	argue	that	the	current
megaconstellation	model	is	being	evaluated	against	the	wrong	success	criteria.	The	launch-cadence	problem—the
objection	that	dominates	popular	criticism—is	real	but	increasingly	tractable;	the	deeper	issues	are	recurring	capital
destruction,	orbital-commons	risk,	and	atmospheric	externalities	that	the	business	case	does	not	internalize.	The
paper	has	a	point	of	view	and	argues	it.	What	follows	is	intended	to	be	transparent	about	the	kind	of	evidence
behind	each	claim:	where	the	evidence	is	measured,	it	is	treated	as	such;	where	it	comes	from	regulatory	filings,
public	authorizations,	or	company	plans,	it	is	identified	as	stated	intention	rather	than	completed	fact;	and	where	the
argument	relies	on	extrapolation,	the	aim	is	not	to	forecast	an	exact	satellite	count	or	dollar	figure	but	to	show	that
the	underlying	structure	scales	poorly	across	a	wide	range	of	plausible	assumptions.	The	conclusion	is	meant	to
survive	reasonable	changes	to	any	single	estimate.
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This	analysis	also	uses	Starlink	as	its	primary	example	throughout,	and	it	is	fair	to	ask	whether	that	is	singling	out
one	company.	It	is	not	meant	to,	but	neither	is	it	meant	as	a	defense.	Starlink	is	the	most	useful	specimen	for	a
specific	reason—it	is	the	largest,	most	public,	and	by	far	the	most	iterated	system,	the	only	one	with	enough
deployment	history	to	reveal	a	trajectory	rather	than	a	snapshot.	That	history	is	not	a	case	of	an	unlucky	pioneer
drawing	fire	that	later	entrants	will	learn	to	avoid.	The	problems	identified	here	are	not	first-mover	mistakes	that	a
second	mover	can	engineer	around;	they	are	consequences	of	the	physics	of	low	Earth	orbit	and	the	economics	of	a
disposable	constellation,	and	they	apply	with	equal	force	to	anyone	building	in	the	same	band.	Amazon’s	Kuiper,
China’s	Guowang	and	Qianfan,	OneWeb,	and	Telesat	are	younger	and	have	not	yet	run	through	multiple	hardware
generations,	but	they	are	committing	to	the	same	orbital	band,	the	same	five-year	replacement	cycle,	the	same
trend	toward	heavy	satellites,	and	the	same	capacity-driven	satellite	counts.	They	are	not	standing	on	Starlink’s
shoulders	to	do	it	better;	they	are	walking	into	the	same	constraints	a	few	years	behind.	Where	Starlink	has	already
arrived,	the	others	are	headed.	It	is	the	leading	indicator,	not	the	lone	offender—and	the	commons	and
environmental	problems,	in	particular,	are	explicitly	problems	of	the	whole	field,	worsened	by	each	new	entrant
rather	than	solved	by	them.

Direct-to-cell—the	service	connecting	ordinary	phones	straight	to	satellites—is	the	strongest	exception	to	the	thesis,
because	it	is	genuinely	beyond	fiber’s	reach.	But	its	measured	and	projected	capacity,	examined	later,	makes	it	a
valuable	gap-filler	for	dead	zones	rather	than	a	replacement	for	terrestrial	networks,	and	it	requires	no
megaconstellation	to	perform	that	role.

How	to	read	the	numbers	in	this	paper

Figure Value	used Evidence	type Why	it	matters

Satellite	service	life ~5	years Design	/	operational
reporting	(high)

Sets	the	replacement	treadmill

Falcon	9	public	price ~$67M	/	flight Public	pricing	(high) Opportunity-cost	proxy,	not	internal	cost

SpaceX	internal
launch	cost

Unknown	(lower) Estimate	/	inference	(low) Affects	exact	burn	rate,	not	structure

Per-unit	build	cost ~$500K	(illustrative) Reporting-derived	(low) Directional	only;	segment	capex	carries	the
economics

Connectivity	capex $4.18B	(2025);	$1.33B
(Q1	2026)

Audited	S-1/A	filing	(high) Direct	evidence	of	recurring	capital	scale

V3	satellite	mass ~1,760–2,000	kg Filings	/	reporting	(med-high) Forces	Starship	dependency

Authorized	Gen2	total ~15,000 Regulatory	authorization
(high)

Approved	deployment

Headline	constellation ~42,000 Long-range	filing
(aspirational)

Scale	ceiling,	not	committed	plan

The	argument	does	not	depend	on	any	single	estimate.	The	replacement,	commons,	and	atmospheric	problems	scale	with	any	large
constellation;	15,000,	30,000,	and	42,000	differ	in	severity,	not	in	kind.

The	Problem	Space:	A	Very	Thin	Shell
Space	is	vast,	but	the	space	useful	for	an	internet	satellite	is	not.	Low	Earth	orbit	broadband	lives	in	a	band	roughly
300	to	600	kilometers	above	the	surface.	To	picture	the	proportions:	the	Earth	is	about	12,700	kilometers	across,	so
a	300-kilometer-thick	operating	band	wrapped	around	it	is	proportionally	thinner	than	the	skin	on	an	apple.	This	is
not	“space”	in	the	popular	sense	of	an	endless	frontier.	It	is	a	thin,	curved	shell,	and	every	broadband
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megaconstellation	must	operate	inside	more	or	less	the	same	slice	of	it.

The	altitude	band	is	narrow	because	it	is	bounded	on	both	sides.	Fly	too	high—above	roughly	600	kilometers—and
two	problems	appear:	signal	latency	climbs	as	the	round	trip	to	the	satellite	lengthens,	undermining	the	case	for	low-
latency	service,	and,	more	seriously,	there	is	too	little	atmosphere	to	drag	dead	satellites	back	down,	so	debris
lingers	for	decades	or	centuries.	Fly	too	low—below	roughly	300	kilometers—and	atmospheric	drag	becomes	so
fierce	that	a	satellite	cannot	hold	its	altitude	without	burning	propellant	almost	continuously,	and	falls	from	orbit
within	months	if	it	stops.	The	usable	band	is	therefore	a	Goldilocks	zone:	high	enough	that	satellites	survive	without
constant	thrust,	low	enough	that	latency	stays	competitive	and	dead	hardware	clears	itself	within	a	few	years.

This	narrowness	is	the	single	most	important	fact	about	the	enterprise,	and	its	consequence	surfaces	repeatedly
below.	The	shell	is	not	Starlink’s	private	territory.	Every	serious	operator—SpaceX’s	Starlink,	Amazon’s	Kuiper,
China’s	state-backed	constellations,	and	others—is	funneled	into	the	same	few	hundred	kilometers	of	altitude,	at
similar	inclinations,	because	the	physics	permits	nothing	else.	A	finite,	shared,	lightly	governed	volume,	with	multiple
competitors	each	racing	to	fill	it	as	quickly	as	possible,	is	the	stage	on	which	every	orbital	and	environmental	risk
discussed	later	plays	out.

One	further	point	of	geometry	matters,	because	it	is	routinely	lost	in	headline	satellite	counts.	These	objects	are	not
all	circling	near	the	equator	like	cars	on	a	single	ring	road,	where	they	could	simply	be	spaced	out	along	one	lane.	To
deliver	continuous	service	at	every	latitude—so	that	a	user	in	Norway	or	Patagonia	always	has	several	satellites
overhead,	not	just	users	near	the	equator—the	constellation	must	spread	across	many	orbital	planes	tilted	at	steep
angles	to	the	equator	and	to	one	another.	Starlink’s	primary	shell	alone	is	divided	into	dozens	of	planes,	each
holding	scores	of	satellites,	with	additional	steeply	inclined	and	near-polar	planes	layered	in	for	high-latitude
coverage.	The	result	is	not	a	single	tidy	stream	of	traffic	but	a	vast	spherical	web	of	orbits	crossing	each	other	at
sharp	angles.	Two	satellites	in	the	same	plane	travel	in	parallel	and	never	approach;	two	satellites	in	planes	that
intersect	race	toward	the	crossing	point	at	a	combined	speed	of	tens	of	thousands	of	kilometers	per	hour.	Those
intersections—multiplied	across	hundreds	of	planes	and	tens	of	thousands	of	satellites,	then	again	across	several
competing	constellations	whose	planes	are	not	coordinated	with	one	another—are	where	the	collision	risk	actually
lives.

1.	The	Economics:	A	Capital	Bonfire	vs.	a	Buried	Asset
The	replacement	treadmill	defines	everything	else	about	the	economics.	A	satellite	with	a	service	life	of	only	a	few
years	is	not	a	capital	asset	in	the	way	a	fiber	strand	is—it	is	a	consumable.	SpaceX’s	own	filing	estimates	a	useful	life
of	three	to	five	years	for	its	satellites,	and	depreciates	them	on	that	basis;	in	practice	it	often	deorbits	them	even
earlier,	to	reduce	the	degradation	risk	that	could	impair	its	collision-avoidance	system.1	The	arithmetic	is	simple	and
orbit-agnostic:	a	constellation	of	any	given	size,	replaced	on	a	roughly	five-year	cycle,	must	launch	about	one-fifth	of
itself	annually	just	to	stay	level,	before	adding	a	single	satellite	for	growth—and	at	the	shorter	end	of	the	life	range,
more.	A	constellation	of	10,000	satellites	must	therefore	replace	about	2,000	every	year,	in	perpetuity;	one	of
30,000	must	replace	about	6,000.	The	analysis	does	not	depend	on	any	particular	target.	Starlink’s	~42,000	figure	is
best	understood	as	a	long-range	filing	ceiling,	not	a	committed	plan;	its	currently	authorized	Gen2	deployment	is
roughly	15,000;	and	the	working	constellation	today	is	on	the	order	of	10,000.	These	differ	in	severity,	not	in	kind—
the	replacement	obligation	scales	with	any	large	constellation,	and	applies	identically	to	every	operator.	This	is	not	a
one-time	build	cost;	it	is	a	permanent,	recurring	obligation	baked	into	the	choice	of	a	low	orbit	and	a	short	satellite
life.

The	burn	rate
Attaching	dollars	makes	the	recurring	obligation	concrete.	Take	a	deliberately	generous	per-unit	manufacturing	cost
of	$50,000—the	figure	that	circulates	for	the	older,	mass-optimized	V2	Mini	satellite.	At	that	price,	every	1,000
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satellites	replaced	per	year	represents	$50	million	in	hardware	deliberately	deorbited	and	vaporized.	A	10,000-
satellite	constellation	on	a	five-year	cycle	thus	burns	roughly	$100	million	annually;	a	30,000-satellite	one,	roughly
$300	million—purely	to	stand	still.

That	$50,000	figure,	however,	understates	the	current	reality	considerably.	Per-unit	manufacturing	cost	is	the	one
number	here	that	is	not	well-grounded:	reporting	based	on	SpaceX’s	filings	has	put	it	near	$500,000	per	satellite,
but	the	S-1	itself	discloses	no	hardware-only	unit	cost—it	capitalizes	fully-loaded	satellite	cost	at	tens	of	millions	of
dollars	per	unit	including	launch—so	the	$500,000	figure	should	be	read	as	a	single	illustrative	estimate,	not	a	load-
bearing	one.	The	argument	does	not	need	it,	because	the	audited	segment	capex	below	settles	the	scale	directly.
What	is	not	in	doubt	is	the	direction:	the	newest	generation,	V3,	is	a	more	complex	object	than	its	predecessors—E-
band	hardware,	advanced	argon	Hall	thrusters	and	their	power-processing	units,	far	larger	phased	arrays,	laser	inter-
satellite	terminals	as	standard	equipment,	and	roughly	three	to	four	times	the	mass	of	a	V2	Mini—and	a	satellite	with
ten	times	the	payload	capability	does	not	cost	what	its	lighter	predecessor	did.	The	unit	price	is	uncertain;	that	the
hardware	bill	rises	with	capability	is	not.

And	hardware	is	the	smaller	half	of	the	bill.	The	dominant	cost	is	launch.	Using	the	public	Falcon	9	price	as	an
opportunity-cost	upper	bound—roughly	$67	million	per	flight,	delivering	about	23	satellites—works	out	to
approximately	$3	million	per	satellite	to	reach	orbit,	several	times	the	cost	of	building	the	satellite.	SpaceX’s
internal	marginal	cost	to	fly	its	own	satellites	is	lower	than	the	public	price	and	is	not	disclosed;	but	even	a
substantial	internal	discount	does	not	remove	the	recurring	replacement	structure,	it	only	adjusts	its	magnitude.

There	is	no	need	to	rely	on	the	per-unit	estimates,	however,	because	the	recurring	spend	is	now	disclosed	directly.	In
its	2026	registration	statement,	SpaceX	reports	capital	expenditure	for	its	Connectivity	segment—the	satellite
manufacturing	and	launch	capitalization	behind	Starlink—of	$4.18	billion	in	2025,	up	from	$3.50	billion	in	2024
and	$2.46	billion	in	2023,	and	running	at	$1.33	billion	in	the	first	quarter	of	2026	alone	(an	annualized	pace	above
$5	billion).2	This	is	audited,	primary-source	money:	a	multi-billion-dollar	annual	outlay	that	grows	every	year,	spent
to	build	and	launch	hardware	engineered	to	be	deorbited	and	replaced.	The	filing	states	the	logic	plainly—for
launches	dedicated	to	deploying	its	own	satellites,	SpaceX	capitalizes	the	cost	and	depreciates	it	over	the	satellites’
short	life,	then	must	launch	replacements	as	they	are	decommissioned.	The	capital	bonfire	is	not	an	inference	from
outside	the	company;	it	is	a	line	item	inside	it.

And	the	truly	sobering	number	is	not	Starlink’s	alone.	The	same	disposable	economics	apply	to	every	operator	filling
the	shell.	Amazon’s	Kuiper,	China’s	Guowang	and	Qianfan,	OneWeb,	Telesat,	and	the	smaller	filings	are	each
committing	to	the	identical	five-year	replacement	treadmill	with	comparably	complex,	comparably	expensive
hardware.	Summed	across	the	field—tens	of	thousands	of	satellites	in	service	at	any	moment,	collectively	replaced
every	five	years—the	world	is	on	course	to	manufacture,	launch,	and	then	deliberately	incinerate	satellites
worth	well	into	the	tens	of	billions	of	dollars	annually,	indefinitely.	That	is	the	aggregate	cost	of	choosing	a
disposable	orbital	architecture	over	a	durable	terrestrial	one,	and	it	recurs	every	year	for	as	long	as	the
constellations	exist.

The	fiber	contrast
Consider	the	asset	Starlink	proposes	to	replace.	When	fiber	is	trenched,	the	upgrade	path	lives	almost	entirely	in	the
endpoint	electronics,	not	the	glass	in	the	ground.	The	same	strand	lit	at	10	Gbps	twenty	years	ago	now	carries	multi-
terabit	traffic	across	dozens	of	DWDM	wavelengths—upgraded	by	swapping	transceivers,	never	touching	the	buried
fiber.	The	strand	has	no	meaningful	wear-out	mechanism:	silica	installed	in	the	mid-1980s	remains	in	service	today,
and	what	fails	is	typically	the	sheathing	or	splices,	not	the	glass.	Modern	cable	plausibly	lasts	fifty	years	or	more.

The	honest	comparison	is	that	fiber	decouples	the	long-lived	path	from	the	short-lived	optics,	while	Starlink
couples	them	into	one	disposable	object	falling	out	of	the	sky	on	a	five-year	clock.	One	architecture	amortizes	a
civil-engineering	investment	across	half	a	century	of	electronics	generations;	the	other	rebuilds	the	entire	capital
asset	every	five	years,	in	the	most	logistically	expensive	environment	humans	operate	in.	For	any	geography	dense
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enough	to	justify	trenching,	that	is	not	a	close	contest.

Asset	economics	at	a	glance

Dimension Buried	Fiber V3	Starlink

Asset	life 40–50+	years ~5	years

Upgrade	path Swap	endpoint	optics;	glass	untouched None	—	replace	whole	satellite

Capacity	growth 1000x+	on	same	strand Build	&	launch	new	bird

End-of-life Stays	in	ground Deorbited	&	vaporized

Ongoing	cost	curve Bends	toward	zero Runs	forever

Fiber’s	cost	curve	bends	toward	zero	after	installation.	Starlink’s	never	does—it	can	get	flatter	with	cheaper	launch,	but	it	runs	in
perpetuity	by	construction.

2.	Launch	Cadence:	The	Part	That	Actually	Works
A	common	objection	to	satellite	broadband	is	a	logistics	one:	a	constellation	tens	of	thousands	strong,	replaced
every	five	years,	implies	thousands	of	satellites	launched	annually,	which	at	twenty	per	rocket	would	mean	hundreds
of	launches	a	year—seemingly	absurd.	The	real	figures	undercut	this	objection,	and	it	is	worth	establishing	why,
because	the	genuine	vulnerabilities	only	come	into	focus	once	the	launch	question	is	set	aside.

Two	SpaceX	vehicles	carry	the	program,	and	they	sit	at	opposite	ends	of	their	lifecycles.	The	Falcon	9	is	a	medium-
lift	rocket,	about	70	meters	tall,	that	has	flown	since	2010	and	is	now	the	most	reliable	and	frequently	flown	launch
vehicle	in	history.	Its	defining	feature	is	a	reusable	first-stage	booster	that	returns	to	land	on	a	pad	or	a	droneship
and	flies	again—individual	boosters	have	now	flown	more	than	twenty	times	each.	It	lifts	roughly	15–20	tonnes	to
low	Earth	orbit	and	carries	Starlink	satellites	in	batches	of	roughly	23	to	28,	depending	on	the	satellite	variant	and
whether	the	booster	returns	to	land	or	to	a	droneship.	The	Starship	is	something	else	entirely:	a	fully	reusable
super-heavy	vehicle,	the	largest	rocket	ever	built	at	about	120	meters	tall,	intended	to	place	100	tonnes	or	more
into	orbit	and,	eventually,	to	carry	cargo	and	people	to	the	Moon	and	Mars.	Where	Falcon	9	is	mature	and
operational,	Starship	is	still	in	flight	testing.

Falcon	9	is	a	solved	problem.	SpaceX	flew	165	Falcon	9	launches	in	2025—a	record—placing	roughly	2,400
tonnes	into	orbit,	the	majority	of	it	Starlink.	That	is	one	launch	every	2.2	days,	sustained,	from	a	fleet	of	reused
boosters	operating	across	two	coasts,	with	peak	months	reaching	one	launch	every	1.8	days.	This	is	logged	history,
not	projection:	in	2020	the	same	company	launched	25	times	in	the	entire	year.	The	throughput	ceiling	is	therefore
no	longer	an	engineering	limit—it	is	range	access,	airspace	closures,	droneship	turnaround,	and
environmental	review.	SpaceX	is	already	contesting	Vandenberg	launch	caps	and	Starbase	environmental
statements	precisely	because	it	reached	the	administrative	ceiling	before	the	engineering	one.	As	a	demonstration
that	a	private	company	can	sustain	an	operationally	extreme	launch	tempo,	Falcon	9	is	conclusive.

The	Starship	dependency
The	forward-looking	story	rests	entirely	on	Starship,	and	here	the	picture	is	far	less	settled.	The	V3	satellite	is	too
large	for	Falcon	9	at	any	mass—it	does	not	fit	inside	the	fairing—so	it	can	fly	only	on	Starship,	a	dependency	SpaceX
states	plainly	in	its	own	filing.3	The	company	expects	a	single	Starship	launch	to	deploy	up	to	60	V3	satellites.	The
flight	cadence	required	scales	directly	with	constellation	size:	maintaining	a	30,000-satellite	fleet	on	a	five-year	cycle
means	launching	~6,000	a	year,	which	at	60	per	flight	is	100	Starship	flights	annually—about	two	per	week,
every	week.	A	larger	constellation	pushes	that	figure	higher	still.	Either	way,	the	requirement	depends	on	a	vehicle
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that,	as	of	mid-2026,	had	flown	its	V3	configuration	exactly	once:	suborbitally,	carrying	dummy	satellites,	losing
several	engines	and	aborting	its	planned	in-space	engine	relight.	SpaceX’s	filing	concedes	the	point	directly,	listing
as	a	risk	that	its	growth	strategy	is	highly	dependent	on	Starship	and	that	failure	to	achieve	full	reusability	or	rapid
turnaround	would	mean	higher	per-launch	costs	and	slower	deployment.4

Starship’s	development	has	also	been	punctuated	by	a	long	series	of	schedule	slips	and	spectacular	failures,
presented	throughout	as	iterative	learning.	Early	test	flights	ended	in	mid-air	explosions;	several	2025	flights	were
lost	to	upper-stage	failures,	in	at	least	one	case	scattering	debris	across	airspace	and	forcing	the	temporary
diversion	of	commercial	aircraft.	SpaceX’s	rapid-iteration	culture	treats	these	as	the	expected	cost	of	fast	progress,
and	the	cadence	of	test	flights	is	genuinely	remarkable.	But	for	an	operational	business	the	implications	are
concrete:	catastrophic	launch	failures,	now	rare	but	not	zero,	periodically	destroy	multi-million-dollar	satellite
payloads	outright,	and	that	residual	failure	rate	inflates	both	the	effective	unit	cost	of	every	deployed	satellite	and
the	margin	of	error	that	must	be	built	into	any	honest	cost	projection.	The	first	operational	Starship	Starlink	mission
was	targeted	for	the	first	half	of	2026;	the	V3	vehicle’s	own	debut	test	slipped	from	a	March	target	to	late	May,
roughly	a	50%	overrun	on	a	six-week	horizon.	“H1	2026”	for	operational	deployment	was	never	a	grounded
engineering	date—it	was	a	confident	figure	with	no	detailed	schedule	beneath	it,	consistent	with	the	way	the
headline	constellation	size	has	been	stated	loosely	and	revised	upward	over	time	even	as	the	satellites	themselves
have	grown	heavier.

Underlying	all	of	this	is	an	assumption	that	deserves	to	be	named,	because	it	runs	through	the	public	statements	of
every	company	in	the	field,	SpaceX	and	Blue	Origin	alike:	the	belief	that	the	remaining	obstacles	are	fundamentally
financial—that	enough	capital,	enough	launches,	and	enough	iteration	will	eventually	solve	them.	For	some	problems
that	is	true.	Manufacturing	cost	falls	with	volume;	reliability	improves	with	flight	count.	But	a	great	many	of	the
constraints	described	in	this	analysis	are	not	financial	at	all.	They	are	physical,	and	money	does	not	move	them.	No
budget	shortens	the	round-trip	time	of	a	radio	signal	to	orbit	and	back,	which	sets	a	floor	on	latency	that	a	higher
orbit	can	only	raise.	No	budget	repeals	atmospheric	drag	at	350	kilometers,	or	the	solar-cycle	swings	that	make	the
propellant	math	a	gamble.	No	budget	conjures	tracking	data	for	the	debris	too	small	to	see,	or	grants	a	single
operator	authority	over	a	commons	shared	with	rivals	who	answer	to	other	governments.	Capital	can	accelerate
progress	against	engineering	problems;	it	cannot	warp	the	physics	underneath	them.

Why	Starlink	is	the	generous	case
There	is	a	further	point	here	that	cuts	against	the	appearance	of	singling	out	one	company.	Starlink	is	not	the	worst
offender	against	the	economics	described	in	this	paper;	it	is	the	most	favorable	case,	because	it	is	the	only	operator
that	built	its	own	launch	capacity.	Every	other	megaconstellation	inherits	the	same	disposable	replacement	treadmill
without	SpaceX’s	vertically	integrated	launch	base,	which	means	the	launch	problem—the	one	part	SpaceX	has
genuinely	solved—is	harder	for	all	of	them,	not	easier.	The	disposable	model	is	more	punishing	for	the	followers	than
for	the	leader.

Amazon’s	constellation,	recently	rebranded	Amazon	Leo,	is	the	clearest	illustration.	As	of	mid-2026	it	had	launched
on	the	order	of	a	few	hundred	satellites	against	a	first-generation	target	of	roughly	3,200,	had	already	missed	its
FCC	milestone	to	deploy	half	the	constellation,	and	had	to	secure	a	regulatory	extension.5	Its	deployment	depends
on	a	basket	of	launch	vehicles	that	mostly	do	not	yet	fly	at	the	necessary	cadence—ULA’s	Vulcan,	Blue	Origin’s	New
Glenn,	and	Arianespace’s	Ariane	6,	of	which	New	Glenn	and	Ariane	6	had	each	flown	only	a	handful	of	times.
Amazon’s	position	is	so	constrained	that,	under	pressure	from	its	own	investors,	it	was	forced	to	buy	launches	from
SpaceX—its	direct	broadband	competitor—because	no	other	provider	could	supply	the	cadence.	A	company
competing	with	Starlink	is	paying	Starlink’s	operator	to	put	its	competing	satellites	in	orbit.	That	is	the	structural
disadvantage	of	entering	this	business	without	a	launch	base,	stated	as	plainly	as	it	can	be.

China	is	the	partial	exception,	and	the	way	it	is	an	exception	proves	the	rule.	Its	two	state-aligned
megaconstellations,	Guowang	and	Qianfan,	are	deploying	in	earnest,	but	they	run	on	mobilized	state	industrial
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capacity	rather	than	solved	economics,	and	even	so	they	are	reportedly	behind	schedule	with	launch	cadence
identified	as	the	binding	constraint.	The	reusability	gap	is	stark:	as	of	mid-2026	China	had	attempted	just	two	orbital-
class	booster	recoveries	and	landed	neither,	against	roughly	four	hundred	successful	recoveries	for	SpaceX.	The
cadence	pressure	is	intense	enough	that	one	new	vehicle	flew	operational	broadband	satellites	on	its	maiden	flight—
ordinarily	an	unthinkable	risk—reportedly	without	the	customary	public	airspace	notices,	a	tell	of	how	hard	even	a
national	champion	is	straining	to	move	satellites	faster	than	its	rockets	can	currently	manage.6	The	lesson	is	not	that
China	is	reckless;	it	is	that	the	disposable	model	generates	so	much	launch	demand	that	a	state	actor	with	priority
access	and	bottomless	backing	is	still	bottlenecked	by	it.	State	champion:	strained.	Hyperscaler	with	effectively
unlimited	capital:	strained.	The	only	operator	not	strained	is	the	one	that	integrated	its	own	launch	vehicle	a	decade
early—which	is	precisely	why	Starlink	is	the	generous	case,	and	why	the	economics	look	worse,	not	better,	for
everyone	arriving	behind	it.

3.	The	Orbit	Drop,	the	Size	Climb,	and	the	Propellant	Trap
Three	physical	changes	across	satellite	generations	interlock	into	a	single	problem.	The	capacity-centric	framing	now
used	to	describe	the	network	tends	to	keep	these	three	separate;	examined	together,	they	describe	an	architecture
moving	away	from	sustainability,	not	toward	it.	The	evidence	here	is	necessarily	drawn	from	Starlink,	because	it	is
the	only	system	with	a	multi-generation	hardware	history	to	examine—but	the	trajectory	it	reveals	is	the	one	every
operator	in	this	orbital	band	is	following,	for	the	same	physical	reasons.

Mass	rose	tenfold	—	a	bet	that	weight	would	stop	mattering
The	mass	trajectory	is	monotonic	and	steep,	rising	roughly	an	order	of	magnitude	across	four	generations,	each
satellite	physically	larger	than	the	last:

Generation Approx.	mass Launch	vehicle Note

V1.0 ~260	kg Falcon	9 First	operational	generation

V1.5 ~300	kg Falcon	9 Krypton	thrusters;	laser	inter-satellite	links

V2	Mini ~575–800	kg Falcon	9 Switched	to	argon	thrusters;	stopgap	to	fit	Falcon	9

V3 ~1,760–2,000	kg Starship	only Too	large	for	Falcon	9	fairing;	~10x	capacity

Mass	figures	are	approximate	and	drawn	from	public	reporting	and	filings;	they	vary	somewhat	by	source	and	sub-variant	(e.g.	Direct-
to-Cell	models).

There	is	exactly	one	downsizing	event	in	this	history—the	V2	Mini—and	it	is	the	exception	that	confirms	the	trend:
the	full	V2	was	always	intended	as	a	Starship-class	satellite	(a	design	history	SpaceX	states	in	its	own	Gen2	filings),
and	the	“Mini”	was	a	stopgap	crash-developed	to	fit	Falcon	9	because	Starship	was	running	late.	Whenever	SpaceX
had	a	free	hand,	the	satellite	grew.

This	matters	because	it	inverts	the	original	premise—and	it	is	worth	being	precise	about	what	that	premise	was,
because	the	loose	version	is	easy	to	puncture.	The	2015	plan	genuinely	did	describe	small	satellites:	the	early
public	releases	put	them	in	the	smallsat	class,	on	the	order	of	100	to	500	kg,	and	the	first	units	arrived	near	the
bottom	of	that	band,	at	roughly	230	to	260	kg.7	But	“small”	was	a	comparison	to	the	conventional	communications
satellite,	which	runs	to	several	tons;	the	load-bearing	promise	was	never	that	the	satellites	would	keep	shrinking.	It
was	that	they	would	be	mass-produced	and	cheap—built	on	an	assembly	line	and	launched	on	a	reusable	Falcon
9,	so	that	low	unit	cost	and	cheap	access	to	orbit,	not	light	weight	in	itself,	carried	the	economics.

The	trajectory	then	reversed,	and	the	justification	reversed	with	it.	V3,	at	roughly	1,760	to	2,000	kg,	is	several	times
the	top	of	that	original	smallsat	band	and	close	to	an	order	of	magnitude	above	the	first	operational	units.	The
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argument	is	no	longer	mass	production	driving	unit	cost	down;	it	is	that	Starship	will	make	mass	to	orbit	cheap
enough	that	satellite	weight	stops	mattering.	That	is	the	crux,	and	it	is	a	substitution	of	one	dependency	for
another:	the	program	traded	the	discipline	of	a	small,	mass-produced	satellite	for	a	single	bet	on	a	launch	vehicle
not	yet	operating	at	the	assumed	cost.	If	Starship	reuse	arrives	even	two	or	three	times	more	expensive	per
kilogram	than	promised,	the	heavier	satellites	are	not	neutral—they	are	strictly	worse,	with	no	lighter	design	left	as	a
fallback.

The	350	km	decision	and	the	propellant	signature
V3	will	drop	the	orbit	shell	to	roughly	350	km,	down	from	the	~550	km	shell	used	by	the	current	generation,	to	push
latency	below	20	milliseconds	and	make	the	service	fiber-competitive.	At	350	km	nothing	maintains	orbit	passively:
atmospheric	density	is	one	to	two	orders	of	magnitude	higher	than	at	550	km,	so	the	satellite	must	fly	a	continuous
powered	cruise,	thrusting	against	drag	for	essentially	its	entire	life.	Should	the	thruster	stop,	the	satellite	reenters
within	months.	The	propulsion	history	reflects	the	rising	demand	directly.	The	first	generations	used	krypton	Hall
thrusters;	beginning	with	the	V2	Mini,	Starlink	switched	to	argon	Hall	thrusters,	and	V3	advances	that	argon	system
further.8	Argon	is	dramatically	cheaper	than	krypton	and	effectively	unlimited	in	supply,	which	is	precisely	why	it
suits	a	constellation	that	must	perform	vastly	more	total	thrusting—more	satellites,	lower	orbits,	more	drag	make-up
—than	the	early	design	ever	contemplated.	The	propellant	choice	is	a	tell	not	because	argon	performs	worse	(its
specific	impulse	is	comparable	or	better)	but	because	the	economics	only	make	sense	if	you	intend	to	burn	an
enormous	aggregate	quantity	of	it:	you	move	to	the	cheap,	abundant	propellant	when	station-keeping	stops	being
occasional	and	becomes	the	satellite’s	primary,	continuous	activity.

The	widely	cited	“five-year	life”	was	never	a	decay	figure—it	is	a	replacement	decision—and	at	350	km	the	operative
question	becomes	whether	a	satellite	can	carry	enough	argon	to	thrust	itself	up	for	five	years.	That	budget	roughly
closes	at	average	solar	conditions,	but	it	is	hostage	to	the	solar	cycle	in	a	nonlinear	way:	thermospheric	density
swings	by	a	factor	of	ten	between	solar	minimum	and	maximum,	and	Solar	Cycle	25	has	run	hotter	than	forecast.	A
satellite	that	needs	tens	of	kilograms	of	argon	at	average	conditions	could	need	several	times	that	through	a	hot
maximum,	exhausting	its	propellant	early	or	losing	altitude.	The	February	2022	loss	of	roughly	40	satellites	was	this
exact	failure	mode	in	the	low	parking	orbit;	relocating	the	operational	orbit	to	350	km	extends	that	vulnerability	from
the	first	few	weeks	of	a	mission	to	its	entire	duration.	There	is	direct	evidence	the	design	life	is	already	running
short:	SpaceX	deorbited	roughly	500	Starlink	satellites	in	the	first	half	of	2025,	all	of	them	under	five	years	old.9

How	many	satellites	does	coverage	actually	require?
It	is	worth	pausing	on	a	question	the	headline	numbers	invite	but	rarely	answer:	how	many	satellites	does	global
coverage	genuinely	take?	This	is	not	a	secret	held	by	the	operators.	The	mathematics	of	continuous	satellite
coverage	is	a	classic,	decades-old	problem	in	orbital	mechanics,	worked	out	by	J.	G.	Walker	in	the	1970s	and	refined
continuously	since;	the	resulting	“Walker	constellation”	notation—total	satellites,	number	of	orbital	planes,	and	a
phasing	parameter—is	the	standard	language	in	which	GPS,	Iridium,	and	Starlink	alike	are	all	described.10	The
answer	it	yields	is	strikingly	modest.

At	550	km,	with	a	realistic	25°	minimum	elevation	angle,	a	single	satellite	covers	a	ground	footprint	of	roughly	900
km	radius—around	two	million	square	kilometers.	Tiling	the	globe	with	that	footprint,	the	minimum	number	of
satellites	needed	for	continuous	coverage	of	the	entire	Earth	is	on	the	order	of	500.	For	high-quality	coverage—
several	satellites	in	view	at	once,	so	the	user	terminal	always	has	a	good	geometric	choice	and	handoffs	between
satellites	are	seamless—the	requirement	rises	to	roughly	six	to	twenty	times	that	minimum,	on	the	order	of	a	few
thousand.11	This	is	consistent	with	the	observed	history:	Starlink	was	delivering	usable,	popular	service	with
something	like	four	to	five	thousand	satellites	in	orbit.	Coverage,	in	other	words,	is	comparatively	cheap,	and	it	was
substantially	achieved	years	ago.

Two	different	angles	govern	this	geometry,	and	they	are	easy	to	confuse.	The	minimum	elevation	angle	describes
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how	low	on	the	horizon	a	user’s	terminal	will	still	hold	a	usable	link	to	a	satellite—Starlink’s	~25°	means	a	satellite
must	be	at	least	a	quarter	of	the	way	up	the	sky	to	be	worth	talking	to.	A	lower	minimum	elevation	lets	each	satellite
serve	a	wider	footprint	(so	fewer	are	needed	for	coverage)	but	at	the	cost	of	skimming	more	atmosphere	and
interference;	that	is	one	reason	the	operators	keep	petitioning	to	lower	it.	The	orbital	inclination	is	a	different
thing	entirely:	it	is	the	tilt	of	the	orbital	plane	relative	to	the	equator,	and	it	sets	the	band	of	latitudes	a	satellite	ever
flies	over.	Starlink’s	primary	shells	sit	at	about	53°	inclination,	which	means	those	satellites	never	travel	poleward	of
roughly	53°	north	or	south;	including	the	footprint	that	spills	past	the	ground	track,	the	main	shells	cover	from	about
57°S	to	57°N.12	That	band	contains	the	overwhelming	majority	of	the	world’s	population,	which	is	why	a	53°
constellation	is	the	efficient	choice	for	a	consumer	ISP.	But	it	leaves	the	high	latitudes	and	the	poles	uncovered,
requiring	separate,	additional	near-polar	shells	(inclinations	up	to	nearly	97°)	to	fill	in—extra	satellites	that	serve
some	of	the	emptiest,	least	commercially	valuable	territory	on	Earth.	The	latitude	coverage,	in	other	words,	is	set	by
inclination,	the	footprint	size	by	elevation	angle,	and	neither	is	changed	by	how	much	bandwidth	an	individual
satellite	carries.

Two	facts	compound	to	make	coverage	cheap,	and	one	of	them	is	counterintuitive.	First,	every	satellite	is	in	motion
over	the	whole	planet;	none	hovers	over	a	service	area.	A	satellite	at	these	altitudes	sweeps	over	any	given	point	in
two	to	three	minutes	and	is	gone,	spending	the	overwhelming	majority	of	each	ninety-minute	orbit	over	ocean,	ice,
and	empty	land—because	that	is	simply	how	the	Earth’s	surface	is	distributed.	That	sounds	like	a	liability,	but	it	is
precisely	why	the	coverage	count	is	so	low:	a	single	satellite,	sweeping	the	globe,	contributes	coverage	to	an
enormous	swath	of	latitudes,	and	a	few	hundred	of	them	in	well-chosen	planes	suffice	to	guarantee	that	every	point
always	has	one	passing	overhead.	The	empty	sky	a	satellite	crosses	is	not	waste	to	be	minimized;	it	is	the
mechanism	by	which	a	small	number	of	satellites	cover	a	whole	planet.	Coverage	is	therefore	set	by	a	low	floor,	and
the	genuinely	empty	regions—mid-ocean,	the	poles—cost	only	the	handful	of	satellites	needed	to	keep	that	floor
continuous.

The	count	is	driven	by	capacity,	not	coverage
If	a	few	thousand	satellites	deliver	global	coverage,	what	are	the	other	tens	of	thousands	for?	The	published	techno-
economic	analyses	are	unambiguous:	they	are	for	capacity,	not	reach.	The	capacity	a	constellation	can	deliver	is	a
direct	function	of	how	many	satellites	are	in	it,	because	as	satellites	are	added,	each	one’s	coverage	area	shrinks
and	the	number	of	satellites	simultaneously	available	to	a	given	ground	user	rises—meaning	more	spectrum,	more
beams,	and	more	simultaneous	users	served	over	the	same	patch	of	ground.13	Past	the	coverage	floor,	every
additional	satellite	is	not	extending	the	service	to	anyone	new;	it	is	piling	bandwidth	onto	places	that	already	have
coverage,	in	proportion	to	how	many	paying	users	are	there	to	consume	it.

This	reverses	the	intuition	that	a	megaconstellation	is	sized	to	reach	the	empty	margins.	It	is	not.	Coverage	of	the
margins	is	the	cheap	part,	already	solved.	The	constellation	is	driven	to	tens	of	thousands	of	satellites	by	the	goal	of
delivering	competitive	bandwidth	to	the	dense,	populated,	high-demand	regions—the	suburbs	and	exurbs	and
towns	where	many	users	want	to	stream	at	once.	A	constellation	is	sized	by	its	busiest	regions,	not	its	emptiest
ones.	And	those	busy	regions	are	precisely	the	ground	on	which	fiber	wins	a	head-to-head.	So	the	overwhelming
majority	of	the	capital—the	bulk	of	the	satellites,	launches,	and	five-year	replacements—is	committed	not	to	serving
the	remote	users	who	have	no	alternative,	but	to	contesting	capacity	in	the	markets	the	system	is	structurally
positioned	to	lose.	The	handful	of	satellites	genuinely	dedicated	to	the	remote	and	mobile	customers	who	define	the
defensible	business	is	a	small	fraction	of	the	whole.

The	orbit	drop	sharpens	the	same	point.	Recall	that	V3	will	descend	toward	350	km	to	chase	fiber-class	latency.	A
satellite	that	low	sees	an	even	smaller	footprint,	so	the	coverage	floor	itself	rises—more	satellites	are	needed	just	to
maintain	continuous	reach,	before	any	capacity	is	added	on	top.	The	latency	chase	and	the	capacity	race	thus	pull	in
the	same	direction,	both	inflating	the	satellite	count,	both	in	service	of	competing	with	fiber	on	fiber’s	own	terms.
The	often-cited	figure	of	42,000	is	best	understood	in	this	light:	not	a	coverage	requirement,	but	a	capacity	ambition.
Tellingly,	the	FCC	has	so	far	authorized	roughly	15,000	next-generation	satellites—a	January	2026	order	added	7,500
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to	an	earlier	7,500—operating	at	lower	altitudes	between	340	and	485	km,	a	material	gap	from	the	42,000	ceiling
that	confirms	the	larger	number	is	an	aspirational	filing	rather	than	a	committed	plan.14

4.	The	Commons:	Other	Players	and	the	Kessler	Risk
The	preceding	sections	concern	a	single	operator’s	economics.	The	failure	mode	with	no	available	answer	is	the
shared	one,	and	it	is	best	understood	through	the	idea	of	a	commons:	a	resource	that	no	one	owns,	that	everyone
with	access	can	draw	from,	and	that	no	single	user	has	the	power	or	the	incentive	to	protect.	The	classic	illustration
is	a	shared	pasture	on	which	every	herder	gains	by	adding	one	more	animal,	while	the	cost	of	overgrazing	is	spread
across	all	of	them—so	each	rationally	adds	animals	until	the	pasture	collapses.	The	usable	orbital	shell	is	exactly
such	a	commons.	Its	capacity	to	absorb	satellites	and	debris	is	finite;	the	benefit	of	launching	more	accrues	to	the
individual	operator,	while	the	cost	of	crowding—collision	risk,	debris,	atmospheric	pollution—is	borne	by	everyone
who	depends	on	the	shell,	including	future	users	who	have	no	say.	No	operator	can	fix	this	by	unilateral	restraint,
because	holding	back	simply	cedes	the	market	and	the	orbital	slots	to	a	competitor	who	does	not.

A	narrow	shell,	many	tenants
As	established	at	the	outset,	the	band	that	works	for	a	broadband	ISP	is	roughly	500–600	km,	with	very-low-orbit
variants	pushing	to	350	km,	and	every	serious	operator	is	forced	into	it.	The	roster	is	no	longer	hypothetical:	Starlink
(on	the	order	of	ten	thousand-plus	satellites	in	orbit	or	working	as	of	mid-2026,	depending	on	counting	method,	with
planned	totals	stated	far	higher);	Amazon	Kuiper	(~3,200+	planned,	now	flying);	China’s	state-backed	Guowang
(~13,000	planned)	and	Shanghai-backed	Qianfan/G60	(~14,000	planned);	OneWeb’s	second	generation;	Telesat;
and	a	tail	of	smaller	filings.	Filed	intentions	across	all	operators	run	from	roughly	60,000	toward	100,000	satellites,
all	on	roughly	five-year	replacement	clocks,	all	sharing	the	same	few	hundred	kilometers	of	altitude.

China	operating	two	large	constellations	is	not	a	failure	of	central	planning	but	a	deliberate	feature	of	Chinese
industrial	policy—the	same	pattern	visible	in	electric	vehicles,	solar,	and	semiconductors,	in	which	multiple	state-
and	province-sponsored	champions	are	spun	up	in	parallel	and	culled	later	through	attrition.	Redundancy	is	the
strategy,	reinforced	by	ITU	spectrum	rules	that	reward	filing	early	and	launching	hardware	quickly	to	secure	a	claim.
The	logic	that	produces	two	constellations	in	China	produces	six	or	more	worldwide,	each	rational	from	its	own
sponsor’s	position,	all	drawing	on	the	same	finite	shell.

Why	the	safety	case	is	structurally	blind
At	550	km,	atmospheric	drag	clears	a	dead	object	in	about	five	years,	which	defuses	the	nightmare	of	a	permanent,
self-sustaining	debris	cascade—and	the	lower	the	orbit,	the	faster	the	cleaning.	But	decay	time	and	collision
probability	are	independent	quantities.	Self-cleaning	does	nothing	about	the	conjunction	rate—the	frequency	with
which	two	objects	pass	close	enough	that	a	collision	becomes	a	credible	possibility	and	an	avoidance	maneuver	is
warranted.	Each	such	near-miss	is	a	“conjunction.”	As	noted	in	the	discussion	of	orbital	geometry,	the	danger	is
concentrated	wherever	inclined	orbital	planes	cross,	and	a	constellation	built	for	global	coverage	is	composed	of
hundreds	of	such	crossing	planes.	The	number	of	possible	close-approach	pairings,	and	therefore	the	conjunction
rate,	scales	with	the	square	of	the	number	of	objects	in	the	shell:	double	the	satellites	and	the	close	approaches
roughly	quadruple.

Within	a	single	operator’s	constellation,	this	enormous	crossing	count	is	tamed	by	a	designed	property:	deliberate
phasing.	The	operator	controls	the	precise	timing	and	spacing	of	all	of	its	own	satellites,	laying	them	into	a	pattern
where	its	planes	interleave	and	its	satellites	arrive	at	the	shared	crossing	points	in	staggered	slots,	so	that	two	of	its
own	birds	are	almost	never	at	the	same	intersection	at	the	same	instant.	That	is	why,	despite	tens	of	thousands	of
geometric	crossings,	an	operator’s	satellites	rarely	threaten	each	other.	The	critical	limitation	is	that	this	phasing
extends	only	to	an	operator’s	own	fleet.	It	cannot	be	coordinated	across	operators,	because	doing	so	would	require
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competitors—including	state-backed	constellations	answering	to	rival	governments—to	share	detailed	flight	plans
and	cede	maneuver	authority	to	a	common	controller	that	does	not	exist.	Between	two	different	constellations	there
is	no	time-stagger	at	all:	their	planes	simply	interpenetrate,	and	because	their	shells	sit	at	slightly	different	altitudes
and	therefore	slightly	different	orbital	periods,	the	relative	timing	at	any	shared	crossing	sweeps	through	every
possible	geometry	over	time.	What	is	engineered	out	within	a	constellation	is	left	in	across	constellations:	the
relative	phasing	cycles	through	every	configuration,	so	close	approaches	at	the	crossing	points	become	a	persistent
operating	condition	rather	than	an	edge	case,	and	the	conjunction	rate	rises	accordingly.	The	single	mechanism	that
keeps	the	intra-operator	problem	manageable	is	structurally	unavailable	for	the	multi-operator	commons,	which	is
why	adding	a	second	operator	to	a	shell	is	meaningfully	worse	than	adding	the	same	number	of	satellites	to	the	first.

It	is	worth	dispelling	a	common	mental	picture	here,	because	it	badly	understates	the	danger.	People	tend	to
imagine	orbital	collision	the	way	one	imagines	the	Moon:	a	single	body	sweeping	along	its	path	until	something	sits
in	the	way	and	is	struck.	The	reality	is	far	more	violent,	because	nothing	in	orbit	is	stationary—every	object,
including	the	“target,”	is	itself	traveling	at	orbital	velocity,	roughly	28,000	kilometers	per	hour.	What	matters	in	a
collision	is	not	either	object’s	speed	but	the	closing	speed	between	them,	and	that	depends	entirely	on	the	angle	at
which	their	paths	meet.	Two	satellites	in	the	same	plane,	moving	in	parallel,	may	drift	together	gently	and	merely
graze.	But	two	satellites	in	different	planes—and	a	global	constellation,	as	described	above,	is	built	from	hundreds	of
planes	crossing	at	steep	angles—converge	at	the	intersection	with	their	velocities	pointed	across	one	another.	At	a
sharp	crossing	angle	the	closing	speed	can	approach	the	sum	of	two	orbital	velocities,	tens	of	thousands	of
kilometers	per	hour,	which	is	why	even	a	fragment	a	centimeter	across	carries	enough	kinetic	energy	to	destroy	a
functioning	satellite.	The	plane	intersections	are	the	dangerous	places	not	because	objects	sit	there	waiting	to	be	hit,
but	because	that	is	where	fast-moving	objects	on	different	paths	are	flung	through	the	same	point	at	right	angles	to
one	another.

That	last	point	deserves	emphasis,	because	it	is	the	most	plausible	trigger	for	a	real	disaster.	When	several
constellations	each	run	automated,	independent	collision-avoidance	software,	and	those	systems	do	not
communicate,	there	is	a	non-zero	probability	that	two	satellites	detecting	the	same	conjunction	will	both	maneuver—
and	maneuver	into	each	other,	each	“dodging”	into	the	path	the	other	just	chose.	The	odds	of	that	happening	in	any
single	encounter	are	low.	But	the	relevant	figure	is	not	a	single	encounter.	With	a	hundred	thousand	tracked	objects
across	competing	constellations,	each	making	many	course	corrections	over	its	life,	the	system	runs	that	low-
probability	gamble	continuously,	for	years,	with	no	coordinating	authority.	Low-probability	events	cannot	be
dismissed	when	the	architecture	generates	thousands	of	conjunction-management	decisions	across	independent
automated	actors	over	years	of	operation,	and	there	is	no	air-traffic-control	equivalent	with	binding	jurisdiction	over
all	the	players	to	manage	them.

Collision	avoidance	is,	moreover,	only	a	catalogue	operation—it	can	act	only	against	objects	that	are	tracked.
Ground	radar	reliably	tracks	objects	down	to	roughly	ten	centimeters;	below	that	threshold	lies	an	estimated
population	in	the	hundreds	of	thousands,	each	item	individually	lethal—a	one-centimeter	fragment	strikes	with
roughly	the	energy	of	a	hand	grenade—and	entirely	invisible	to	the	screening	system.	Maneuvering	is	impossible
against	what	cannot	be	seen,	so	the	entire	avoidance	regime	defends	against	perhaps	one	percent	of	the	dangerous
population	by	count.	The	first	true	collision	in	a	crowded	shell	will	most	likely	involve	a	tracked	satellite	and	an	object
no	one	ever	detected.	Even	within	the	catalogue,	conjunction	screening	is	plagued	by	uncertainty:	the	predicted
position	of	each	object	carries	an	error	often	kilometers	wide,	generating	a	flood	of	alerts	that	compel	propellant-
spending	maneuvers	against	collisions	that	would	mostly	never	have	occurred.	The	system	thus	degrades	itself	by
defending	itself,	expending	the	limited	station-keeping	life	of	the	very	satellites	whose	responsiveness	is	what
keeps	the	shell	safe.

Space	weather	adds	a	further	layer	of	unpredictability	that	couples	the	propellant	problem	directly	to	the	collision
problem.	The	same	geomagnetic	storms	that	swell	the	thermosphere	and	spike	drag—discussed	earlier	as	a	threat
to	the	propellant	budget—are	also	a	threat	to	the	entire	collision-avoidance	regime,	because	they	strike	every	object
at	once	and	they	blind	the	prediction	systems	that	avoidance	depends	on.	A	storm	does	not	lower	every	satellite



equally:	the	drag	increase	depends	on	each	object’s	exact	altitude,	orientation,	and	local	atmospheric	density,	so
different	satellites	in	the	same	shell	decelerate	by	different	amounts.	The	careful	phasing	that	keeps	an	operator’s
own	satellites	out	of	each	other’s	way	smears	as	the	choreography	drifts	out	of	its	assigned	slots.	Worse,	conjunction
screening	relies	on	propagating	each	object	forward	through	a	drag	model,	and	during	a	storm	the	thermospheric
density	can	jump	several-fold	within	hours	while	the	density	models	lag	reality	badly.	Position	uncertainties	balloon
precisely	when	the	objects	are	being	physically	shoved	around	most—so	the	screening	system’s	reliability	collapses
at	the	moment	the	physical	risk	peaks.	And	because	the	storm	is	a	common-mode	disturbance—hitting	Starlink,
Kuiper,	the	Chinese	constellations,	and	the	untracked	debris	simultaneously—every	operator	is	re-acquiring	and	re-
predicting	its	own	fleet	against	suddenly-stale	data	at	the	same	time,	while	none	of	them	share	information.	The
environment	itself	periodically	randomizes	the	positions	of	everything	in	the	shell	while	degrading	the	very	tools
meant	to	manage	the	consequences.

Kessler	syndrome,	in	its	defensible	form
The	cumulative	result	of	these	pressures	is	usually	discussed	under	the	heading	of	Kessler	syndrome,	and	the	term
invites	two	opposite	errors	worth	dismissing	together.	The	popular	version	imagines	a	sudden	chain	reaction—one
collision	instantly	cascading	into	a	wall	of	debris	that	traps	humanity	on	Earth.	That	is	wrong:	Kessler	syndrome,	as
Donald	Kessler	actually	modeled	it	in	1978,	is	not	an	explosion	but	a	slow	positive-feedback	process,	in	which
collisions	generate	fragments	faster	than	atmospheric	drag	removes	them,	so	the	debris	population	keeps	climbing
for	decades	or	centuries	even	if	launches	stopped	entirely.	The	catastrophe	is	measured	in	how	unusable	a	shell
becomes	over	years,	not	in	a	Hollywood	instant.	The	opposite	error,	common	among	industry	defenders,	is	to	treat
the	low-orbit	self-cleaning	property	as	a	near-complete	answer—debris	at	550	km	decays	in	a	few	years,	therefore
the	problem	is	largely	handled.	The	defensible	position	lies	between	these,	and	it	is	more	alarming	than	the
reassurance	and	more	credible	than	the	doom.

Three	facts	anchor	the	realistic	view.	First,	fragmentation	events	are	real,	accidental,	and	produce	far	more	debris
than	intuition	suggests.	The	2007	Chinese	anti-satellite	test	created	more	than	3,000	trackable	fragments	and	an
estimated	35,000–40,000	smaller	than	one	centimeter,	increasing	the	catalogued	low-orbit	debris	population	by
roughly	a	quarter	in	an	instant.15	More	tellingly—because	it	required	no	malice—the	2009	accidental	collision	of	the
active	Iridium	33	and	the	defunct	Cosmos	2251	satellites	produced	over	2,000	trackable	fragments	and	tens	of
thousands	of	untrackable	ones;	it	happened	precisely	because	a	conjunction	was	not	resolved	in	time,	a	defunct
satellite	could	not	maneuver,	and	position	uncertainty	left	the	real	risk	unclear	until	too	late.16	These	are	not
hypotheticals;	they	are	the	recorded	behavior	of	the	system.	Second,	the	fragments	a	collision	produces	are
unphased—they	follow	their	own	orbits	at	their	own	timing,	entirely	outside	any	operator’s	designed	choreography,
and	the	great	majority	are	too	small	to	track.	The	one	mitigation	that	tames	the	intra-operator	problem	does	not
apply	to	debris	at	all,	and	the	population	that	would	drive	any	cascade	is	precisely	the	one	nobody	can	see.	Third,
Kessler	himself	wrote	in	2009	that	modeling	indicated	the	debris	environment	had	likely	already	crossed	into
instability	in	certain	bands,	with	future-collision	fragments	accumulating	faster	than	drag	removes	them—a	process
he	described	as	already	underway	and	slow-burning,	not	a	future	switch	waiting	to	be	flipped.17

It	also	matters	that	a	collision	does	not	produce	a	tidy	debris	cloud	that	falls	out	of	orbit	together.	The	energy	of	the
impact	scatters	fragments	across	a	wide	range	of	velocities	and	directions,	in	detail	unpredictable.	Some	pieces	are
slowed	and	thrown	downward	onto	accelerated	decay	paths,	removing	themselves	within	months.	Others	are	kicked
sideways	into	different	orbital	planes	at	similar	altitude,	widening	the	conjunction	problem	across	the	shell	rather
than	concentrating	it.	Still	others	are	sped	up	and	flung	into	higher,	longer-lived	orbits,	where	they	persist	far	longer
than	the	satellites	that	spawned	them.	A	single	fragmentation	event	therefore	does	not	stay	in	its	lane:	it	sprays
trackable	and	untrackable	debris	across	a	span	of	orbits	and	planes,	some	self-cleaning	quickly,	some	crossing	the
shell	for	years,	and	much	of	it	too	small	ever	to	see.	This	is	the	deeper	reason	“the	orbit	eventually	clears”	is	not	an
adequate	safety	case.	The	relevant	question	is	not	whether	the	shell	clears,	but	what	it	is	like—for	every	operator
sharing	it—while	it	is	clearing.
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This	is	where	the	self-cleaning	property	is	genuinely	double-edged,	and	where	the	reassurance	quietly	misleads.	At
550	km,	drag	does	clear	fragments	in	years	rather	than	the	centuries	they	would	persist	at	800–1,000	km—which	is
real	and	which	does	prevent	a	permanent	runaway.	But	“the	orbit	heals	in	a	few	years”	is	not	the	same	as	“the
system	is	safe.”	During	those	years,	the	fragment	cloud	crosses	every	operator’s	planes,	unphased	and	largely
invisible,	and	can	plausibly	render	the	shell	too	hazardous	to	operate	or	replenish.	As	established	in	the	discussion	of
the	constellations’	fragile	economics,	a	multi-year	interruption	in	the	ability	to	operate	and	replenish	is	not	a
temporary	inconvenience	for	a	disposable	constellation—it	is	potentially	terminal	for	the	companies	that	depend	on
it.	The	shell	would	recover;	the	businesses,	and	the	service,	might	not.	The	self-cleaning	property	saves	the	orbit	on
a	timescale	that	can	still	bankrupt	everything	operating	in	it.

The	honest	conclusion	is	therefore	neither	alarmist	nor	reassuring.	It	is	that	the	megaconstellation	buildout	is
steadily	raising	the	baseline	collision	rate—super-linearly,	across	multiple	uncoordinated	operators,	through	an
unmonitored	small-debris	population,	in	shells	that	are	simultaneously	growing	more	crowded	and	being	pushed
lower—and	that	each	increment	moves	the	system	closer	to	the	density	at	which	a	single	fragmentation	event	tips	a
shell	into	a	temporarily	self-sustaining	cascade.	No	single	actor	can	stop	this	walk,	because	the	baseline	is	a	shared
product	of	everyone’s	launches	and	no	one’s	authority.	The	reassuring	consensus	is	not	wrong	that	a	permanent,
humanity-trapping	runaway	is	unlikely	at	these	altitudes;	it	is	wrong	to	treat	that	as	the	relevant	bar.	The	relevant
bar	is	a	years-long,	shell-fouling,	economically	fatal	disruption	propagating	through	debris	we	cannot	track,	in	a
commons	with	no	referee—and	on	that	measure	the	risk	is	being	steadily	and	deliberately	increased.

The	risk	no	one	can	absorb
There	is	a	financial	corollary	to	the	commons	problem	that	sharpens	it	further:	this	is	not	a	risk	the	private	market
can	rescue	after	the	fact.	The	industry	is	assembling	an	aggregate	capital	base	that	plausibly	runs	into	the	hundreds
of	billions	of	dollars	over	the	lifecycle	of	multiple	constellations,	but	the	catastrophic	case	is	not	a	loss	confined	to
one	operator’s	fleet.	A	major	fragmentation	event	in	a	crowded	shell	would	be	a	common-mode	loss:	Starlink,
Kuiper,	the	Chinese	constellations,	OneWeb,	Telesat,	and	the	smaller	operators	would	not	suffer	independent	failures
that	can	be	pooled	the	way	ordinary	insured	risks	are.	They	would	face	simultaneous	exposure	to	the	same
degraded	operating	environment.	Partial	coverage,	with	caps	and	exclusions,	may	exist;	but	no	conventional	insurer,
capital	market,	or	private	backstop	can	fully	rescue	an	industry	whose	physical	operating	medium	has	been	impaired
at	the	same	moment	for	every	participant.	The	correlated	tail	is	the	part	that	has	to	fall	to	governments	or	simply
stay	unabsorbed.

The	loss	would	not	stop	at	satellite	replacement	cost.	It	would	strike	revenue,	subscriber	obligations,	launch	access,
public	valuations,	debt	capacity,	and	investor	confidence	at	once—and	it	would	strike	them	hardest	at	the	operator
most	exposed	to	the	shell.	SpaceX	is	now	that	operator	in	a	measurable	sense:	its	own	filing	shows	that	the
Connectivity	segment	carrying	Starlink	produced	the	great	majority	of	the	company’s	revenue	and	operating
income,	and	the	roughly	$1.8	trillion	the	public	market	assigned	it	rests	substantially	on	that	segment	continuing.18
A	multi-year	interruption	of	that	revenue—because	the	shell	it	helped	fill	became	too	hazardous	to	operate	or
replenish	through—would	not	be	a	routine	asset	write-down.	It	would	be	a	thesis	failure,	and	it	would	arrive	at	the
same	time	launch	access	through	the	debris	field	was	itself	in	question.	That	is	the	systemic-risk	version	of	the
commons	problem.	A	terrestrial	network	has	outages;	an	orbital	commons	can	suffer	regime	failure—the	impairment
of	the	medium	in	which	every	comparable	asset	must	operate,	the	collapse	of	the	business	assumptions	built	on	that
medium,	and	no	actor	large	enough	or	sufficiently	disinterested	to	backstop	the	field	against	the	consequences	of	its
own	shared	architecture.

Deliberate	disruption,	and	the	duller	truth
Because	the	vulnerability	of	these	constellations	is	often	raised,	it	is	worth	addressing	directly—and	worth	separating
the	dramatic	version	from	the	real	one.	The	cinematic	scenario,	in	which	a	rival	power	destroys	a	constellation
outright	with	a	single	missile	strike,	is	the	least	convincing.	As	established	above,	a	kinetic	attack	in	a	self-cleaning
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shell	does	not	permanently	destroy	the	system:	the	debris	it	creates	sweeps	itself	out	within	a	few	years,	so	the	orbit
eventually	recovers	on	its	own.

But	the	self-cleaning	that	defuses	the	permanent	case	is	exactly	what	makes	the	temporary	one	viable	as	a	weapon.
As	the	previous	section	established,	a	few	years	of	a	fouled	shell	is	enough	to	collapse	the	balance	sheets	of
operators	that	survive	only	by	continuous	replenishment—so	an	adversary	intent	on	denial	does	not	need
permanence.	It	needs	only	to	make	the	shell	hazardous	for	long	enough,	which	a	single	well-placed	fragmentation
event	can	do.	The	self-cleaning	property	that	protects	the	orbit	offers	no	protection	to	the	businesses	operating	in	it,
and	that	gap	is	the	opening.

Even	setting	aside	the	deliberate	cases,	the	real	fragility	is	duller	and	follows	directly	from	the	architecture	described
throughout	this	analysis.	A	disposable	constellation	is	defined	by	the	fact	that	it	must	be	continuously	fed	to	stay
alive—launched,	replenished,	and	actively	managed,	with	dead	satellites	replaced	every	few	years	and	live	ones
depending	on	responsive	software	and	intact	ground	links	simply	to	remain	in	position.	Critical	infrastructure	built	on
perpetual	resupply	is	vulnerable	to	anything	that	interrupts	the	resupply,	no	attack	required.	The	credible	concerns
are	mundane	ones:	the	reliability	of	ground	stations	and	the	radio	links	to	user	terminals,	the	security	of	a	fleet	that
depends	on	automated	collision-avoidance	and	station-keeping	software	functioning	continuously,	and	the
asymmetry	between	a	state	and	a	company	in	their	capacity	to	absorb	a	sustained	disruption.	A	nation	can	tolerate
a	temporarily	degraded	orbit	it	does	not	itself	depend	on;	a	private	operator	carrying	constellation-maintenance
costs	and	subscriber	obligations	cannot	easily	absorb	a	multi-quarter	interruption	in	its	ability	to	replenish.	The	point
is	not	that	any	particular	adversary	is	poised	to	act.	It	is	that	an	architecture	which	must	be	fed	without	pause	to
survive	has,	by	its	nature,	less	resilience	than	infrastructure	that	can	simply	sit	in	the	ground—another	respect	in
which	the	disposable	orbital	model	compares	poorly	with	the	durable	terrestrial	one.

5.	The	Environmental	Unknown	We	Are	Scaling	Before	Measuring
This	is	the	cost	that	lands	entirely	on	everyone	else,	with	no	mechanism	forcing	internalization	and	a	damage
timeline	measured	in	decades—possibly	past	reversibility	before	the	science	matures	enough	to	prove	causation.	A
deorbiting	satellite	does	not	disappear;	it	aerosolizes.	Hundreds	of	kilograms	of	aluminum,	lithium,	copper,	and
exotic	spacecraft-grade	metals	(niobium,	hafnium)	are	injected	as	vapor	and	fine	particulate	into	the	stratosphere
and	mesosphere—altitudes	where	nothing	naturally	puts	them	and	no	rain	washes	them	out.	Direct	stratospheric
sampling	(NOAA	aircraft	flying	mass	spectrometers)	has	already	found	that	a	rising	fraction	of	stratospheric	sulfuric-
acid	aerosol	particles	contain	metals	demonstrably	from	spacecraft	reentry	rather	than	meteoric	infall.	That	is
measurement,	not	modeling.

What	remains	unmodeled	is	what	those	metals	do	once	they	are	there—but	that	they	are	already	there,	in
measurable	quantity,	is	no	longer	in	question.	Direct	stratospheric	sampling	has	found	that	roughly	10	percent	of
sulfuric-acid	aerosol	particles	in	the	stratosphere	already	contain	aluminum	and	other	metals	from	the
burn-up	of	satellites	and	rocket	stages,	and	that	the	mass	of	several	of	those	metals	deposited	by	reentry	now
exceeds	the	natural	influx	from	cosmic	dust.19	That	measurement,	made	by	aircraft	sampling,	confirmed	a
prediction	made	independently	two	years	earlier	on	physical	grounds:	that	mega-constellation	reentries	could
become	the	dominant	source	of	high-altitude	alumina,	surpassing	the	meteoritic	background.20	A	modeled	forecast,
later	confirmed	by	direct	measurement,	is	among	the	more	robust	forms	this	kind	of	evidence	takes.	It	is	worth
heading	off	the	obvious	objection—that	this	could	simply	be	the	settled	residue	of	seventy	years	of	space	activity,
kept	aloft	because,	as	this	paper	argues,	nothing	brings	it	down.	The	measurements	argue	otherwise.	The	metals	are
identified	not	by	bulk	presence	but	by	signatures	matching	the	specific	alloys	used	in	spacecraft,	and	the
composition	is	shifting	toward	modern	hardware:	the	recent	samples	carry	more	lithium	relative	to	aluminum	than
older	data,	consistent	with	the	contemporary	aluminum-lithium	alloys	and	lithium	batteries	that	current	satellites
use.	A	legacy	deposit	would	not	be	getting	fresher.	The	fingerprint	points	at	today’s	constellations,	not	the	mid-
century	launch	record.	What	is	not	yet	established	is	the	consequence.	Aluminum	oxide	is	a	known	catalyst	for	the
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chlorine	chemistry	that	drives	ozone	destruction,	and	the	deposited	metals	can	alter	aerosol	nucleation	and	the
stratospheric	radiative	balance;	but	there	is	no	validated	model	for	what	a	further	10x	or	100x	increase	in	metal
loading	does	to	the	ozone	layer	over	decades.	The	V3	shift	will	make	every	input	worse	at	once:	heavier	satellites
(more	mass	per	reentry),	the	lower	orbit	(higher	reentry	flux),	and	new	chemistry	(argon	thrusters,	larger	batteries).

It	is	worth	being	precise	about	the	scientific	posture	here,	because	precision	makes	it	stronger	rather	than	weaker.
The	evidence	is	already	sufficient	to	establish	the	input:	spacecraft-derived	metals	are	present	in	the	stratosphere	in
measurable	quantity,	they	already	rival	or	exceed	natural	sources,	they	are	growing	on	every	axis	at	once,	they	are
poorly	monitored,	and	they	are	not	priced	into	any	deployment	decision.	The	evidence	is	not	yet	sufficient	to
quantify	the	long-term	ozone	or	radiative-forcing	consequence	with	confidence;	that	modeling	is	young	and	scenario-
dependent,	and	the	honest	sources	say	so.	The	asymmetry	is	the	point.	We	are	running	an	uncontrolled
atmospheric-injection	experiment—with	no	shared	monitoring	regime	and	no	binding	governance	across	operators
or	jurisdictions—and	scaling	the	measured	input	before	the	science	needed	to	bound	its	consequences	exists.

Two	features	of	the	timing	make	this	worse	than	a	simple	gap	in	knowledge.	The	first	is	that	the	measurements
are	a	floor,	not	a	snapshot.	The	sampling	that	found	spacecraft	metals	in	roughly	a	tenth	of	stratospheric
aerosols	was	taken	when	essentially	one	operator	was	flying—around	four	thousand	satellites,	most	of	them	the
older,	lighter	generation.	Since	then	the	count	has	more	than	doubled,	the	satellites	themselves	have	grown	several-
fold	heavier,	and	the	other	operators	have	barely	begun	their	replacement	cycles.	On	a	five-year	disposal	clock,	the
current	single-operator	fleet	already	implies	on	the	order	of	two	thousand	reentries	a	year;	a	fully	built	multi-
operator	field	on	filed	intentions	points	toward	many	times	that,	plausibly	tens	of	thousands	of	satellites	deorbited
annually	at	peak,	each	heavier	than	the	ones	the	science	was	measured	on.	The	published	modeling	uses	a	reentry
burden	“consistent	with	expected	megaconstellation	growth”	that	is	many	times	today’s	level,	and	the	researchers
are	explicit	that	the	present	impact	looks	small	mainly	because	the	constellations	are	still	small.	The	measured
baseline,	in	other	words,	is	the	lightest	the	system	will	ever	be—and	it	is	already	detectable.	Every	year	the	input
scales	while	the	science	chases	it.

The	second	feature	is	that	nothing	is	funding	the	science	at	the	scale	of	the	problem.	This	is	not	to	say	no
one	is	studying	it;	a	small,	growing	research	community	is—NOAA,	ESA,	and	university	groups	have	run	workshops,
modeling	studies,	and	the	first	direct	measurements,	and	several	of	this	paper’s	own	sources	come	from	that	work.
But	as	of	this	writing	there	is	no	funded,	dedicated	monitoring-and-assessment	regime	commensurate	with	the
input’s	growth:	the	recent	multi-agency	effort	to	convene	the	field	was	resourced	at	the	level	of	a	workshop,	not	a
mission,	and	the	underlying	science	is	being	done	by	a	handful	of	motivated	teams	on	general	atmospheric-
chemistry	grants	rather	than	by	any	program	mandated	and	budgeted	to	track	this	specific,	fast-scaling	input	and
govern	it.	The	result	is	a	structural	mismatch.	The	thing	being	measured	is	growing	geometrically;	the	effort
measuring	it	is	growing,	at	best,	linearly,	and	carries	no	authority	to	act	on	what	it	finds.	A	society	that	intended	to
scale	an	atmospheric	intervention	this	quickly	and	responsibly	would	have	built	the	monitoring	and	the	governance
first.	We	are	building	the	intervention	and	hoping	the	science,	and	the	rules,	catch	up—and	so	far,	by	any	visible
public	measure,	they	are	not	keeping	pace.21

And	reentry	is	only	half	of	the	atmospheric	bill.	The	launches	themselves	are	the	other	half,	and	the	document	has
so	far	treated	the	record-setting	launch	cadence	purely	as	an	engineering	triumph—which,	in	atmospheric	terms,	it
is	not.	Every	flight	burns	an	enormous	mass	of	propellant,	and	a	significant	fraction	of	that	combustion	happens	in	or
near	the	stratosphere,	where	the	exhaust	lingers	rather	than	washing	out	as	it	would	at	ground	level.	Falcon	9	burns
refined	kerosene	(RP-1)	and	liquid	oxygen,	and	kerosene	combustion	produces	black	carbon—soot—deposited
directly	into	the	upper	atmosphere.	This	matters	out	of	all	proportion	to	its	tonnage:	black	carbon	injected	at	altitude
absorbs	sunlight	and	warms	the	surrounding	stratosphere,	and	per	unit	mass	its	radiative	forcing	has	been
estimated	at	hundreds	of	times	that	of	soot	emitted	at	the	surface	or	by	aircraft.	Starship	burns	methane	and	liquid
oxygen,	which	produces	less	soot	than	kerosene	but	introduces	its	own	concerns	through	methane	supply,	leakage,
and	the	sheer	scale	of	combustion	at	a	high	flight	rate.	Neither	propellant	is	the	clean-burning	rocket	of	the	popular
imagination,	and	the	liquid	oxygen	both	vehicles	consume	in	enormous	quantities	is	itself	produced	by	energy-
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intensive	cryogenic	separation,	carrying	whatever	emissions	the	supplying	power	grid	carries.

The	scale	of	the	published	findings	is	the	part	that	belongs	alongside	the	reentry	numbers	rather	than	buried
beneath	them,	and	here	too	the	result	rests	on	independent	groups	converging.	Peer-reviewed	modeling	finds	that
black	carbon	from	rockets	exerts	a	radiative	forcing	per	unit	mass	on	the	order	of	500	times	that	of	surface	and
aviation	soot	sources,	because	it	is	deposited	directly	into	the	stratosphere	where	it	accumulates	rather	than
washing	out—so	that	even	a	few	years	of	a	routine	launch	industry	contributes	a	share	of	global	radiative	forcing
wildly	out	of	proportion	to	its	tonnage.22	Independent	modeling	by	a	separate	group,	using	a	different	atmospheric
model,	finds	that	plausible	near-future	launch	rates	would	measurably	warm	the	stratosphere	and	slow	the	ozone
layer’s	recovery	from	the	CFC	era,	with	seasonal	Northern-Hemisphere	ozone	losses	driven	by	that	warming.23	The
two	studies	reach	convergent	conclusions	by	different	routes,	and	a	2022	WMO/UNEP	ozone	assessment	separately
flagged	rising	launch	frequency	as	a	twenty-first-century	ozone	concern.	In	other	words,	the	same	launch	cadence
celebrated	earlier	as	proof	that	the	logistics	problem	is	solved	is,	viewed	through	the	atmosphere,	an	independent
and	growing	source	of	stratospheric	harm	that	compounds	the	reentry-metals	problem	rather	than	offsetting	it.	A
complete	accounting	of	a	single	satellite’s	life	cycle	includes	soot	on	the	way	up	and	vaporized	heavy	metals	on	the
way	down,	both	deposited	in	the	same	fragile	layer,	both	poorly	monitored,	both	scaling	with	the	cadence	the
industry	treats	as	its	proudest	achievement.

The	honest	framing	is	not	“this	is	definitely	worse	than	climate	change.”	It	is	that	this	shares	climate	change’s
structure—diffuse,	accumulating,	commons-driven,	denied	while	it	builds—but	unlike	the	climate	problem	we	are
choosing	to	scale	it	before	doing	the	basic	science,	across	more	independent	actors	than	the	fossil-fuel	era	had	to
coordinate,	with	no	IPCC,	no	Kyoto	even	in	aspiration,	and	a	commons	that	gives	less	warning	before	a	threshold.
The	industrial-revolution	playbook—build	first,	externalize	freely,	let	someone	else	find	the	bill—replayed	at	high
speed,	in	an	environment	understood	far	less	well,	with	no	referee.

There	is	one	further	difference,	and	it	is	the	most	damning	of	all,	because	it	removes	the	excuse	the	earlier	cases
could	legitimately	claim.	The	industrialists	who	blackened	the	skies	of	Manchester,	and	the	engineers	who	built	the
world’s	dependence	on	oil,	largely	did	not	know	what	they	were	setting	in	motion;	the	link	between	coal	smoke	and
a	warming	planet,	or	between	fossil	fuels	and	a	destabilized	climate,	was	not	visible	to	them	and	would	not	be
established	for	generations.	They	had	ignorance	as	a	partial	defense.	We	do	not.	We	have	the	benefit	of	their
hindsight—a	full	scientific	understanding	of	how	an	unpriced	atmospheric	externality,	ignored	while	it	is	convenient,
compounds	quietly	until	it	becomes	a	crisis	that	is	enormously	expensive	or	impossible	to	reverse.	That	pattern	is	no
longer	a	surprise;	it	is	one	of	the	best-documented	lessons	of	the	last	century.	And	yet,	handed	exactly	that	lesson
and	confronted	with	early,	direct,	physical	evidence	that	metals	from	reentering	satellites	are	already	accumulating
in	the	stratosphere,	we	are	repeating	the	pattern	anyway—steamrolling	the	warning	in	the	name	of	progress.	The
science	is	already	sufficient	to	justify	serious	concern	and	to	put	this	near	the	top	of	the	environmental	agenda.	It	is
instead	receiving	almost	no	attention	at	all.	The	failure	here	is	not	one	of	knowledge,	as	it	arguably	was	before.	It	is
a	failure	to	act	on	knowledge	we	already	have.

When	success	becomes	the	liability
A	final	fragility	appears	only	once	the	service	succeeds.	As	long	as	a	megaconstellation	is	treated	as	a	speculative
communications	product,	its	failure	is	primarily	an	investor	problem.	But	once	ships,	aircraft,	emergency	responders,
rural	communities,	remote	clinics,	offshore	platforms,	scientific	stations,	and	governments	begin	to	rely	on	it	as
ordinary	infrastructure,	the	consequence	of	failure	changes	category.	The	loss	is	no	longer	merely	destroyed
satellites	or	a	bankrupt	operator;	it	is	the	sudden	disappearance	of	a	communications	layer	that	users	have	built
procedures,	budgets,	staffing,	safety	plans,	and	emergency	assumptions	around.

This	matters	most	in	exactly	the	markets	where	satellite	connectivity	is	most	defensible,	which	is	what	makes	it
more	than	an	irony.	A	suburban	household	usually	has	alternatives—fiber,	cable,	cellular,	fixed	wireless,	a	neighbor’s
network.	A	vessel	in	the	Southern	Ocean,	a	disaster-response	team	after	a	hurricane,	a	polar	station,	a	remote	mine,
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or	a	rural	clinic	frequently	does	not.	For	those	users	LEO	connectivity	is	valuable	precisely	because	there	is	no
terrestrial	fallback—and	that	same	absence	of	a	fallback	is	what	makes	dependence	dangerous	if	the	orbital	layer	is
built	as	a	disposable,	crowded,	privately	managed	commons	rather	than	as	resilient,	governed	infrastructure.	The
better	the	service	becomes,	the	more	costly	its	interruption	becomes.	Success	quietly	converts	a	business-continuity
risk	into	a	societal-resilience	risk,	and	it	does	so	first	and	worst	for	the	very	users	the	system	is	best	justified	by
serving.

6.	A	Sustainable	Constellation
Each	of	the	constraints	described	above	inverts	the	moment	the	objective	of	competing	with	terrestrial	fiber
everywhere	is	abandoned.	A	sustainable	configuration	is	not	hypothetical—it	is	largely	the	configuration	that	exists
today,	before	the	latency-driven	redesign,	redirected	toward	the	customers	who	actually	depend	on	it.

The	strongest	evidence	that	such	a	configuration	works	is	that	one	already	has,	for	decades.	Iridium—the	original
satellite-telephony	network—was	built	on	close	to	the	inverted	priorities	described	here:	roughly	sixty-six	operational
satellites	rather	than	thousands,	a	first	generation	that	flew	for	about	twenty	years	rather	than	five,	and	a	service
deliberately	scoped	to	the	places	nothing	terrestrial	reaches—oceans,	poles,	aircraft,	remote	backcountry—rather
than	pitched	against	urban	fiber.	When	that	first	generation	was	retired,	its	satellites	were	responsibly	deorbited
rather	than	abandoned—the	active	end-of-life	disposal	that	operating	at	altitude	demands.	The	model	is	not	perfect:
it	is	narrowband,	it	flies	high	enough	that	its	own	debris	would	linger,	and	it	is	expensive	per	bit.	But	it	is	a	real,
profitable,	decades-long	demonstration	that	a	durable	constellation	serving	the	genuinely	remote	is	an	existing
business	rather	than	a	thought	experiment.

Iridium	is	also	the	cautionary	half	of	its	own	example,	in	a	way	that	reinforces	the	case	rather	than	undercutting	it.	In
2009	one	of	its	working	satellites,	Iridium	33,	was	destroyed	in	the	collision	described	earlier—struck	by	a	defunct
Russian	satellite	that	could	no	longer	maneuver,	in	a	conjunction	that	was	not	resolved	in	time.	Iridium	had	done
nothing	wrong;	it	was	the	disciplined	operator,	and	it	was	still	the	victim.	That	is	the	whole	argument	for	governance
in	miniature.	An	operator	can	control	its	own	fleet’s	phasing,	its	own	deorbits,	and	its	own	restraint	and	still	be
wrecked	by	someone	else’s	derelict	in	a	shell	with	no	referee.	Unilateral	good	behavior	is	necessary	and	not
sufficient—a	durable	architecture	stays	durable	only	inside	a	commons	some	authority	is	empowered	to	police.

Design	principles
A	higher,	stable	orbit	(~550	km	or	above).	The	drag	problem	nearly	disappears—the	satellite	coasts	with
occasional	adjustments	rather	than	thrusting	continuously.	The	dependence	of	the	propellant	budget	on	the	solar
cycle	evaporates,	and	operational	lifespan	extends	naturally.
Larger,	longer-lived	satellites	with	genuine	propellant	margin.	Extending	replacement	from	five	years	to
eight	or	ten	cuts	both	the	perpetual-launch	burden	and	the	capital-destruction	rate	by	half	or	more.
Fewer	satellites.	Setting	aside	the	latency	arms	race	and	the	universal-coverage	guarantee	relaxes	the
conjunction	arithmetic,	manufacturing	throughput,	and	launch	cadence	simultaneously.
Realistic	latency	expectations.	The	difference	between	600	ms	and	40	ms	is	immaterial	to	a	ship	in	the
Southern	Ocean.	Abandoning	the	pursuit	of	fiber-class	latency—the	single	requirement	that	forced	the	350	km
orbit—allows	the	architecture	to	settle	into	a	form	an	engineer	would	choose	deliberately.

A	higher	orbit	does	carry	one	real	tradeoff	worth	stating	plainly,	because	it	is	the	price	of	the	stability.	At	350	km,
drag	deorbits	a	dead	satellite	within	months	at	no	cost—the	same	brutal	environment	that	demands	continuous
thrust	also	disposes	of	failed	hardware	automatically.	At	550	km,	that	self-disposal	still	happens	but	slowly,	on	the
order	of	five	years,	and	a	satellite	that	fails	completely	before	it	can	act	is	a	hazard	for	that	whole	period.	Higher	still,
above	roughly	600	km,	passive	decay	stretches	to	decades	or	centuries,	which	is	why	responsible	operation	at	those
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altitudes	requires	designing	in	an	active	end-of-life	deorbit—reserving	enough	propellant	for	a	controlled	burn	to
lower	the	orbit,	or	fitting	a	drag	device	such	as	a	deployable	sail,	so	the	satellite	removes	itself	on	a	reasonable
timeline	rather	than	lingering	as	debris.	This	is	a	solved	engineering	problem,	but	it	is	a	deliberate	design
requirement	and	a	real	mass-and-propellant	cost,	not	something	the	physics	provides	for	free.	A	sustainable
constellation	accepts	that	cost	as	the	price	of	a	stable	orbit;	it	does	not	pretend	the	cost	away	by	diving	to	an
altitude	where	drag	does	the	disposal	but	exacts	continuous	thrust	in	exchange.

Honesty	requires	a	clear	limit	on	what	this	version	achieves	environmentally:	it	reduces	the	problem,	it	does	not
erase	it.	Fewer	satellites,	longer	service	lives,	and	higher	orbits	cut	launch	frequency	and	reentry	flux,	which	slows
the	rate	at	which	soot	and	vaporized	spacecraft	metals	are	injected	into	the	upper	atmosphere—but	as	long	as
satellites	are	ultimately	deorbited	and	burned	up,	some	atmospheric	input	remains.	Designing	spacecraft	to	survive
reentry	for	controlled	ocean	disposal	instead	of	vaporizing	is	physically	imaginable,	but	for	routine	broadband	fleets
the	added	mass,	shielding,	guidance,	and	recovery	requirements	would	almost	certainly	defeat	the	economic
purpose;	it	is	not	realistically	in	the	cards.	So	the	honest	sustainable	claim	is	not	zero	impact.	It	is	lower	throughput
through	the	atmosphere,	bought	by	lower	replacement	frequency—with	the	residual	that	remains	being	exactly	what
a	monitoring-and-governance	regime	would	exist	to	track	and	bound.	The	design	slows	the	input;	only	oversight	with
teeth	addresses	what	is	left.

It	is	also	worth	saying	plainly	that	heavy-lift	vehicles	are	not	the	villain	of	this	story,	and	could	be	part	of	the	durable
version	of	it.	The	criticism	of	Starship	in	this	paper	is	specific:	it	is	harmful	when	used	to	accelerate	the	deployment
of	disposable	mass	at	enormous	scale,	lowering	the	cost	of	relinquishing	more	hardware	more	often.	But	the	same
capability	points	the	other	way	too.	Fewer,	longer-lived	satellites	with	real	propellant	margin,	active	disposal
hardware,	better	shielding,	and	longer	amortization	would	individually	be	heavier	than	a	V3-class	satellite,	not
lighter,	and	some	would	belong	in	higher	or	more	demanding	orbits.	Lofting	them	efficiently	is	exactly	what	a	large,
reusable	launch	vehicle	is	good	for.	The	problem	was	never	heavy	lift;	it	is	the	choice	to	spend	that	lift	making	the
disposable	architecture	bigger	rather	than	making	the	orbital	infrastructure	more	durable.	The	same	rocket	that
makes	the	bonfire	cheaper	could	instead	make	the	durable	system	feasible.

The	market	that	pays
The	defensible	business	is	not	“internet	anywhere	for	everyone.”	It	is	connectivity	for	mobile	and	remote
platforms	fiber	physically	cannot	reach—and	it	is	genuinely	large:

Aviation:	premium,	fiber-proof,	already	signed	(United,	Air	France,	Qatar	Airways).	Transoceanic	corridors	are
some	of	the	best	real	estate	in	the	system—high-value	mobile	users	over	water	with	no	terrestrial	substitute.
Maritime:	commercial	shipping,	fishing	fleets,	cruise,	offshore	supply—a	multi-billion-dollar	spend	currently
running	on	miserable	legacy	VSAT.
Energy	and	industry:	offshore	rigs,	remote	pipelines,	mining,	exploration	camps,	where	downtime	costs
hundreds	of	thousands	of	dollars	a	day	and	the	alternative	is	a	satellite	phone	and	a	helicopter.
Government,	defense,	disaster	response,	and	scientific	stations	—	resilience	customers	who	pay	for
coverage,	not	gigabit.
Developing	regions	without	fiber	capital	—	served	at	low	margin	or	near	cost.	A	reliable	connection	for	a
clinic,	school,	or	market	town	is	transformative	in	a	way	that	a	marginal	speed	increase	for	an	already-connected
suburb	is	not.	Here	the	humanitarian	case	and	the	business	case	align:	low-cost	service	in	these	regions	builds
the	regulatory	goodwill,	spectrum	relationships,	and	on-the-ground	footprint	that	matter	for	everything	else.

None	of	these	need	gigabit.	All	are	physically	unreachable	by	fiber.	All	already	pay	premium	prices	to	inferior
incumbents.	That	is	a	real	double-	or	triple-digit-billion-dollar	business,	defensible	precisely	because	it	is	the
intersection	nobody	else	can	serve.	The	coverage-geometry	problem	bites	hardest	exactly	here—a	transoceanic
flight	needs	continuous	corridor	coverage	with	no	fallback—one	more	reason	to	keep	the	orbit	high	and	the	count



honest	rather	than	chasing	latency	into	a	350	km	hole.

The	direct-to-cell	question
One	market	deserves	its	own	treatment,	because	it	is	the	strongest	argument	against	the	thesis	of	this	analysis	and
is	too	often	waved	away:	direct-to-cell,	the	service	that	lets	an	ordinary	unmodified	smartphone	connect	straight	to	a
satellite.	It	is	genuinely	fiber-immune	in	a	way	fixed	broadband	is	not—a	phone	in	a	dead	zone	is	never	getting	a
fiber	connection,	and	the	satellite	link	reaches	it	where	no	tower	does.	If	any	part	of	the	megaconstellation	case
escapes	the	“fiber	wins”	verdict,	this	is	it.	The	honest	question	is	not	whether	direct-to-cell	is	real	and	valuable—it	is
—but	whether	it	justifies	the	perpetual,	hundreds-of-billions,	environmentally	fraught	architecture	the	rest	of	this
analysis	describes.

It	does	not,	and	the	reason	is	capacity	density.	Measured	performance	of	the	deployed	direct-to-cell	service	shows
roughly	3	to	4	megabits	per	second	of	total	throughput	per	beam,	with	each	beam	covering	an	enormous
area—and	that	capacity	is	shared	among	every	user	under	it.24	A	terrestrial	cell	tower	delivers	orders	of	magnitude
more	capacity	over	a	service	area	thousands	of	times	smaller.	The	physics	is	unforgiving:	a	satellite	several	hundred
kilometers	up,	sharing	finite	spectrum	across	a	beam	that	may	span	a	whole	region,	cannot	approach	the	spectral
density	of	a	tower	a	few	kilometers	from	the	user.	Every	serious	source,	including	SpaceX’s	own	descriptions	and	its
carrier	partners,	characterizes	direct-to-cell	as	supplemental	coverage—a	gap-filler	that	activates	where	towers	do
not	reach,	with	the	phone	always	preferring	the	faster	ground	network	where	one	exists.25	It	is	a	safety-and-dead-
zone	service:	texts	from	the	backcountry,	basic	connectivity	over	the	mountains	and	the	genuinely	dark	places	that
towers	will	never	economically	reach.	That	is	real	and	worth	doing.	It	is	not	a	replacement	for	terrestrial	mobile
networks,	and	it	cannot	become	one,	because	the	airwave	density	is	not	there	and	cannot	be	made	to	be.

Capacity	density	is	not	even	the	only	ceiling.	The	second	is	the	handset	itself,	and	it	is	a	constraint	Wall	Street
consistently	underestimates.	A	phone	is	engineered	to	reach	a	tower	a	few	kilometers	away;	direct-to-cell	asks	that
same	small	antenna	and	modest	transmit	power	to	close	a	link	to	a	satellite	several	hundred	kilometers	overhead.
Closing	that	link	budget	is	hard,	and	sustaining	it	is	punishing	on	a	battery	sized	for	terrestrial	use—even	modest
uplink	to	orbit	draws	power	at	a	rate	that	drains	a	handset	quickly.	The	physics	caps	the	realistic	product	at	low-
duty-cycle	traffic:	SOS,	short	messaging,	location	pings,	occasional	low-rate	data,	and	limited	voice	where	nothing
terrestrial	exists.	The	binding	limit	is	duty	cycle,	not	peak	throughput.	Low-duty-cycle	traffic	lets	the	radio	sleep
between	bursts;	an	always-on	session—streaming,	a	sustained	video	call—keeps	the	power-hungry	orbital	uplink	lit
and	drains	the	battery	long	before	beam	capacity	becomes	the	operative	ceiling.	That	is	an	independent	limit,	on	the
user	end,	that	no	amount	of	additional	satellites	relieves.

Voice	deserves	a	specific	note,	because	its	tolerances	differ	from	data’s	in	a	way	easy	to	overlook.	The	issue	is	not
that	low-orbit	propagation	delay	resembles	geostationary	service—it	does	not;	a	550	km	round	trip	is	a	small	fraction
of	GSO’s	half-second-plus.	It	is	that	conversational	voice	has	tighter	tolerances	than	text	or	bursty	data—for
continuity,	jitter,	retransmission	behavior,	and	satellite-to-satellite	handoff—over	a	link	that	is	intermittent	and
power-limited	at	the	handset.	A	delay	invisible	in	messaging	becomes	intrusive	in	conversation	once	those	factors
compound.	“Good	enough	to	text	from	a	dead	zone”	is	not	the	same	product	as	“good	enough	to	hold	a	call,”	and
the	gap	matters	for	how	the	service	should	be	sold.	The	honest	framing	is	narrow:	direct-to-cell	is	an	SOS-grade
coverage	layer	and	a	resilience	supplement	for	the	places	terrestrial	service	does	not	reach—not	the	proposition,
which	a	great	deal	of	the	market	appears	to	have	heard,	that	every	phone	becomes	a	pocket	Starlink	terminal.	The
fine	print	says	as	much;	it	simply	goes	unread,	and	the	unread	fine	print	is	where	the	overvaluation	lives.

This	actually	reinforces	the	central	argument	rather	than	undercutting	it.	The	terrestrial	trend	compounds	the	point:
the	move	to	higher-frequency	5G	shrinks	each	tower’s	cell,	requiring	ever	more	towers	to	maintain	coverage,	which
leaves	more	marginal	and	rural	gaps—exactly	the	gaps	a	supplemental	satellite	layer	is	well	suited	to	fill.	Direct-to-
cell	is	therefore	best	understood	as	a	thin	complement	to	the	terrestrial	network,	sized	to	cover	the	holes,	not	as	a
justification	for	committing	a	society’s	communications	backbone	to	a	constellation	that	costs	hundreds	of	billions	in

file:///home/claude/index.html#note-24
file:///home/claude/index.html#note-25


perpetuity	and	carries	the	unresolved	environmental	liabilities	catalogued	above.	A	gap-filler	does	not	need	forty
thousand	satellites;	it	needs	enough	to	guarantee	a	usable	link	in	the	places	nothing	else	serves.	Sizing	the	system
far	beyond	that—and	pointing	the	surplus	capacity	at	the	dense	markets	terrestrial	networks	and	fiber	already	serve
better—is	the	same	overreach	in	a	different	band,	and	it	runs	into	the	same	wall:	the	math	does	not	close	for	full-
network	ambition,	only	for	the	gap-filling	role	the	physics	actually	supports.

What	this	paper	is	not	arguing
Because	the	argument	is	forceful,	it	is	worth	stating	its	boundaries	plainly,	so	the	conclusion	is	not	mistaken	for	a
larger	claim	than	it	makes.	This	paper	is	not	arguing	that	satellite	internet	has	no	role;	it	argues	that	satellite
internet’s	durable	role	is	as	a	complement	to	terrestrial	infrastructure,	not	as	a	fiber	replacement.	It	is	not	arguing
that	high	launch	cadence	is	impossible;	it	argues	that	launch	cadence	being	solved	does	not	solve	the	replacement-
economics,	orbital-risk,	or	atmospheric-externality	problems,	which	are	independent	of	it.	It	is	not	arguing	that
Kessler	syndrome	will	trap	humanity	on	Earth;	it	argues	that	a	crowded	low-orbit	shell	can	suffer	a	years-long,
economically	fatal	disruption	even	if	the	orbit	eventually	self-cleans.	And	it	is	not	arguing	that	potential
environmental	damage	is	already	quantified;	it	argues	that	measurable,	spacecraft-derived	atmospheric	inputs	are
already	appearing	before	the	monitoring,	modeling,	and	governance	regime	needed	to	manage	their	scaling	exists.
Each	of	these	is	a	bounded	claim,	and	the	case	does	not	require	the	stronger	versions.

Why	the	technical	fix	is	not	enough
It	would	be	a	mistake,	though,	to	read	the	preceding	as	a	to-do	list	for	one	company.	Every	principle	above—higher
orbit,	longer-lived	satellites,	fewer	of	them,	honest	latency	expectations,	capacity	sized	to	fiber-proof	markets—
describes	what	a	single	responsible	operator	should	do.	But	a	single	responsible	operator	cannot	solve	a	commons
problem	by	behaving	well,	and	this	is	the	crux.	If	one	operator	flies	high	and	sparse	while	the	shell	around	it	fills	with
disposable	hardware	from	a	half-dozen	others	racing	for	the	same	band,	the	careful	operator	inherits	the	same
fouled	environment,	the	same	conjunction	rate,	the	same	correlated	risk.	Restraint	that	is	unilateral	is	merely	a
competitive	disadvantage.	The	structural	problems	identified	in	this	paper—the	commons	with	no	referee,	the
uninsurable	correlated	risk,	the	unpriced	atmospheric	externality—are	by	construction	problems	that	no	individual
operator	can	fix	and	that	no	individual	operator	has	an	incentive	to	fix	alone.

A	clarification	on	scale	belongs	here,	because	the	numbers	are	easy	to	misread.	The	point	is	not	that	any	one
operator	spends	hundreds	of	billions	of	dollars	a	year.	It	is	that	the	industry-wide	lifecycle	commitment	implied	by
several	disposable	constellations	plausibly	reaches	that	scale	over	time:	tens	of	thousands	of	satellites
manufactured,	launched,	depreciated	over	short	lives,	deorbited,	and	replaced	again,	across	multiple	competing
operators,	for	as	long	as	the	architecture	persists.	That	is	capital	which	could	otherwise	build	terrestrial	fiber	and
other	durable	communications	infrastructure—assets	whose	upgrade	path	lives	mostly	in	endpoint	electronics	rather
than	in	the	wholesale	replacement	of	the	physical	layer.	The	misallocation	is	not	one	company’s	budget;	it	is	the
field’s	aggregate	bet.

So	the	sustainable	alternative	is	not	only	technical;	it	is	institutional,	and	the	institutional	part	is	the	load-bearing
part.	A	safe	low-Earth-orbit	communications	layer	cannot	be	produced	by	half	a	dozen	operators	independently
racing	to	occupy	the	same	shell,	however	well	any	one	of	them	behaves.	The	physical	layer	behaves	less	like	a
normal	competitive	market	and	more	like	a	shared	utility,	and	it	is	more	stable	when	treated	as	one—with
competition	layered	on	top	of	common	infrastructure	rather	than	expressed	as	duplication	of	the	infrastructure	itself.
Terrestrial	telecom	already	separates	these	ideas	imperfectly	but	usefully:	rival	retail	providers	compete	over	shared
towers,	leased	fiber,	roaming	agreements,	and	wholesale	access	arrangements,	without	each	one	building	a	parallel
physical	network	beside	the	others.	The	orbital	equivalent	would	be	coordinated	infrastructure	and	enforceable
shared	safety	rules	underneath,	with	operators	competing	above	it	on	terminals,	service	plans,	enterprise
integration,	mobility,	security,	and	customer	experience—not	on	who	can	place	the	most	hardware	in	the	same	finite
shell.



That	requires	governance	with	teeth,	and	it	requires	it	before	the	shell	is	crowded	beyond	practical	control	rather
than	after.	The	specific	mechanism	matters	less	than	the	principle,	but	the	shape	is	not	mysterious:	national
regulators	and	treaty	bodies	conditioning	launch	licenses	on	a	common	space-traffic-management	regime—shared
ephemeris	and	maneuver	data,	interoperable	collision-avoidance	protocols,	enforceable	altitude	and	inclination
coordination,	satellite-count	limits	by	shell,	mandatory	end-of-life	disposal,	reentry-material	disclosure,	and
atmospheric	monitoring	funded	by	the	operators	who	create	the	input.	Absent	something	in	this	family—binding,
transparent,	and	enforced	across	operators	and	jurisdictions—the	design	principles	above	are	advice	that	the	first
defector	renders	moot.	With	it,	the	right	question	stops	being	how	many	parallel	disposable	constellations	the
market	can	finance	before	something	breaks,	and	becomes	what	communications	capacity	the	shared	shell	can
safely	support,	how	that	capacity	should	be	allocated,	and	how	competition	can	occur	without	duplicating	the
physical	risk.	The	technical	recommendations	describe	a	constellation	worth	building;	only	the	governance	makes	it
buildable	by	anyone	who	has	to	share	the	orbit.

It	is	worth	being	honest	that	“coordination”	may	be	too	soft	a	word	for	what	this	needs.	Coordination	is	what	willing
parties	do	when	their	incentives	already	point	the	same	way;	it	is	voluntary,	and	the	orbital	commons	is	precisely	the
case	where	one	party’s	incentive	is	to	defect	while	others	restrain	themselves.	The	atmospheric	problem	makes	the
point	sharply.	As	the	environmental	section	showed,	the	measured	input	is	the	smallest	it	will	ever	be,	it	is	scaling
toward	many	times	current	levels	as	more	operators	enter	their	replacement	cycles,	and	there	is	no	funded	body
mandated	to	monitor	it,	let	alone	to	slow	it—only	a	handful	of	researchers	documenting	a	curve	they	have	no	power
to	bend.	Voluntary	coordination	cannot	fix	that,	because	no	competitor	will	unilaterally	fund	the	monitoring,	cap	its
own	deployment,	or	disclose	its	reentry	chemistry	while	rivals	decline	to.	What	the	situation	calls	for	is	closer	to
control	than	coordination:	an	authority	with	the	standing	to	set	binding	satellite-count	and	disposal	limits	across	all
operators,	to	require	and	fund	the	atmospheric	and	orbital	monitoring	as	a	condition	of	access,	and—the	part	that
distinguishes	governance	with	teeth	from	a	voluntary	code—to	attach	meaningful	penalties	to	defection,	up	to	and
including	denial	of	launch	and	market	access.	Whether	the	existing	treaty	framework	can	be	extended	to	carry	that
weight,	or	whether	something	new	is	required,	is	beyond	this	paper’s	scope.	What	is	within	its	scope	is	the
conclusion	that	coordination	without	enforcement	will	not	hold,	because	the	entire	structure	of	the	commons
rewards	the	first	operator	willing	to	ignore	it.

The	asymmetry	has	a	number	attached	to	it.	In	June	2026	the	operator	at	the	center	of	this	analysis	listed	publicly	at
a	valuation	near	$1.8	trillion—the	largest	initial	public	offering	in	history—sold	to	investors	substantially	on	the
strength	of	the	same	satellite-internet	business	whose	hardware	is	now	the	dominant	new	source	of	metals	in	the
stratosphere.26	In	the	same	window,	the	first	coordinated	multi-agency	effort	to	convene	the	scientists	studying	that
atmospheric	input	was	resourced	at	roughly	three	hundred	thousand	dollars:	workshop	money.	Whatever	the	true
total	of	research	spending	scattered	across	a	handful	of	grants—it	is	larger	than	that	workshop	line,	but	nobody	has
assembled	it,	which	is	itself	the	point—the	ratio	between	what	the	business	is	valued	at	and	what	its	atmospheric
externality	is	funded	to	be	understood	is	not	a	rounding	error;	it	is	a	statement	of	priorities,	separated	by	orders	of
magnitude.	The	market	has	priced	the	upside	to	the	dollar	and	the	downside	at	approximately	zero.	That	is	not	an
oversight	better	intentions	will	close;	it	is	what	the	incentive	structure	produces.	A	valuation	rewards	captured
revenue	and	does	not	debit	the	commons,	because	no	mechanism	forces	it	to—the	externality	is	unpriced	not
because	it	is	unmeasured,	increasingly	it	is,	but	because	nothing	connects	the	measuring	to	the	money.	That	is	the
precise	function	governance	with	teeth	would	serve:	not	to	stop	the	business	but	to	put	the	downside	on	the	same
ledger	as	the	upside,	so	the	cost	of	fouling	the	shell	or	loading	the	stratosphere	falls	on	the	operators	who	choose	it
rather	than	on	everyone	who	comes	after.	Until	that	ledger	exists,	the	trillion-dollar	valuations	and	the	workshop-
sized	science	budgets	will	keep	telling	one	story—enormous	private	return,	socialized	physical	risk—that	no	single
operator’s	good	behavior	can	rewrite.

What	would	change	the	conclusion
The	analysis	is	falsifiable,	and	it	is	worth	being	explicit	about	what	would	weaken	it.	The	conclusion	would	lose	much
of	its	force	if	several	of	the	following	became	true	together:	if	Starship	achieved	high-cadence,	low-cost,	reliably
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reusable	operation,	collapsing	the	launch	cost	that	dominates	the	economics;	if	Starlink	satellites	demonstrated
substantially	longer	real-world	lives	than	the	five-year	replacement	cycle	assumed	here,	lengthening	the
amortization;	if	internal	manufacturing	and	launch	costs	proved	low	enough	to	make	the	replacement	economics
immaterial;	if	binding,	transparent,	internationally	enforceable	multi-operator	space-traffic	coordination	emerged,
supplying	the	cross-constellation	phasing	the	commons	currently	lacks;	if	atmospheric	monitoring	showed	reentry
metals	and	launch	emissions	to	be	negligible	at	projected	scale;	or	if	the	business	shifted	decisively	away	from	fiber-
competitive	terrestrial	broadband	toward	genuinely	fiber-proof	markets.	The	first	five	are	empirical	questions	whose
answers	are	not	yet	in;	the	last	is	a	choice.	None	is	impossible,	and	the	honest	position	is	that	the	conclusion	holds
under	current	evidence	rather	than	under	all	conceivable	evidence.

One	of	those	conditions	deserves	a	caveat,	because	it	is	easy	to	overstate.	Starship	achieving	cheap,	reliable,	high-
cadence	reuse	would	genuinely	weaken	the	economic	leg	of	this	analysis—it	is	the	launch	cost	that	dominates	the
replacement	model,	and	collapsing	it	would	ease	the	capital	bonfire	for	SpaceX	specifically.	But	cheap	launch	by
itself	would	not	touch	the	rest	of	the	argument.	It	would	not	resolve	the	altitude-versus-coverage	tradeoff,	would	not
lengthen	satellite	life,	would	not	relieve	the	conjunction	problem,	would	not	price	the	atmospheric	externality,	and
would	not	supply	the	multi-operator	governance	the	commons	lacks.	If	anything,	cheaper	launch	makes	several	of
those	worse:	it	lowers	the	cost	of	lofting	and	relinquishing	more	heavy	satellites	more	often,	accelerating	both	the
propellant-exhaust	and	the	vaporized-metal	inputs	to	the	upper	atmosphere.	So	the	honest	reading	is	that	Starship’s
success	would	improve	one	company’s	private	economics	while	leaving—or	worsening—the	orbital	and
environmental	problems	that	the	structural	conclusion	actually	rests	on.	It	changes	the	economics;	it	does	not
change	the	conclusion,	except	to	make	the	externalities	grow	faster.	The	conclusion	would	be	materially	overturned
only	if	cheap	launch	arrived	together	with	longer	real-world	satellite	lives,	lower	replacement	rates,	enforceable
traffic	governance,	and	evidence	that	launch	and	reentry	effects	stay	negligible	at	projected	scale.

Conclusion
The	launch-logistics	objection	that	dominates	popular	criticism	is	aimed	at	the	wrong	target.	The	launch	manifest
has	answers;	Falcon	9	has	already	demonstrated	the	necessary	throughput—though	that	very	throughput,	every
kerosene-fueled	flight	depositing	soot	into	the	stratosphere,	is	itself	one	of	the	atmospheric	harms	the	program
externalizes	rather	than	a	clean	triumph.	The	capital	model,	the	orbital	commons,	and	the	atmosphere	do	not	have
answers	under	the	universal-coverage	plan,	because	that	plan	has	no	equilibrium	by	construction.	And	the	scale	of
that	plan	is	not	driven	by	the	remote	users	it	is	often	justified	by	reference	to.	Global	coverage	is	the	cheap	part,
achieved	with	a	few	thousand	satellites	years	ago;	the	march	toward	tens	of	thousands	is	a	capacity	race,	piling
bandwidth	onto	the	dense,	populated	regions	where	demand	is	concentrated.	The	constellation	is	sized	by	its	busiest
markets,	not	its	emptiest—and	its	busiest	markets	are	exactly	the	ground	fiber	takes	in	a	head-to-head.	Even	direct-
to-cell,	the	one	application	that	genuinely	escapes	fiber’s	reach,	is	a	supplemental	gap-filler	by	its	own	physics,	not	a
network	replacement,	and	needs	no	megaconstellation	to	perform	its	real	job.	This	is	the	key	point	that	the	fiber-
competitive	framing	obscures:	the	gap-filling	use	cases	do	not	require	fiber-class	performance	to	be	genuinely
valuable.	When	the	alternative	is	no	signal	at	all,	the	bar	to	clear	is	not	terrestrial	fiber	but	the	only	other	thing	that
reaches	a	dead	zone—a	geostationary	satellite,	parked	36,000	km	up	with	round-trip	latencies	well	past	half	a
second.	Any	low-orbit	constellation	beats	that	by	an	order	of	magnitude,	a	bar	so	low	it	is	almost	impossible	not	to
clear,	and	clearing	it	does	not	require	diving	to	350	km	or	fielding	tens	of	thousands	of	satellites.	A	text	from	the
backcountry,	a	voice	call	from	the	open	ocean,	basic	data	from	a	mountain	valley—these	are	transformative	against
“nothing,”	and	they	are	deliverable	with	a	far	lower-count,	higher-orbit,	longer-lived,	more	sustainable	constellation.
The	ultra-low-latency,	ultra-high-throughput,	fiber-matching	ambition	is	what	drives	the	satellite	count,	the	orbit
drop,	the	propellant	treadmill,	and	the	environmental	bill—and	it	is	precisely	the	ambition	the	genuine	use	cases	do
not	need.	The	bulk	of	the	capital	is	therefore	committed	to	contesting	capacity	in	the	places	the	system	is
structurally	positioned	to	lose,	not	to	serving	the	genuinely	remote	customers	who	have	no	alternative	and	who
define	whatever	defensible	business	exists.

This	points	to	a	larger	question	of	allocation.	The	megaconstellation	buildout	belongs	to	the	same	family	of



contemporary	technology	bets	as	the	speculative	data-center	and	AI-infrastructure	boom:	enormous	capital
commitments	framed	as	unavoidable	because	the	future	is	said	to	require	them,	even	before	the	path	to	durable
profitability	is	clear.	The	common	feature	is	not	the	technology	itself—satellites	and	GPUs	have	nothing	in	common
as	engineering—it	is	the	funding	logic.	Build	the	physical	footprint	first,	at	unprecedented	scale;	treat	skepticism	as	a
failure	of	imagination;	and	assume	that	demand,	pricing	power,	and	social	permission	will	arrive	later.	In	both	cases
the	spending	also	assumes	that	today’s	hardware	footprint	must	be	reproduced	and	expanded	indefinitely,	when	the
consistent	lesson	of	technological	progress	is	the	opposite:	capability	per	unit	of	hardware	rises	and	the	physical
footprint	required	to	deliver	a	given	service	tends	to	shrink	over	time.

That	strategy	is	familiar	in	venture	capital,	where	many	small	bets	are	expected	to	fail	so	that	one	outsized	winner
pays	for	the	entire	portfolio.	The	logic	is	sound	when	the	losses	are	borne	by	the	investors	who	chose	the	risk.	But	at
the	scale	now	being	contemplated—across	orbital	infrastructure,	data	centers,	energy	procurement,	and
communications	backbones—the	losses,	externalities,	and	opportunity	costs	are	no	longer	confined	to	investors.
They	consume	scarce	capital,	redirect	industrial	capacity,	occupy	a	shared	and	finite	orbital	commons,	and	leave	the
public	to	absorb	consequences	the	original	business	case	never	priced.	A	failed	venture	bet	writes	down	a	fund;	a
failed	orbital	bet	can	leave	debris,	atmospheric	loading,	and	a	fouled	shell	behind	it.

Applied	to	connectivity,	the	implication	is	straightforward.	Fiber	is	the	durable,	upgradeable,	low-externality	answer
for	essentially	everywhere	that	population	density	can	justify	trenching	it—which	is	the	large	majority	of	where
people	actually	live.	The	rational	long-term	allocation	directs	capital	toward	extending	fiber	to	all	but	the	genuinely
remote,	and	reserves	low-Earth-orbit	satellite	delivery	for	the	places	where	terrestrial	infrastructure	is	truly
infeasible:	the	oceans,	the	polar	regions,	aircraft,	ships,	isolated	installations,	and	the	sparsest	rural	margins.	In	that
division	of	labor,	a	satellite	constellation	is	a	complement	to	fiber	sized	for	a	few	percent	of	the	problem—not	a
competitor	attempting	to	displace	fiber	across	the	whole	of	it.	The	megaconstellation	pursues	the	second	role;	the
physics,	the	economics,	and	the	environment	all	favor	the	first.

This	is	why	the	recurring	promise	that	satellite	broadband	will	eventually	out-compete	fiber	outright	should	be
treated	with	skepticism.	The	promise	rests	on	the	same	money-solves-everything	assumption,	and	it	runs	into	the
same	wall.	A	satellite	link	will	not	beat	fiber	in	a	true	head-to-head	contest,	for	the	same	reason	cellular	never	has:
the	medium	itself	imposes	ceilings	that	no	amount	of	capital	removes.	A	buried	strand	of	glass	offers	a	private,
interference-free	path	whose	capacity	is	upgraded	by	changing	the	equipment	at	each	end,	with	no	spectrum	to
share	and	no	distance	penalty	to	physics.	A	wireless	link—whether	from	a	cell	tower	or	a	satellite	350	kilometers	up
—must	share	finite	radio	spectrum	among	everyone	in	its	footprint,	contends	with	weather	and	obstructions,	and
pays	an	unavoidable	latency	toll	for	the	distance	the	signal	travels.	Cellular	did	not	lose	to	fiber	because	the	cellular
industry	was	underfunded;	it	lost	on	the	head-to-head	because	the	physics	favors	the	wire.	Satellite	broadband	faces
the	same	verdict,	with	a	longer	signal	path	and	a	far	higher	cost	structure	on	top	of	it.	Where	fiber	can	go,	it	wins.
The	enduring	role	for	satellite	is	precisely	where	fiber	cannot	go	at	all.

Much	of	what	makes	the	full	megaconstellation	irrational	is	a	refusal	to	let	the	product	be	what	its	physics	naturally
favors.	Once	remote	connectivity	is	permitted	to	be	remote	connectivity—judged	generous	against	the	alternative	of
nothing,	rather	than	against	terrestrial	fiber—the	engineering,	the	economics,	and	the	environmental	externalities	all
settle	into	a	configuration	that	withstands	scrutiny.	The	problem	is	not	satellite	internet.	The	problem	is	satellite
internet	engineered	to	deny	that	it	is	satellite	internet.	The	sustainable	answer	is	not	a	race	among	disposable
private	constellations	to	duplicate	one	another	in	the	same	fragile	shell;	it	is	a	governed	orbital	communications
layer,	sized	for	the	places	terrestrial	networks	cannot	reach,	with	competition	above	the	infrastructure	rather	than
chaos	inside	it.

Notes
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1. SpaceX	estimates	the	useful	life	of	its	satellites	at	three	to	five	years	and	depreciates	them	on	that	basis,	and	states	that
it	often	deorbits	them	earlier	still	to	reduce	degradation	risk	to	its	autonomous	collision-avoidance	system.	Source:
SpaceX	Form	S-1/A,	June	2026.	 ↩

2. Per	SpaceX’s	2026	registration	statement,	capital	expenditure	for	the	Connectivity	segment	(satellite	manufacturing	and
launch	capitalization	for	Starlink)	was	$4.18	billion	in	2025,	$3.50	billion	in	2024,	and	$2.46	billion	in	2023,	running	at
$1.33	billion	in	Q1	2026.	The	filing	capitalizes	dedicated	Starlink-launch	costs	in	the	segment	and	depreciates	them	over
the	satellites’	useful	life.	Public	Falcon	9	pricing	(~$67M	per	flight,	~23	satellites)	is	used	in	the	text	only	as	an
opportunity-cost	reference;	SpaceX’s	internal	cost	is	undisclosed.	Source:	SpaceX	Form	S-1/A,	June	2026.	 ↩

3. SpaceX	states	that	its	V3	satellites	can	be	deployed	only	on	Starship	and	expects	a	single	Starship	launch	to	carry	up	to
60	of	them.	Source:	SpaceX	Form	S-1/A,	June	2026.	 ↩

4. SpaceX	lists	as	a	risk	factor	that	its	growth	strategy	is	highly	dependent	on	Starship,	and	that	failure	to	achieve	full
reusability	or	rapid	turnaround	would	mean	higher	per-launch	costs	and	slower	deployment.	Source:	SpaceX	Form	S-1/A,
June	2026.	 ↩

5. Kuiper/Amazon	Leo	deployment	status,	FCC	milestone	waiver,	and	launch-vehicle	mix	(ULA	Vulcan/Atlas	V,	Blue	Origin
New	Glenn,	Arianespace	Ariane	6,	plus	SpaceX	Falcon	9	under	investor	pressure).	As	of	mid-2026	Amazon	had	roughly
329	of	a	first-generation	3,236-satellite	constellation	in	orbit,	having	missed	the	FCC	milestone	to	deploy	half	(1,618)	by
July	30,	2026;	the	FCC	granted	a	waiver	in	June	2026,	temporarily	demoting	the	spectral	priority	of	satellites	launched
after	the	deadline.	Sources:	FCC	orders	and	filings,	Jan.–June	2026;	SpaceNews	and	Spaceflight	Now,	2025–2026.	 ↩

6. China:	Guowang	and	Qianfan	deployment	counts	and	schedule	slippage	per	SpaceNews	and	SCMP,	2025–2026.	On	the
reusability	gap	—	China’s	two	orbital-class	first-stage	recovery	attempts	to	date	both	failed	on	descent	(Landspace’s
Zhuque-3,	Dec.	3,	2025,	and	the	state-owned	Long	March	12A,	Dec.	23,	2025;	both	reached	orbit,	neither	landed),
versus	roughly	four	hundred	for	SpaceX.	On	the	surprise	launch	—	China	conducted	the	maiden	flight	of	the	reusable
Long	March	12B	on	June	1,	2026,	delivering	operational	Qianfan	satellites	without	the	customary	public	airspace	or
maritime	notices	and	attempting	no	first-stage	recovery.	Sources:	SpaceNews	and	Scientific	American,	June	2026;	SCMP
and	CNN,	Dec.	2025.	 ↩

7. Original	size	class	and	first-generation	mass:	SpaceX’s	earliest	public	descriptions	of	the	system,	in	2015,	characterized
the	satellites	as	smallsats	in	roughly	the	100–500	kg	range;	the	first	operational	batch	—	sixty	Starlink	v0.9	spacecraft
launched	in	May	2019	—	massed	about	227	kg	each,	with	the	v1.0	design	near	260	kg.	The	V3	satellite,	by	contrast,	is
reported	at	roughly	1,760–2,000	kg.	The	figure	that	matters	is	the	class	rather	than	any	single	number:	the	program
began	squarely	in	the	small-satellite	regime	and	has	since	moved	about	an	order	of	magnitude	beyond	it.	Sources:
contemporaneous	reporting	of	SpaceX’s	January	2015	announcement	and	2016	FCC	NGSO	application;	first-generation
mass	per	published	satellite	catalogs	(e.g.	Gunter’s	Space	Page)	and	May	2019	launch	coverage.	 ↩

8. Propellant	generations:	V1/V1.5	used	krypton	Hall-effect	thrusters;	the	V2	Mini	introduced	argon	Hall	thrusters	(reported
~2.4x	thrust	and	~1.5x	specific	impulse	over	the	krypton	units),	and	V3	continues	with	an	advanced	argon	thruster.	The
shift	to	argon	is	driven	by	cost	and	abundance,	not	superior	per-unit	performance.	Source:	SpaceX	technical	descriptions
and	industry	reporting,	2023–2026.	 ↩

9. SpaceX’s	filing	states	it	often	deorbits	satellites	before	the	end	of	their	useful	life	to	preserve	collision-avoidance
reliability;	independent	reporting	on	FCC	filings	noted	on	the	order	of	500	Starlink	deorbits	in	the	first	half	of	2025,	all
under	five	years	old.	Sources:	SpaceX	Form	S-1/A,	June	2026;	Communications	Daily,	2025.	 ↩

10. The	mathematics	of	continuous	coverage—how	many	satellites,	in	how	many	planes,	are	required—was	worked	out	by	J.
G.	Walker;	the	“Walker	constellation”	notation	(total/planes/phasing)	remains	standard	and	underlies	GPS,	Iridium,	and
Starlink	alike.	Source:	Walker	(1977).	 ↩

11. At	550	km	with	a	25°	minimum	elevation	angle,	each	satellite	spans	a	ground	footprint	of	roughly	900	km	radius	(~2
million	km²);	a	constellation	needs	on	the	order	of	500	satellites	for	minimum	continuous	global	coverage,	and	six	to
twenty	times	that	for	high-quality	coverage	with	multiple	satellites	in	view	and	smooth	handoffs.	Source:	Huston	/	APNIC
(2023).	 ↩

12. Starlink’s	primary	shells	operate	at	~53°	inclination,	yielding	coverage	from	roughly	57°S	to	57°N;	high-latitude	and
polar	coverage	requires	separate	shells	at	higher	inclinations	(up	to	~97°).	Inclination	sets	the	latitude	band	covered;
the	minimum	earth-station	elevation	angle	(~25°)	sets	each	satellite’s	footprint	size.	The	two	are	independent
parameters.	Source:	FCC	filings	and	orbital-tracking	analysis.	 ↩
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13. Techno-economic	modeling	finds	capacity	to	be	a	function	of	satellite	count:	as	satellites	are	added,	per-satellite
coverage	area	shrinks	and	the	instantaneous	number	of	satellites	available	to	a	ground	user	rises,	so	satellites	beyond
the	coverage	minimum	add	capacity,	not	reach.	The	same	work	finds	these	constellations	must	operate	below	roughly
0.1	users	per	km²	to	outcompete	other	broadband	options.	Source:	Osoro	&	Oughton	(2021).	 ↩

14. The	FCC’s	order	of	January	9,	2026	authorized	an	additional	7,500	Gen2	Starlink	satellites,	bringing	the	authorized	Gen2
total	to	15,000,	in	orbits	between	340	and	485	km	at	inclinations	from	28°	to	96.9°.	This	authorized	~15,000	differs
materially	from	the	~42,000	figure	in	SpaceX’s	longer-range	filings,	illustrating	that	the	larger	number	is	aspirational
rather	than	committed.	Source:	FCC	order,	Jan.	2026,	reported	in	SpaceNews.	 ↩

15. The	2007	Chinese	anti-satellite	test	against	Fengyun-1C	(~865	km)	created	on	the	order	of	3,000–3,400	trackable
fragments	plus	an	estimated	35,000–40,000	pieces	larger	than	1	cm,	increasing	the	catalogued	low-orbit	debris
population	by	roughly	25%	in	a	single	event;	because	of	the	altitude,	much	will	persist	for	decades	to	centuries.	Source:
NASA	Orbital	Debris	Program	Office;	Kelso,	AMOS	2007.	 ↩

16. The	2009	accidental	collision	of	the	active	Iridium	33	and	the	defunct	Cosmos	2251	(~789	km),	the	first	accidental
hypervelocity	collision	between	two	intact	satellites,	produced	more	than	2,000	trackable	fragments	and	tens	of
thousands	of	smaller	untrackable	pieces.	It	occurred	because	the	conjunction	was	not	resolved	in	time,	the	defunct
satellite	could	not	maneuver,	and	position	uncertainty	of	several	kilometers	left	the	true	risk	unclear	until	too	late.
Source:	NASA	Technical	Reports	Server,	doc.	20100002023.	 ↩

17. Kessler’s	modeling	concluded	that	the	debris	environment	in	certain	LEO	bands	had	likely	already	become	unstable—
future-collision	fragments	accumulating	faster	than	drag	removes	them—and	characterized	the	cascade	as	a	continuous,
already-started	process.	SpaceX’s	own	risk	factors	acknowledge	that	proliferation	could,	in	extreme	cases,	contribute	to
fragmentation	events	or	cascading	debris	effects.	Sources:	Kessler	&	Cour-Palais	(1978),	Kessler	et	al.	(2010);	SpaceX
Form	S-1/A,	June	2026.	 ↩

18. Per	SpaceX’s	2026	registration	statement,	the	Connectivity	segment	(Starlink)	reported	2025	revenue	of	$11.387	billion
and	operating	income	of	$4.423	billion	—	the	great	majority	of	company	totals	—	and	the	June	2026	IPO	priced	SpaceX
near	$1.8	trillion	substantially	on	the	strength	of	that	segment.	Sources:	SpaceX	Form	S-1/A,	June	2026;	IPO	reporting,
June	2026.	 ↩

19. Direct	stratospheric	aircraft	sampling	found	that	roughly	10%	of	sulfuric-acid	aerosol	particles	larger	than	120	nm
contain	aluminum	and	other	metals	from	spacecraft	reentry,	and	that	reentry-deposited	mass	of	several	metals	now
exceeds	the	natural	cosmic-dust	influx.	The	metals	are	identified	by	spacecraft-alloy	signatures,	with	composition
shifting	toward	modern	aluminum-lithium	and	battery	materials.	Source:	Murphy	et	al.,	PNAS	(2023).	 ↩

20. An	independent	modeling	study	predicted,	two	years	before	those	measurements,	that	Starlink-scale	reentries	alone
could	deposit	more	aluminum	into	the	upper	atmosphere	than	meteoroids	do,	becoming	the	dominant	source	of	high-
altitude	alumina.	Source:	Boley	&	Byers,	Scientific	Reports	(2021).	 ↩

21. Current	reentry	pollutants	are	estimated	at	a	single-digit-percent	share	of	the	stratospheric	aerosol	burden	and	are
projected	to	rise	sharply	as	an	estimated	65,000+	additional	megaconstellation	satellites	are	deployed	over	the
following	decade;	modeling	uses	an	alumina	reentry	burden	of	~10	Gg/yr	“consistent	with	expected	megaconstellation
growth.”	Research	is	active	but	nascent	and	under-resourced	relative	to	the	input:	a	2025	NOAA/NSF/NASA	workshop
and	an	ESA	reentry-measurement	campaign	exist,	but	no	funded,	mandated	monitoring-and-governance	regime	scaled
to	the	problem	does.	Sources:	Barker	et	al.,	Earth’s	Future	(2026);	Maloney	et	al.	(2025);	NOAA/NSF/NASA	workshop
(2025);	NASA	TM-20240013276.	 ↩

22. Modeling	finds	rocket	black	carbon’s	radiative	forcing	per	unit	mass	is	on	the	order	of	500	times	that	of	surface	and
aviation	soot,	because	it	is	injected	directly	into	the	stratosphere	where	it	accumulates;	even	a	few	years	of	routine
launches	contribute	a	disproportionate	share	of	global	radiative	forcing.	Source:	Ryan	et	al.,	Earth’s	Future	(2022).	 ↩

23. Independent	modeling	by	a	separate	group,	using	a	different	atmospheric	model,	finds	plausible	near-future	launch	rates
would	warm	the	stratosphere	and	slow	ozone-layer	recovery,	with	seasonal	Northern-Hemisphere	ozone	loss.	The	2022
WMO/UNEP	Scientific	Assessment	of	Ozone	Depletion	(GAW	Report	No.	278)	separately	listed	the	increased	frequency	of
civilian	rocket	launches	among	heightened	twenty-first-century	ozone	concerns,	while	noting	that	large	knowledge	gaps
prevent	a	reliable	quantitative	assessment.	Sources:	Maloney	et	al.,	JGR	Atmospheres	(2022);	WMO/UNEP	(2022).	 ↩

24. Independent	measurement	of	Starlink’s	deployed	Direct-to-Cell	service	estimates	average	per-beam	throughput	of	~3.1
Mbps	(rising	to	perhaps	~15–24	Mbps	with	full	spectrum	aggregation	and	power	relaxations),	shared	across	all	users
under	a	very	large	beam—orders	of	magnitude	below	terrestrial	cell-tower	density.	Source:	“Direct-to-Cell”
crowdsourced	measurement	study,	arXiv:2506.00283	(2025).	 ↩
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25. SpaceX	and	its	carrier	partners	describe	Direct-to-Cell	as	supplemental	coverage	that	activates	where	terrestrial	service
is	unavailable;	SpaceX’s	filing	frames	its	mobile	satellites	as	supplementing	terrestrial	networks	and	eliminating	dead
zones,	not	replacing	them.	Sources:	SpaceX	Form	S-1/A,	June	2026;	carrier	and	FCC	Direct-to-Cell	materials,	2025.	 ↩

26. SpaceX’s	June	2026	IPO	priced	the	company	at	roughly	$1.77	trillion	(about	$135/share),	the	largest	IPO	in	history	by
capital	raised	(~$75	billion),	with	the	offering	pitched	substantially	on	Starlink’s	financials.	The	~$300,000	figure	refers
specifically	to	the	combined	NOAA/NSF/NASA	commitment	($100,000	each)	to	convene	the	2025	workshop	on	the	space
industry’s	atmospheric	impacts;	it	is	not	the	total	of	all	related	research	spending,	which	is	larger	but	has	not	been
publicly	aggregated.	Sources:	Bloomberg,	Reuters,	and	SpaceX	Form	S-1/A,	June	2026.	 ↩
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