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We argue that gravitation is what a granular quantum mechanics looks like at every scale. In
Tim Palmer’s Rational Quantum Mechanics, Hilbert space is granular, with a finite parameter L
that he attributes to gravity. We reverse the claim: L comes first, one universal integer, in two
postulates. Every qubit is a string of bits on a ring of cells, no ring having more than L cells;
and any two cells not opposite lie on one ring of L cells, any two such rings sharing a cell. The
postulates give L2/4 largest rings, and an observer’s cosmological horizon holds one bit of entropy
for each. Jacobson’s argument then gives Einstein’s equations, and the measured G fixes the cell
at

√
π ln 2 Planck lengths. Newton’s law, read as an equal share of energy per string, holds until a

mass removes less entropy than a sphere’s strings hold inside it, at the acceleration c2/πRΛ, RΛ the
horizon radius; below it, the entropy the strings still hold responds as an elastic medium, and that
response bounds from above the acceleration scale of flat rotation curves without dark matter, at
aM = πc2/12RΛ = 1.4 × 10−10 ms−2, which the observed 1.2 respects; Verlinde’s equality on the
strain attains the bound. The largest ring ties the cosmological constant to Newton’s constant, and
the measured Λ and G give L = 4.4× 1061, inside the galactic bound L ≤ 5.2× 1061, at 85% of it.
Only a quantum computer measures L on its own: we predict a ceiling of at most 204 qubits in a
random state, the same for every technology, testable within the decade. Every count, relation, and
number is machine-checked in Lean 4, with every input and reading named in the files.

Keywords: Rational quantum mechanics; discrete Hilbert space; emergent gravity; cosmological constant;
galactic rotation curves; quantum computing

TABLE I. “Identical”: the derived formula equals the accepted one, so with G and Λ from experiment it gives the accepted value; nothing

else is taken from it. Units: ℓc the cell, n = r/ℓc, α = M/mc, ac = c2/ℓc, Ec = ℏc/ℓc, ρc = Ec/ℓ3c .

Quantity Derived from the postulates with the
inputs of Sec. IIIa

Accepted Status

Horizon entropy one bit per largest ring,
(L2/4) ln 2 = 3.3× 10122

A/4ℓ2P = 3.3× 10122 Identical with ℓc from G: the quarter is
Jacobson’s for any count

Cell ℓc =
√

π ln 2 ℏG/c3 = 2.39× 10−35 m ℓP =
√

ℏG/c3 = 1.62× 10−35 m ℓP = ℓc/
√
π ln 2 derived; G fixes the cell

Newton’s
constant

4πc3R2
Λ/(ℏL

2 ln 2); a qubit ceiling of
204, 2204 ≤ L < 2205, gives 4.8× 10−11

to 1.9× 10−10

6.674× 10−11 m3 kg−1 s−2 Inside the bracket by construction
(log2 L = 204.8); a measured ceiling
makes it a test

Horizon
temperature

kBT = Ec/L = 3.0× 10−53 J Gibbons–Hawking
ℏc/2πRΛ = 3.0× 10−53 J

Identical: ℏ over the lap time

Newton’s law a/ac = α/(πn2 ln 2); 5.93× 10−3 ms−2

at 1 au
GM/r2 = 5.93× 10−3 ms−2 Identical: two Landauer energies per

string of the sphere
Entropy a mass
removes

Lα; Sun 5.9× 1099 2πMcRΛ/ℏ = 5.9× 1099 Identical; the horizon shrinks by
α/(π ln 2) cells in radius

Galactic
acceleration

aM = πc2/12RΛ = 1.42× 10−10 ms−2,
an upper bound

a0 = (1.20± 0.24)× 10−10;
(1.19± 0.10)× 10−10 ms−2

Bound respected, 0.9σ and 2.3σ below;
Verlinde’s coefficient gives 0.90 here

Vacuum energy
density

3π2ρc ln 2/2L2 = 5.25× 10−10 Jm−3 Λc4/8πG = 5.25× 10−10; QFT
estimate 10113

Identical with RΛ from Λ; the 123
orders are L2, a test once L is measured

GΛ 12πc3/(ℏL2 ln 2) =
7.28× 10−63 mkg−1 s−2

7.28× 10−63 Identical; the content is ∝ 1/L2 and
w = −1

Asymptotic
Hubble rate

2π/Ltc = 1.81× 10−18 s−1 H0
√
ΩΛ = 1.81× 10−18 s−1 Identical: 2π over the lap time of a

largest ring
Equation of state w = −1 exactly DESI DR2: evolving at 2.7–4.2σ;

Planck+BAO+SNe −1.03± 0.03
Tension; predicted not to survive

L 4.4× 1061 from Λ, ≤ 5.2× 1061 from
galaxies, each with G

— The value lies inside the bound, a test
of the galactic coefficient, and gives a
ceiling of 204

Qubit ceiling at most 204, the same for every
technology

none measured; 83-qubit circuits
are consistent with L ≥ 283

The test of the reversal; with L
measured, the rows with L are tests

aMachine-checked in Lean 4: the count, each relation with the inputs as named hypotheses and the readings as named definitions, and

each number of Appendix A; the Schwarzschild–de Sitter solution [10] and the classical results of Sec. III are taken as known.
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I. INTRODUCTION

Rational Quantum Mechanics (RaQM) [1–4] leaves the
Schrödinger equation untouched and instead restricts the
bases in which a quantum state is defined: a qubit

|ψ⟩ = cos θ
2 |1⟩+ eiϕ sin θ

2 |−1⟩ (1)

with θ and ϕ the colatitude and azimuth of the state on
the Bloch sphere, exists only in bases with

cos2 θ
2 =

m

L
,

ϕ

2π
=
n

L
, (2)

with m ∈ {0, . . . , L} and n ∈ {0, . . . , L − 1}. The state
is then a length-L bit string whose fraction of +1 en-
tries is cos2(θ/2) and whose cyclic shift by n places is
the phase [2]. Born’s rule becomes a matter of count-
ing. Bell’s inequality is evaded because, by Niven’s the-
orem [5], the counterfactual measurement settings its
derivation requires are not permitted bases [3, 6]. And a
random state of N qubits has a capacity: Palmer bounds
it by counting bits, 2N+1−2 ≤ NL [4]; this paper counts
room on the last string instead (Sec. IVA): since every
probability is a frequency over L bits, a random state
needs 2N ≤ L, so that

Nmax = ⌊log2 L⌋, (3)

beyond which, as Palmer argues, quantum algorithms
that spread their state across all of Hilbert space lose
their exponential advantage [2].

Palmer fixes L from gravity. State reduction is a
chaotic shift map that lowers L by one each Planck time
tP (in Palmer’s ordering, tP =

√
ℏG/c5), so the reduc-

tion time is τ∗ = (L− 1)tP . Equating this to the Diósi–
Penrose collapse time ℏ/EG [7, 8] gives

L =

⌈
EP

EG

⌉
, (4)

where EP = ℏ/tP is the Planck energy, EG is the gravi-
tational self-energy of the qubit’s superposition, and ⌈x⌉
is the smallest integer not less than x. Both EP and EG

contain G. Gravity is the input and L the output, and L
varies with the qubit, from 1064 for a quantum-dot elec-
tron to 10109 for a hyperfine ion-trap qubit [2]. Palmer
closes by noting that his Nmax lies near Davies’ cosmo-
logical information bound [9] and that this is unlikely to
be a coincidence.

We take that remark literally and reverse the causality.
L does not exist because of gravitation; gravitation exists
because of L, one universal constant of nature. Table I
shows what the reversal yields, with numbers on both
sides; the sections below derive each row. We make the
reversal concrete with two postulates that put Palmer’s
bit string on a ring of cells; the cells and the rings through
them are the register. Palmer’s phase operator is a cyclic
permutation of the string, each application a rotation by
2π/L about the polar axis [2], so a full turn of phase takes
L steps; that those steps are the cells of a ring is not in his
construction. A companion paper [11] derives from them
the probability of an outcome as a frequency, a unitary

tick, and the Dirac equation along a line; nothing here
depends on it.
Figure 1 shows the derivation, which runs one way.

The postulates count the register, L2/4 largest rings, and
a largest ring, L cells of length ℓc, is a closed geodesic of
space, a circle of radius RΛ = Lℓc/2π. Every observer
at rest, in the sense Sec. II gives the term, has a cos-
mological horizon, a sphere of that radius (Sec. IVD);
it is thermal and holds one bit for each of the register’s
rings; a ring’s share of its area is 4ℓ2c/π, so the entropy
per unit area is πkB ln 2/4ℓ2c , and from it and the ther-
modynamics of horizons follow Einstein’s equations with
G = c3ℓ2c/(πℏ ln 2): the measured G fixes the cell. Their
solution without a mass gives every observer’s horizon
the radius of the largest ring, which ties Λ to L, so the
measured Λ gives L; the galactic scale, with an elastic
response added, bounds L from above through a0; and
the qubit ceiling, which the postulates alone give, must
find the same L without G. Sections II to IV follow the
figure, Sec. V asks whether L holds, and Sec. VI lists
what would falsify the picture.

II. POSTULATES AND COUNT

Two postulates define the register. A ring is a closed
line of translation in space; a cell is a place on a ring; a
tick is the time light takes to cross a cell; a largest ring
is a ring of L cells, the most a ring has (Postulate 1); a
qubit is a two-level quantum system, whatever realizes it.
Postulate 1 (the register). Quantum mechanics is

granular. Every qubit is a string of bits, one on each cell
of a ring, each cell of length ℓc, which light crosses in one
tick. No ring has more than L cells, with L ∈ N. The
bits are the possible outcomes of one measurement of the
qubit, and the string’s cyclic position on its ring is the
qubit’s phase. Any two qubits can be measured jointly.
The shift moves every bit of a string one cell along its
ring per tick. The global phase of a state is hidden: no
law depends on it.
Postulate 2 (the rings). Every cell has one opposite,

the cell halfway around every largest ring through it. Any
two cells not opposite lie on one largest ring, any two
largest rings share a cell, and no ring holds every cell.
We read Postulate 1 as putting one string on each ring,

with a bit on each of the ring’s cells; a cell that lies on
several rings holds a bit of each. We do not assume the
length of a cell, ℓc: Sec. III derives G in terms of it, and
the measured G then fixes it at

√
π ln 2 Planck lengths.

The cell’s tick, energy, mass, and acceleration are then
tc = ℓc/c, Ec = ℏc/ℓc, mc = ℏ/cℓc, and ac = c2/ℓc, and
a mass M is α = M/mc cell masses. The shift carries a
string once around a largest ring in L ticks, its lap time
Ltc.
The horizon’s area. A largest ring is a closed line of

L cells of length ℓc, a closed geodesic of length Lℓc. Let
RΛ be the radius of a circle of that length,

RΛ =
L ℓc
2π

; (5)
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Postulates
1 and 2

L2/4 largest
rings (II)

One bit per ring,
η = πkB ln 2/4ℓ2c (II, III)

Einstein’s equations,
G = c3ℓ2c/πℏ ln 2 (III)

ℓc =
√
π ln 2 ℓP

(III)

Newton’s law,
solar tests (IV B)

The largest ring:
2πRΛ = Lℓc (II, IV D)

Thermal horizons,
Clausius

Symmetry
of space

GΛ = 12πc3/ℏL2 ln 2,
L = 4.4 × 1061 (IV D)

Probability as
a frequency (IV A)

Ceiling
2N ≤ L (IV A)

L without G,
then G (V)

Elastic
response

aM = πc2/12RΛ,
L ≤ 5.2 × 1061 (IV C)

G

Λ

a0

Nmax

FIG. 1. The derivation. Shaded boxes are inputs, labels on arrows are measured values, and no arrow runs back; the readings
of the postulates (Sec. III) are steps of the text and are not boxed; the radius of the largest ring enters twice, in a ring’s share
of area and, once Sec. IVD shows it is the horizon’s, in Λ = 3/R2

Λ.

Sec. IVD derives from Einstein’s equations, solved with-
out a mass, that each largest ring is such a circle and
that every observer at rest has a cosmological horizon,
a sphere of the same radius, of area Ahor = 4πR2

Λ =
L2ℓ2c/π. What that derivation uses is the form of the
equations, not the entropy density that this area fixes in
Sec. III, on which the solution without a mass does not
depend. In the glossary above, space is what the shift
moves a string through, cell by cell along its ring. The
manifold, the smooth space of lengths and areas in which
Sec. IVD reads a ring as a closed geodesic and a horizon
as a sphere, describes it at that scale. Rest and accelera-
tion are the manifold’s descriptions of a body; the register
does not define them, since in it every string moves one
cell per tick (Postulate 1). In the manifold, an observer or
a body at rest is unaccelerated, and the geometry about
it does not change in time. The horizon counted here is
that of an observer at rest in the solution without a mass,
the state the universe approaches (Sec. IVD); the hori-
zons of different observers differ in place, not in radius
or count, since Postulate 2 distinguishes no cell. What
the manifold does not describe is the register’s incidence,
which rings share a cell: the count below makes the regis-
ter a finite projective plane, which cannot be drawn with
its points on a sphere and its lines as great circles, by the
Sylvester–Gallai theorem [13], and the postulates do not
ask that it be. What the count and the horizon share
is a number, R rings for the area Ahor, each ring worth
Ahor/R of it. That identification is a reading, the first of
five the paper makes (Sec. III), and it is all the horizon’s
geometry contributes: the count never uses the places of
cells. Everything physical is in the register: by Postu-
late 1 a body is strings of bits on rings, so it occupies
some cells, and its rings are largest rings of the register,
each a great circle of the horizon of some observer at rest
(Sec. IVD).

The count. Postulate 2 fixes the number of cells and
rings, and this count is the new input to gravity. An
opposite lies halfway around a ring of L cells, so L is
even. Every largest ring through a cell P passes through
its opposite P ′, and two rings through P share only P
and P ′, since two cells not opposite fix one ring. So the
rings through P cut the remaining cells into disjoint sets
of L−2. Any two largest rings share a cell (Postulate 2),

and with it its opposite. Take a largest ring A through
P , which exists since P and any cell not opposite it lie on
one (Postulate 2), and a cell Q off it (Postulate 2). With
S a cell of A other than P and P ′, the cells Q and S are
not opposite, since the opposite of S lies on A, so one
largest ring E passes through both. It misses P , since
the one ring through P and S is A, which does not hold
Q. Each ring through P meets E in one opposite pair,
distinct rings in distinct pairs, and every pair of E lies
on a ring through P ; E has L/2 pairs, so ρ = L/2 rings
pass through every cell. Every cell not opposite P lies on
one of them, so the register has

C = 2 + ρ(L− 2) =
L2

2
− L+ 2 cells,

R =
Cρ

L
=
L2

4
− L

2
+ 1 rings,

(6)

and C = 2R: one ring for every opposite pair of cells.
With a cell and its opposite taken as a point and a largest
ring as a line, the register is a finite projective plane of
order L/2 − 1 (for L ≥ 6), with R points and R lines.
That constrains L: every known plane has prime-power
order, and Bruck and Ryser exclude many others [19]. To
leading order in 1/L, a ring’s share of the sphere’s area
is Ahor/R = 4ℓ2c/π.
The entropy. A horizon’s entropy counts what can

change in the strings that describe it. Every ring carries
one string, which moves along its ring as a whole, one
cell per tick (Postulate 1), in one of the ring’s two senses;
what can change in a free string is which way it moves, a
doublet, and the sense it moves in is what a measurement
returns, the bit of the cell read (Postulate 1). Interac-
tions, which emit, absorb, create, or annihilate particles,
add and remove strings [12]. Between interactions all the
mass and light of the universe is strings moving one way
or the other along their rings, and the count is of that.
What interactions add is a correction, small for matter
that stays put rather than radiating itself away; every
mass of the sections below is such matter. A string’s
energy is set by its motion and is the same either way
along its ring, since nothing in the postulates prefers a
sense of a ring, so the horizon’s thermal state (Sec. III)
weights the two senses equally, and a doublet weighted
equally holds one bit, kB ln 2, the most a qubit can hold.
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The string’s bits are the possible outcomes of measuring
that doublet (Postulate 1): a bit marked 1 is the out-
come in which the string moves one way, a bit marked
−1 the other [11], so its fraction of 1s is the probability
of moving one way and its position on the ring the phase
between the two amplitudes, and together they are the
state of that one qubit, Eq. (2). The L positions are the
values its phase can take, not further states: a string is
one qubit, its Hilbert space is two-dimensional, and its
entropy is at most that one bit. So a horizon’s entropy is
one bit for each ring of the register, the count identified
with its area (above): the horizon of an observer at rest
holds

Shor

kB
= R ln 2 =

L2

4
ln 2 (7)

to leading order. It comes from the register’s count, not
from Bekenstein and Hawking; Sec. III shows that, with
the cell fixed by the measured G, it equals their quarter
per Planck area.

Counting in the bulk. The count is exact for the
horizon of the solution without a mass (above). One
premise enters here from outside the postulates, the sym-
metry of space: a largest ring can run through a cell in
any direction, and no direction is preferred. A sphere of
radius r about a body holds the strings that cross its sur-
face, and its entropy is one bit for each, the direction of
its motion, as on a horizon. The register does not count
them: it fixes how many cells lie at each distance from
the body, L (Sec. IVC), and with them a sphere’s inci-
dences, L2/2 at every distance, L/2 rings through each
of its cells, but not which rings those are, since a ring not
through the body meets each ring through it once, at a
distance the postulates leave free. Averaged over those
distances, as Sec. IVC averages, every ring has two cells
on every sphere: the incidence of the register knows no
distance, and counted by it every sphere would hold all
L2/4 strings. The number of a sphere’s strings is read
instead from its area, one string for each ring’s share of
it: Postulate 2 distinguishes no cell and the symmetry
of space no direction, so that share, 4ℓ2c/π, is the same
everywhere. This is the area law of a screen, a closed
surface whose entropy is read from its area as a horizon’s
is [23, 29], the one reading taken beyond the cosmolog-
ical horizon; Sec. III uses it on every local horizon, and
Sec. IVC is where it carries weight. The sphere holds the
fraction (r/RΛ)

2 of the largest rings, its area in units of
a ring’s share: with n = r/ℓc the distance in cells,

Ns(r) =
L2

4

( r

RΛ

)2

= π2n2 (8)

strings. These are shares of area, not places: at each
distance from a body there are L cells, two on each of its
rings (Sec. IVC). L cancels between the horizon’s count
and the unit, so the strings of a sphere at solar radii go
as n2, with n2 ≪ L2, and do not involve L. Areas, light
cones, and the Raychaudhuri equation are written as in
Jacobson’s argument (Sec. III); the register constructs no
manifold, and what it adds is the count.

The reversal. We keep Palmer’s picture of state re-
duction as a shift map, one step per tick by Postulate 1,
so that τ∗ = Ltc, but with L universal. The shift is
the free evolution itself. The companion paper [11] reads
a string’s pattern as a wave, and a wave with κ wave-
lengths around the ring gains κ steps of phase per tick,
e−iEt/ℏ with E = κhc/Lℓc, so the energy h/τ∗ that goes
with a single step per tick is that of the lowest mode,
κ = 1, the lap of the largest ring, and not every qubit’s;
nothing here uses that reading, since here a string’s ar-
rangement carries no meaning (Sec. IVA) and the shift
is only the clock. With L a constant of nature the map
cannot lower it; the reversal keeps only its clock, L ticks.
Then, by Eq. (5),

τ∗ = L tc =
2πRΛ

c
, (9)

the lap time of a largest ring, 2π/H∞ with H∞ = c/RΛ.
The universal energy that replaces EG is then

Ec

L
=

ℏ
τ∗

=
ℏc

2πRΛ
= kBTdS, (10)

the Gibbons–Hawking temperature of a horizon of ra-
dius RΛ [15]. Palmer’s Eq. (4), read backwards, says
that gravity’s characteristic energy in the reduction pro-
cess is the thermal energy of the cosmological horizon,
and that every qubit shares it. Three consequences fol-
low at once. First, τ∗ ∼ 1011 yr, so an isolated qubit
never completes reduction; Palmer makes the same ob-
servation. Second, L no longer depends on the qubit,
so Nmax is the same for every technology, which is the
sharpest experimental difference between the two causal
orderings. Third, the reversal discards mass-dependent
gravitational collapse, which Palmer’s program takes to
be gravity’s role in quantum mechanics [16]. In Palmer’s
ordering a heavy superposition has small L and reduces
in milliseconds; here every system shares the same clock,
so the definiteness of macroscopic bodies is not supplied
by gravity and must come, as in standard quantum the-
ory, from environmental decoherence. The reversed the-
ory therefore predicts no mass-dependent collapse signal
of Diósi–Penrose type; the null result of the underground
search of Ref. [18] is consistent with it and, since Palmer’s
shift map is non-dissipative, with his ordering too, so it
does not discriminate.

III. NEWTON’S CONSTANT FROM THE
COUNT

Before testing the hypothesis at widely separated
scales, we derive G from the count of Sec. II and the
thermodynamics of horizons. In all, the paper takes from
outside the postulates the symmetry of space (Sec. II),
the two thermodynamic inputs of this section, Verlinde’s
elastic response (Sec. IVC), and the first law of thermo-
dynamics for the cosmic fluid (Sec. VI), none of them a
number. It reads the postulates in five places. The count
is identified with the horizon’s area, a ring’s share being
4ℓ2c/π (Sec. II); each ring carries one string (Sec. II); a
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screen obeys the area law, one bit per ring’s share of
area on every horizon and on a sphere that is not one
(Secs. II and III); a string’s bit is spread evenly over
its cells inside the horizon (Sec. IVC); and a joint mea-
surement reads its strings in step, the k-th bit of each to-
gether (Sec. IVA). Of general relativity it takes as known
the Schwarzschild–de Sitter solution, the surface grav-
ity of its horizons, and the closed geodesics of de Sitter
space (Sec. IVD), Komar’s energy with Padmanabhan’s
equipartition (Sec. III C), the Deser–Levin temperature
(Sec. IVC), and the perihelion and deflection formulas
(Sec. IVB).

Here two things enter. A horizon is thermal: its state is
periodic in imaginary time, and a state with imaginary-
time period τ has temperature kBT = ℏ/τ , which is the
Kubo–Martin–Schwinger condition [20]. The period of
a horizon is 2πc/a, with a its surface gravity, which is
the content of the Unruh and Gibbons–Hawking temper-
atures [15, 21]; for a horizon of radius RΛ it is the lap
time of a largest ring, Eq. (9). The energy that crosses a
horizon is heat, δQ = T dS, which is Jacobson’s step [22].
He assumes that the entropy per unit area is the same
on every horizon; here the entropy comes from the regis-
ter, Eq. (7), which fixes that density, and since a ring’s
share of area is the same everywhere (Sec. II), the den-
sity is the same on every horizon. This is where the count
adds to Jacobson’s derivation, in which the density is a
free parameter fixed by Newton’s constant: here it is the
same parameter, and it stays fixed by G through the cell
until L is measured (Sec. V), but the largest ring ties
it to Λ (Sec. IVD) and the ceiling to L. We do not
use Verlinde’s entropic argument for Newton’s law [23],
whose force driven by a screen’s entropy is the contested
step [24]; Jacobson’s argument has no force, and the elas-
tic response of Verlinde’s later work [25], a different ar-
gument, enters in Sec. IVC.

A. The temperature of a horizon in cells

In cells, a horizon whose period is Lh ticks, τ = Lhtc,
has by the thermal assumption the temperature

kBT =
ℏ

Lhtc
=
Ec

Lh
. (11)

For the horizon of radius RΛ the period is the lap time
of a largest ring, Lh = L, and Eq. (11) is Eq. (10). An
observer accelerating at a has a horizon c2/a behind him,
whose period is 2πc/a, that is, La = 2πc2/aℓc ticks;
Eq. (11) then gives kBTa = ℏa/2πc, Unruh’s tempera-
ture. Through every point of spacetime, in every null
direction, passes the horizon of such an observer, a local
Rindler horizon.

B. Clausius relation

On every local Rindler horizon the entropy is one bit
per ring’s share of area, the area law of Sec. II, so Jacob-

son’s balance of heat and entropy reads

δQ = Ta dS = kBTa ln 2 dR =
ℏa ln 2
2πc

dR : (12)

each ring a horizon gains takes in kBTa ln 2, its tem-
perature times one bit of entropy, which is Landauer’s
energy of a bit [26]. Energy crossing a horizon there-
fore adds rings, 2πc/(ℏa ln 2) of them per unit of en-
ergy, and with a ring’s share of area 4ℓ2c/π it adds area
dA = [8ℓ2cc/(ℏa ln 2)] δQ. The Raychaudhuri equation
gives the change of area in terms of the Ricci tensor, and
the balance can hold in every direction at every point
only if

Rµν − 1
2Rgµν + Λgµν =

2πkB
ℏc η

Tµν , (13)

with η the entropy per unit area and Λ an integration
constant that the argument leaves free. A stress tensor
proportional to the metric has no flux through a null sur-
face, so it never enters Eq. (12) [22, 27]. This is Einstein’s
equation, and comparing its coefficient with 8πG/c4 gives
G = c3kB/4ℏη. Nothing in this is a force: Eq. (13) is a
condition on the geometry, that the count of every local
horizon stays in balance with the heat that crosses it,
and matter then moves on the geodesics of the geometry
that satisfies it.

C. The cell from Newton’s constant

By Eqs. (6) and (7) the entropy per unit area of the
horizon is, to leading order in 1/L, η = kBR ln 2/Ahor =
kB(L

2/4) ln 2/(L2ℓ2c/π), so

η =
πkB ln 2

4ℓ2c
, G =

c3ℓ2c
πℏ ln 2

=
4πc3R2

Λ

ℏL2 ln 2
. (14)

This is the result of the section. The π comes from a
ring’s share of area, 4ℓ2c/π, and the ln 2 from the bit;
Jacobson’s 4, from the 8π of the field equations and the
2π of the thermal period, cancels the 4 of that share.
Newton’s constant is measured, so Eq. (14) fixes the cell,

ℓc =

√
π ln 2 ℏG

c3
=

√
π ln 2 ℓP = 2.39× 10−35 m, (15)

with ℓP ≡
√
ℏG/c3 = ℓc/

√
π ln 2, so the Planck length

is a derived quantity, the cell over
√
π ln 2. With it the

horizon’s entropy, Eq. (7), is Shor/kB = (L2/4) ln 2 =
π2R2

Λ ln 2/ℓ2c = πR2
Λ/ℓ

2
P = Ahor/4ℓ

2
P : Bekenstein and

Hawking’s quarter per Planck area [28] is the register’s
one bit per ring, a ring’s share of the horizon being
4ℓ2P ln 2. The quarter itself follows from Jacobson’s co-
efficient and the measured G for any count; the count
fixes the cell. Newton’s law, a = GM/r2, is the weak-
field limit of Eq. (13). Its content for a static sphere is
Padmanabhan’s equipartition [29], which holds in every
static solution of Eq. (13). The Komar energy inside a
sphere on which the acceleration is a, the energy that
gravitates, is twice its entropy times the temperature,
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Mc2 = 2TaS [30], two Landauer energies kBTa ln 2 for
each of its strings,

Mc2 = 2Ns(r) kBTa ln 2 = πn2 ln 2
ℏa
c

=⇒ a

ac
=

α

πn2 ln 2
,

(16)

with α and n as in Sec. II. So Newton’s law reads: the
body’s energy is shared equally by the strings of any
sphere around it; the share per string is set by the tem-
perature of the horizon that an observer held on the
sphere sees; and the share falls as 1/r2, since the number
of strings grows as r2. Two remarks follow. First, what
the count adds. Where Jacobson leaves η free, here it is
a count, one bit per ring’s share of area, πkB ln 2/4ℓ2c , so
the measured G fixes the cell and, through the largest
ring, ties G to L and to Λ (Sec. IVD), and the same
L caps a quantum computer (Sec. IVA); where Verlinde
postulates the volume law and its coefficient, here the
law follows from the area law of a screen and the count
of a string’s share inside a sphere, and the coefficient is
his, normalized where the solution puts the horizon, a
quarter lap along a ring (Sec. IVC). Without cells there
is no count, and η stays free. Second, Eq. (14) scales as
1/L2: with L a constant of nature, G is constant exactly
when the horizon radius is; this singles out the de Sitter
horizon (Sec. IVD) and makes the constancy of G and
of Λ one statement (Sec. VI).

IV. GRAVITATIONAL PHENOMENA SCALE
BY SCALE

On each scale one structure of the register does the
work, and we record what each scale pins. At the solar
scale it is the sphere of Eq. (8); at the galactic scale the
string, a largest ring whose cells run from the sphere out
to the horizon, L/4 cells from the body; at the cosmo-
logical scale the closed ring.

A. Quantum scale: qubits and quantum comput-
ers

Probabilities need no further postulate. A measure-
ment returns the bit of one cell (Postulate 1), so the
probability of the outcome 1 is the sum over the cells of
the probability that a cell is read times its bit. Whatever
law picks the cell can use only the state, and Postulate 1
gives a string’s bits meaning as outcomes and its posi-
tion as phase, and nothing else: the arrangement of the
bits, which cells carry the 1s, is no part of the state. So
no law picks a cell by its bit, since that needs the ar-
rangement; the probability that a cell is read depends on
the state and the cell alone, and the probability of an
outcome must be the same for every arrangement that
has the same state. In a string with both kinds of bit,
exchanging a 1 and a −1 between two cells must then
leave it unchanged, which, with the reading probabilities
fixed, holds only if the two cells are read with the same

probability; for strings measured jointly, whose bits are
paired position by position (below), the exchange is of
two positions in all of them at once, which keeps every
pairing and with it the joint state. So every cell is read
alike, and every probability is a frequency over the ring’s
bits: Eq. (2) holds, with the ring’s length for L. This is
not the principle of indifference: a law that read a fixed
offset from the string’s position, say, is excluded because
it would return the bit that the reference arrangement, a
convention, puts there.

On this scale L acts directly, through Eq. (3), and the
joint measurement of Postulate 1 shows which states it
limits. Qubits measured jointly are read together bit by
bit, one bit of each string at a time, so that every bit
of a later string comes paired with one outcome of the
earlier qubits. This is how we read measured jointly : a
joint measurement is one measurement, and its possible
outcomes are the bits of the strings measured, paired
position by position, the k-th bit of each string forming
the k-th possible outcome. The reading is the fifth the
paper makes (Sec. III), and it is Palmer’s, whose state
of N qubits is N correlated strings of L bits with one
permutation applied to all of them [2]; it does not require
the strings to share a cell, and it is all that the count
below uses. The cells of a later string whose bits are
paired with one joint outcome of the earlier qubits form
a block of the string, and blocks of different outcomes are
disjoint. The fraction of 1s on a block is the probability
of the outcome 1 given the block’s joint outcome, and
the probability of a joint outcome is the product, string
by string, of the frequencies of its bits on its blocks. A
block whose fraction lies strictly between 0 and 1 needs
at least two cells, one reading 1 and one reading 0. In
a random state, each of the 2N−1 joint outcomes of the
first N −1 qubits occurs, and given it the last qubit’s bit
is 1 with probability strictly between 0 and 1. Its string
then needs 2N−1 blocks of at least two cells, so 2N is at
most its length, and 2N ≤ L. A qubit’s string is a largest
ring of the register, of L cells, so the ceiling is ⌊log2 L⌋ =
204, at 204.8 (Sec. V); a string on a shorter ring, which
Postulate 1 allows, only lowers it, and 2N ≤ L holds in
every case. The shortening of a horizon’s throat by a
mass inside it (Sec. IVC) does not touch the register’s
rings. The bound is not the random state’s alone. It
holds for every state in which all 2N joint outcomes occur,
since each of them takes at least one of the L positions,
and a product state of N qubits, each in a superposition,
is such a state: its last string needs the same 2N−1 blocks
of two cells. A state of the Greenberger–Horne–Zeilinger
type escapes it, with two joint outcomes and blocks of
fraction 0 or 1, one cell each. Most product states are
not held exactly even at small N : two qubits prepared
apart, with the fractions m1/L and m2/L, have the joint
frequency m1m2/L

2 for the outcome (1, 1), a multiple
of 1/L only when L divides m1m2. Postulate 1 fixes
each string exactly, its fraction and position, and the
pairing only up to its L positions; such a state is held with
its strings exact and its pairing approximate, and which
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pairing the postulates do not say. That latitude does
not soften the bound, which is on the pairing itself: no
pairing of L positions holds more than L joint outcomes.
What singles out the random state is that only there do
the missing outcomes show, as the test below explains.

Random-circuit sampling up to 83 qubits [31] is con-
sistent with 283 ≤ L, though at cross-entropy fidelities
below 1% it does not establish it, and 83 is in any case
far below log2 L = 204.8, so this scale does not yet pin L.
A count of physical qubits, far larger, is not a count of
qubits in a random state, and the bound shows nothing
in it, for the reason given below. Logical qubits count as
physical ones do: a logical qubit is a two-level system, so
Postulate 1 gives it a string of its own (Sec. II), whatever
the strings of the physical qubits that realize it, and the
48 demonstrated on 280 atoms [32] lie far below the ceil-
ing. On the timescale Palmer gives for factoring tests [2],
this scale will measure L directly. The test is a random
circuit on N fault-tolerant logical qubits, deep enough to
produce a random state, followed by its inverse. In quan-
tum mechanics the state returns to the initial one with
the gate fidelity; here it does not once N exceeds log2 L.
The intermediate state cannot be the random state, since
at least 2N − L of its joint outcomes are missing, a frac-
tion 1− L/2N of them: 15% at N = 205 and more than
half at 206 (Appendix A). The inverse circuit acts on the
pairing through its gates on pairs of qubits, and it re-
turns the initial state only from the pairing it was built
to undo. A product state at the same N , as the register
holds it, lacks joint outcomes too. But it is prepared and
undone by gates on single qubits, each of which changes
one qubit’s state, its string’s fraction and position (Pos-
tulate 1), which are exact at every N ; so every qubit
returns. Nor does measuring it show anything, since no
sample shows which of 2N outcomes are missing. That
is why the random circuit tests the bound and a product
state does not. By how much the random state fails to
return is not derived here, nor how well it returns just be-
low log2 L, where the blocks are a few cells wide (Sec. V):
the postulates fix the capacity, not which state a circuit
produces when it calls for more blocks than a string has
room for. Error correction does not lift the ceiling, which
is set by room and not by errors. The reversed theory’s
prediction on this scale is a ceiling of 204, tested one way:
a return at 205 or more falsifies it (Sec. VI).

B. Terrestrial and solar scales: the sphere

Section III gave Einstein’s equations with G =
c3ℓ2c/(πℏ ln 2), Eq. (14), and Newton’s law as their
weak-field limit, Eq. (16). Gravitational redshift, the
perihelion advance of Mercury, light deflection, and
gravitational-wave propagation then follow as they do
in general relativity. Mercury’s anomalous advance
6πGM⊙/(p c

2), with p = aorb(1− e2) the semi-latus rec-
tum of the orbit, is 42.98′′ per century and the deflection
of starlight at the solar limb 4GM⊙/(c

2R⊙) is 1.75
′′, both

as observed. At the Earth’s orbit, α = 1.35 × 1038 and

n = 6.27× 1045 in Eq. (16) give 5.93× 10−3 ms−2. They
depend on L and RΛ only through G, i.e., only through
the cell ℓc = 2πRΛ/L.
This scale therefore pins ℓc, the combination 2πRΛ/L,

and not L on its own. The count of a sphere is n2,
with L cancelled against the unit, Eq. (8); and the
horizon of an observer held at solar radii is his own,
La ≪ L, since a ≫ c2/RΛ there. This is as it should
be, since solar-system gravity is described by general rel-
ativity to exquisite precision, and a theory in which L
showed up there separately from RΛ would be wrong.
The horizon could enter solar-system dynamics by two
routes. The push of Sec. IVD reaches the planets, but
with only 5 × 10−25 ms−2 at the Earth’s orbit. For
an isolated Sun the elastic response of Sec. IVC stops
short of them: a sphere about the Sun is saturated,
and Newton’s law holds exactly, out to the crossing of
Eq. (19), where GM⊙/r

2 = c2/πRΛ, 5900 au from the
Sun. The Sun is not isolated, though: in modified-
Poisson versions of MOND the Galaxy’s field adds a
quadrupole to the Sun’s, which Cassini’s ranging bounds
at Q2 = (3±3)×10−27 s−2, excluding the standard tran-
sitions [33]. The counts above are for an isolated mass,
the framework has as yet no field equation for a second
one, and that bound is what a treatment of two masses
would have to meet.

C. Galactic scale: the string

At the scales above, L and RΛ entered gravity only
through their ratio, and two facts of the register played
no part. The strings of a sphere have L bits, one on
each cell of a largest ring, and reach the horizon. And
no ring has more than L cells, and no horizon is colder
than Ec/L: in de Sitter space an observer held at ac-
celeration a sees the two horizons combined in quadra-
ture, kBT = (ℏ/2πc)

√
a2 + a2Λ with aΛ = c2/RΛ [34],

never below Ec/L, whatever a is. The floor is on the
temperature, not on the acceleration. Both facts enter
at accelerations of order the horizon’s surface gravity,
c2/RΛ = cH∞ = 5.4 × 10−10 ms−2. That the scale at
which rotation curves flatten is the horizon’s accelera-
tion, up to a coefficient, is not ours: Milgrom reached
it from the Unruh temperature of de Sitter space [35],
and Verlinde from its entanglement entropy [25]. Ours
is the share of a string inside a sphere, counted in cells
along its ring to the horizon, which the solution puts a
quarter lap away: it fixes where L enters, and it makes
the coefficient Verlinde’s, normalized at the quarter lap.
We derive it by following his elastic argument with that
share in place of his normalization of the volume law.
A mass draws the horizon in. Einstein’s equations were

derived in Sec. III. Their solution for a mass M at rest
inside the cosmological horizon, treated as a point with
GM/c2 ≪ RΛ, is Schwarzschild–de Sitter [10], whose
outer horizon lies at RΛ − GM/c2 to first order in M .
By Eq. (15), GM/c2 = ℓcα/(π ln 2): the mass draws the
horizon in by α/(π ln 2) cells. Its circumference is LM =



8

L − 2α/ ln 2 cells, and the area law (Sec. II), one bit
per ring’s share of area, gives it L2

M/4 bits, the number
Eq. (6) would give with LM in place of L; the closed
geodesics at its throat, of LM cells, are the shorter rings
Postulate 1 allows (Sec. IVD). The horizon’s entropy is
then (ln 2)/4 times the square of its circumference in cells,
Eq. (7) with LM for L, and the loss is (L/2) · (2α/ ln 2) ·
ln 2,

SM = Lα =
Mc2

kBTdS
=

2πMcRΛ

ℏ
, (17)

which is Verlinde’s result, Eq. (25) of Ref. [25] (SciPost
numbering here and below), in cells. The entropy a mass
takes from the horizon is its mass in cell masses times the
length of the ring in cells, or its energy over the horizon’s
temperature, and it does not depend on the cell’s size.
Within a sphere of radius r ≪ RΛ the mass removes en-
tropy the same way. A sphere’s area grows with geodesic
distance at 8π times its radius less 8πGM/c2, so out to
r, far outside the body, it falls short by 8πGMr/c2. At a
ring’s share 4ℓ2c/π that is 2πnα/ ln 2 rings, one bit each,
so the mass removes SM (r) = 2πnα = 2πMcr/ℏ. At
r = RΛ this is Eq. (17), and it agrees with Verlinde’s
Eq. (28).

Where the strings hold their entropy. The body occu-
pies some cells of largest rings of the register (Sec. II),
and we draw a sphere of radius r about it that encloses
it, with r far larger than the body’s size. Distances are
counted from the cell at the center of that sphere, which
treats the body as a point, as Newton’s law does. Pos-
tulate 2 gives every other cell a distance from the cen-
ter: the number of steps between them, the shorter way
round, along the one largest ring through both. One cell
is an exception: the cell opposite the center lies on ev-
ery one of the L/2 rings through the center, always L/2
steps away, so its distance is L/2 by any of them. Be-
tween the two, each of those rings holds two cells at every
distance, one each way round, so every distance from 1
to L/2 − 1 has L cells. The horizon of a body at rest
lies L/4 cells out, at the proper distance πRΛ/2 = Lℓc/4
that Sec. IVD derives, a quarter of a largest ring, to
leading order in M ; inside it are the cells nearer to the
center than to the cell opposite it. The sphere of radius
r, whose cells lie at distance n = r/ℓc from the center,
holds Ns(r) = π2n2 strings, Eq. (8), read from its area
(Sec. II), not counted from its cells, which number L. Its
strings are not confined to it: each lies on a largest ring
through a cell of the sphere, and the ring runs on to the
horizon. Along a ring the distance is proper distance,
since each cell has length ℓc (Postulate 1) and a ring is a
closed geodesic (Sec. IVD); it equals the areal radius of
Eq. (8), the r for which the sphere’s area is 4πr2, when
r ≪ RΛ, the only case used below, and at the horizon
the two are L/4 and L/2π cells. The two cells of an op-
posite pair lie at the distances d and L/2 − d, one on
each side of the horizon or both on it, and every largest
ring is made of L/2 such pairs, since it passes through
the opposite of each of its cells. So every string has half
its cells, L/2 of them, inside the horizon or on it, count-

ing a cell on it as half. Its entropy, one bit, is which
way it moves, and the body’s observer, who never sees
beyond his horizon (Sec. IVD), describes a string by its
half inside, which holds the whole bit. The bit is which
way the string moves, a property of the whole string and
not of a cell, so where along the half it sits is not fixed
by the postulates. The count uses only the average over
the many strings through a sphere, and over them no cell
is preferred (Sec. IVA), so on average the bit is spread
evenly over the L/2 cells, the fourth reading of Sec. III.
The largest rings through a cell P of the sphere, apart

from the one through the body, hold between them every
cell off that ring exactly once. Such a cell is not opposite
P , so one largest ring passes through both, and it is not
the ring through the body. Besides P and its opposite,
which lie on all of them, these rings hold L − 2 cells at
each distance from 1 to L/2 − 1, and the ring through
the body holds two. So the rings through P spread their
cells inside the horizon evenly over the distances up to
L/4, and n of every L/4 lie inside the sphere. To leading
order in 1/n, the entropy the sphere’s strings hold inside
it is therefore the fraction n/(L/4) = 4n/L of their Ns(r)
bits,

Sin(r) =
4n

L
Ns(r) ln 2 =

4π2n3

L
ln 2, (18)

a volume law. Verlinde postulates a volume law for the
entanglement entropy of de Sitter space, the horizon en-
tropy divided evenly over the bulk, and normalizes it on
a flat ball of radius RΛ, which gives the fraction 2πn/L;
his Eq. (81) makes each cell’s contribution the ratio of its
proper distance from the center to the horizon’s. Here
the law follows from the area law of a screen, the read-
ing that gives the strings of the sphere, and one count,
the share of a string inside it by its cells, where its bit
is: the horizon is at πRΛ/2 along a ring, not at RΛ, and
that is the whole difference between our π/12 and his
1/6. The share is not the length of the ring inside the
sphere, which would depend on the angle at which the
ring meets it; that would place the string’s cells in the
manifold, which the register does not do (Sec. II). While
the mass removes more entropy within the sphere than
its strings hold there, SM (r) > Sin(r), the sphere is satu-
rated: what fixes the share is the two-dimensional count
of Eq. (8), and Newton’s law holds. The crossing is where
the two are equal,

SM (r) = Sin(r) : Ns =
πLα

2 ln 2
, gN =

c2

πRΛ
, (19)

so rotation curves depart from Newton’s law at an accel-
eration of order the horizon’s.
The elastic response. Below the crossing the en-

tropy inside the sphere exceeds what the mass removes,
and the remainder responds as an incompressible elas-
tic medium. The removed entropy occupies the volume
VM = SM (r)V0, with V0 = V (r)/Sin(r) = Lℓ3c/(3π ln 2)
the volume per unit of entropy from Eq. (18). The strain
ε outside the removed region obeys

∫ r

0
ε2Adr′ ≤ VM (r),

with equality under Verlinde’s assumption on the prin-
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cipal strain (his Sec. 7.1, Eqs. (44)–(46) and (88)): the
largest principal strain takes the greatest value the re-
moved entropy allows, and the strains perpendicular to
it are equal. The strain gives the apparent surface mass
density, ΣD = (aΛ/8πG) ε with aΛ = c2/RΛ, his Eq. (43).
The energy of a strain is quadratic in it, so the appar-
ent mass goes as the square root of the removed en-
tropy. With equality, differentiating at fixed M gives
ε2 = (1/A) dVM/dr, and with Gauss’s law Σ = g/4πG,

g2D = aM gN , aM =
π

12

c2

RΛ
= 1.42× 10−10 ms−2,

(20)
which is (π2/6) c2/Lℓc. Without equality, Eq. (20) is
an upper bound in the deep regime, the distances at
which gD far exceeds gN . There the apparent mass
MD, the mass whose Newtonian field is gD, grows as
r, so ε2A, which goes as (MD/r)

2, tends to a constant.
The mean of ε2A out to r, which the inequality keeps
below VM/r = dVM/dr, tends to the same constant,
and so the constant is at most dVM/dr. With equality,

MD =M n
√
π3 ln 2/6Lα: it grows by a fixed amount per

cell of distance, as the part of a string inside the sphere
does. The total field is g = gN + gD, and in the deep
regime

g =
√
aM gN , v4c = aM GM, (21)

flat rotation curves and the baryonic Tully–Fisher rela-
tion, with M the baryonic mass alone. This is Milgrom’s
phenomenology [36], which the radial acceleration re-
lation confirms as a tight empirical law across galaxy
types [37]. That one a0 serves galaxies whose stellar
masses span five orders of magnitude is explained here
only if the bound is saturated; the bound alone does not
explain it. The measured scale is a0 = (1.20 ± 0.02 ±
0.24)×10−10 ms−2 [37], and (1.19±0.04±0.09)×10−10

when each galaxy’s distance, inclination and mass-to-
light ratios are fitted along with it [38]. Both lie be-
low Eq. (20), as the bound requires, at 85% and 84% of
it; the test is one-sided, and it is passed. Whether the
bound is saturated, as it is under Verlinde’s assumption
on the principal strain, is a second question: the first
measurement leaves it open, at 0.9σ below the bound,
and the second puts it in doubt, at 2.3σ below. With
Verlinde’s coefficient the observed a0 would exceed the
bound. For attribution, the coefficients in units of cH∞
are: 1, Milgrom’s vacuum scale [35]; 1/6 = 0.17, Ver-
linde’s Eq. (102) [25], which gives 0.90 × 10−10 ms−2

with our RΛ; π/12 = 0.26, this paper, π/2 larger than
his; against 0.22 observed. Verlinde’s specific interpo-
lation between the Newtonian and deep regimes shows
tension with the radial acceleration relation in the tran-
sition region [39]; what pins L here is the deep-regime
scaling (21), which survives that test, and the transition
function remains open.

Why the temperature cannot lead. The floor Ec/L
could be taken as the mechanism instead of the bits. If
gravity followed the excess of the combined temperature
over the floor, as Milgrom proposed [35], Eq. (16) would

give a =
√
g2N + 2aΛgN . That has the right deep form,

with aM = 2c2/RΛ, nine times the observed value, and a
transition 38% above Newton’s law at gN = 10a0, where
the observed relation is 4% above. The floor marks the
scale; the law is in the strings.
To be explicit: in this framework there is no dark-

matter halo, nor the smearing of energy-momentum over
neighboring space-times by which Invariant Set Theory
reaches the same phenomena with Λ = 0 [16, 17]. Galac-
tic rotation is set by the baryons, G, and the horizon
radius, which Λ fixes. The known difficulties of any such
account, galaxy clusters [40] and the acoustic peaks of
the microwave background [41], are not addressed here
and remain open.
This scale bounds L. The deep-regime law is observed,

and weak lensing now extends it to circular velocities
that stay flat out to a megaparsec, on the same baryonic
Tully–Fisher relation [42]. Setting Eq. (20) equal to the
measured a0,

Lgal =
π2

6

c2

a0 ℓc
= 5.2× 1061. (22)

Since Eq. (20) is a bound, so is this: L ≤ 5.2×1061, with
equality where the bound is saturated.

D. Cosmological scale: the ring

Einstein’s equations, Eq. (13), leave Λ free. Without a
mass, and with the symmetry of space (Sec. II), their so-
lution has maximally symmetric spatial sections, and the
vacuum solutions with Λ and such sections are the max-
imally symmetric spacetime for the sign of Λ: flat space,
de Sitter space, or anti-de Sitter space [14]. A ring is a
closed line of translation, a closed geodesic of space, and
of the three only de Sitter space has one: flat and anti-de
Sitter space have no closed spacelike geodesic. De Sit-
ter space is the hyperboloid −v2 + w2 + x2 + y2 + z2 =
3/Λ in five-dimensional Minkowski space, and its closed
geodesics are its sections by the spacelike two-planes
through the origin: circles of radius

√
3/Λ, all of one

length, each a great circle of the cosmological horizon of
some observer at rest [14]. So Λ > 0, and every ring has

the length 2π
√
3/Λ, each a great circle of the horizon of

some observer at rest; for a largest ring, of length Lℓc,
Eq. (5) gives

√
3/Λ = RΛ, so Λ = 3/R2

Λ, which fixes the
integration constant.
In de Sitter space an observer at rest has a cosmological

horizon, the farthest he can ever see, of radius
√

3/Λ =
RΛ and at the proper distance πRΛ/2 from him, a quarter
lap of a largest ring [15]. In the register his horizon is the
L cells a quarter lap from his cell, L/4 steps along each
ring through it, and what he sees is the cells nearer to his
than to the cell opposite it. Every largest ring, through
his cell or not, has half its cells there or on the horizon,
since its cells come in opposite pairs at the distances d
and L/2−d from his cell (Sec. IVC). That half carries the
entropy inside his horizon; the horizon’s own entropy is
the register’s count identified with its area, Eq. (7). The
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manifold puts him at the center of a two-sphere of area
4πR2

Λ that holds L2/4 strings by the area law, each of
its great circles a closed geodesic of a ring’s length; the
paper uses only what the two agree on, the number of
strings, one bit each, the area per string, and the quarter
lap. Which closed geodesics the rings are, neither says:
any two rings share a cell, which two great circles of a
three-sphere need not, so the register’s incidence is not
the manifold’s (Sec. II).

The horizon’s period is 2πRΛ/c, the lap time of a
largest ring, which is the content of Eq. (10). With
Eq. (14), Newton’s constant and the cosmological con-
stant are then not independent of each other,

GΛ =
12πc3

ℏL2 ln 2
. (23)

The strength of gravity and the acceleration of the uni-
verse are tied into one constant, with L as the ex-
change rate between them. The observed Λ = 1.09 ×
10−52 m−2 [41] gives the horizon radius RΛ =

√
3/Λ =

1.66× 1026 m, and Eq. (5) with the cell of Eq. (15) gives

Lcos =
2πRΛ

ℓc
= 4.4× 1061. (24)

Only two measurements enter, Λ and, through the cell,
G.

The argument has come full circle, so it is worth say-
ing in what order it runs. Section II counted the largest
rings and gave every observer’s horizon one bit for each;
no solution of any equation was used. Section III de-
rived Einstein’s equations from that count. Their solu-
tion without a mass has closed geodesics of one length,
a largest ring’s, so the count left no ring out; had it
allowed shorter ones, they would have carried bits the
count did not include, and the equations would not de-
scribe the space they produce. That they do is a check
on the count, not one of its premises. The solution with
a mass, Schwarzschild–de Sitter, has closed geodesics at
the throats of its horizons, where f = 0 and the sphere of
constant r is totally geodesic in the static slice: the great
circles of the cosmological horizon, of LM = L− 2α/ ln 2
cells (Sec. IVC), and, for a black hole, of its own hori-
zon, of L′ = 4πGM/c2ℓc cells. These are the shorter rings
Postulate 1 allows, outside the count of Postulate 2, and
they are where a mass is counted: by the area law a hori-
zon with a mass M inside holds L2

M/4 bits (Sec. IVC),
and a black hole’s horizon holds (L′2/4) ln 2 = πr2s/ℓ

2
P ,

which is A/4ℓ2P . The register’s rings stay the largest
rings: a body’s cells lie on them, they cross its hori-
zon with half their cells inside and carry the entropy in-
side it (Sec. IVC), and 2N ≤ L holds for every string
(Sec. IVA). The actual universe, with its matter, is not
the massless solution either, nor is its matter a mass at
rest inside a horizon, the case of Eq. (17): it is neither
at rest nor a point mass. Even counted as one it would
be too heavy for the solution. At today’s mean density
of matter, the fraction Ωm = 0.315 of the critical den-
sity 3H2

0/8πG, a ball of radius RΛ holds a mass with
GM/c2 = (Ωm/2ΩΛ)RΛ = 0.23RΛ, beyond the limit

RΛ/3
√
3 = 0.19RΛ up to which the Schwarzschild–de Sit-

ter solution has a horizon at all (Appendix A). So noth-
ing is claimed here for the entropy of the horizon today.
The horizon of radius RΛ is that of the de Sitter state
the universe approaches, at the rate H∞ = H0

√
ΩΛ (Ap-

pendix A), and it is that horizon that Sec. II counts.
The one thing the solution adds is its integration con-
stant, Λ = 3/R2

Λ, which the equations leave free and the
count never assumed.
The structure at this scale is the closed ring: L cells,

a fixed number, and no ring of the register is larger. An
observer’s horizon holds one bit for each of the L2/4 of
them, Eq. (7), at the temperature Ec/L, Eq. (10), so
its energy, entropy times temperature, is one Landauer
energy for each string,

EΛ =
L2

4

Ec

L
ln 2 =

LEc

4
ln 2 =

c4RΛ

2G
= 1.0× 1070 J,

(25)
and the last equality uses Eq. (14). Spread over the inte-
rior, the flat ball of areal radius RΛ in which the Misner–
Sharp relation below is exact, it is ρΛ = 3π2ρc ln 2/2L

2 =
5.3×10−10 Jm−3, with ρc = Ec/ℓ

3
c ; the areal radius mea-

sures area and the ring measures distance, so the density
uses RΛ and the share of Sec. IVC the quarter lap, each
where it is exact. One factor of L comes from counting
a sphere rather than a volume, and one from a string’s
energy, (Ec/L) ln 2; this is how Ref. [27] closes the 123
orders of magnitude of the vacuum energy. The energy
of Eq. (25) is that of a constant density with pressure
−ρΛ, which is the same as saying it has no flux through
null surfaces; it is the Misner–Sharp energy of the hori-
zon [43], the density times the volume, one Landauer
energy per string. The energy that gravitates is the Ko-
mar energy of Eq. (16), which counts the pressure three
times, ρ+3p = −2ρΛ: it is −2EΛ, two Landauer energies
per string as for a mass, but negative. In the weak field
about a massM the solution of Eq. (13) is Schwarzschild–
de Sitter, and its acceleration toward the mass is

g(r) =
GM

r2
− c2r

R2
Λ

,
a

ac
=

α

πn2 ln 2
− 4π2n

L2
. (26)

The second term is the push: the horizon’s surface grav-
ity scaled by r/RΛ. Every free body recedes from every
other, which is de Sitter expansion at H∞ = c/RΛ =
2π/Ltc, the Hubble rate being 2π over the lap time of
Eq. (9). Against the Newtonian pull the push would bal-
ance at r3z = GMR2

Λ/c
2, where each equals c2rz/R

2
Λ.

That is below the crossing value c2/πRΛ of Eq. (19)
whenever rz < RΛ/π, which holds for any galaxy, group
or cluster, so the pull that meets the push is that of
Eq. (21). The two balance at r = RΛvc/c, in cells
n = Lvc/2πc, which is 3.7 Mpc for an isolated mass
of 1011M⊙; no galaxy is isolated at that distance, but
the order holds: flat rotation curves end where the ring’s
push overtakes the string’s pull, beyond the megaparsec
to which weak lensing now finds them flat [42].
The horizon is the de Sitter one, constant in time,

and observation requires that: L is a constant, so by
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Eqs. (5) and (14) the cell and G scale with the radius.
Were the horizon the Hubble radius RH = c/H with L

fixed, then G ∝ R2
H would drift at Ġ/G = 2H(1 + q) ≈

6 × 10−11 yr−1, with q ≈ −0.53 the present decelera-
tion parameter, six hundred times the lunar-laser-ranging
bound [44]. With RΛ constant, G, aM and Λ are all con-
stant, as Eq. (23) requires, and since every observer’s
de Sitter horizon has the same radius, L is observer-
independent, as a constant of nature must be.

V. DOES L HOLD?

Table II collects the results. Two scales bear on L, each
with the cell from the measured G: one gives a bound,
the other a value. The galactic scale, through the acceler-
ation at which rotation curves flatten and the coefficient
of Eq. (20), gives L ≤ 5.2×1061. The cosmological scale,
through the size of the de Sitter horizon, gives 4.4×1061,
which lies inside the bound, at 85% of it, a quarter of a bit
below in log2 L: 204.8 against 205.0, so the value gives
Nmax = 204 and the bound, if saturated, 205, by less
than a hundredth of a bit. The two come from scales five
orders of magnitude apart, and their consistency does not
test the power of ten, which both take from the cell; ℓc
cancels in the ratio Lgal/Lcos = πc2/12a0RΛ. It tests the
coefficient: that c2/a0 is at least 12RΛ/π, as Sec. IVC
gives.

The scale is not new: it is the coincidence a0 ∼ cH0

that Milgrom noted in 1983 [36] and has since written as

2πa0 ≈ cH0 ≈ c2
√
Λ/3, leaving open which of the two

a0 is tied to [45]. The framework adds four things. It
fixes the coefficient, as an upper bound that observation
respects. It ties a0 to RΛ rather than to H(z), so the
scale does not evolve. It turns the coincidence into a
fixed relation, Λ = 432 a2M/π

2c4, from Eq. (20) and Λ =
3/R2

Λ. And it ties the same L to a third quantity that
has nothing to do with either galaxies or cosmology: the
number of qubits a quantum computer can bring into a
random state. That third pin measures L on its own,
without G, and it is still to come.

The quantum scale will pin L directly. The bound
2N ≤ L gives Nmax = 204 at the value of L from Λ
(Appendix A). The ceiling is sharp on one side only. At
205 or more no string has room for a block of two cells
for every joint outcome, so no random state can be held
there. Below it the bound is soft, and by more than a
unit. A block of r cells resolves the last qubit’s condi-
tional probability to one part in r, so a random state
whose conditional probabilities are resolved that finely
needs 2N−1r ≤ L, that is N ≤ log2(2L/r): 202 for one
part in 10, 200 for one part in 30, and 199 for one part
in 100 (Appendix A). At 204 itself the blocks average
L/2203 = 3.4 cells, so a random state is held there only
coarsely, its conditional probabilities rounded to the few
values that blocks of three or four cells allow. The ex-
pected signature is therefore a loss of return that grows
over the last few qubits below 204, not a wall at it; by how
much is not derived (Sec. IVA), and the test is one-sided,

a return with the gate fidelity at 205 or more falsifying.
Palmer’s bit count 2N+1 − 2 ≤ NL, which gives 211 [4],
is the weaker condition. It charges one bit for each real
parameter of the state, but bits do not run out: a string
whose L blocks hold one cell each uses all its bits, yet
every fraction on it is 0 or 1. What runs out is room, two
cells for each block (Sec. IVA). Neither touches the point
that matters: the ceiling is universal. Palmer’s per-qubit
values of L would put it at 212 for a quantum-dot elec-
tron and 362 for a hyperfine ion-trap qubit (he rounds
10109 to 2400 and writes Nmax ≈ 400 [2]); ceilings that
differ with the technology would restore his causal order;
the same value for all confirms ours.
That measurement also runs the derivation the other

way, as the title promises. With L known, Eq. (5) gives
the cell from the size of the universe, and Eq. (14) gives
Newton’s constant. Gravity’s strength is then a derived
quantity: the number of rings of the register, one bit each
on an observer’s horizon. A measured ceiling Nobs is at
most ⌊log2 L⌋, so it gives a lower bound on L, 2Nobs ≤ L,
and with Eq. (14) an upper bound on G; if the ceiling is
where the bound itself is reached, 2Nobs ≤ L < 2Nobs+1,
L follows to a factor of two, ℓc to a factor of two, and
G to a factor of four. A ceiling of 204 then brackets G
between 4.8×10−11 and 1.9×10−10 m3 kg−1 s−2, and the
measured value lies inside the bracket, at log2 L = 204.8.
Only the quantum computer separates L from ℓc.
The universal L found here lies below every per-qubit

value Palmer obtains from Eq. (4), so if both mecha-
nisms were at work, the cosmological one would bind.
And Davies’ bound [9], which Palmer flagged as suspi-
ciously close to his own numbers, is the horizon’s count:
an observer’s horizon holds L2/4 = 4.8 × 10122 bits, the
10122 Davies takes for the universe, and the N ≈ 400
Palmer quotes for it (log2 10

122 = 405) is its logarithm,
2 log2 L− 2 = 407.5, to the precision of the estimate; the
capacity bound counts the string length L, not the bits of
the horizon, so Nmax = log2 L ≈ 204, half his exponent.

VI. PREDICTIONS AND FALSIFICATION

1. A universal ceiling of at most 204 qubits in a
random state, the same for photonic, trapped-ion,
superconducting and semiconductor qubits, insen-
sitive to isolation and to logical error correction.
The test is the random circuit and its inverse of
Sec. IVA. A return with the gate fidelity at 205
or more logical qubits falsifies the ceiling; technol-
ogy dependence of a ceiling falsifies the reversal and
restores Eq. (4).

2. Newton’s constant from the ceiling. G =
4πc3R2

Λ/(ℏL2 ln 2), Eq. (14), with 2N ≤ L for every
N at which a random state returns: a measured
ceiling bounds G from above, and if it is where
the bound is reached it gives G to a factor of four.
The same return at 205 or more logical qubits fal-
sifies Eq. (14); a lower ceiling does not, since how
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TABLE II. What each scale derives from L and RΛ, what it imports from outside the postulates, and what it pins. The
symmetry of space (Sec. II) enters every scale but the quantum one. Since ℓc = 2πRΛ/L, pinning ℓc pins only the ratio of RΛ

to L. The chain is run with G as input and ℓc as output until Nmax is measured.

Scale Phenomenon Relation Imports Pins
Quantum qubit ceiling Nmax = ⌊log2 L⌋ none L (to come)
Earth Newton’s law G = c3ℓ2c/(πℏ ln 2) thermal horizon; Clausius ℓc
Solar GR tests same G as above ℓc
Galactic rotation curves aM = πc2/12RΛ elastic response; RAR data L ≤ 5.2×1061

Cosmic horizon radius ℓc = 2πRΛ/L measured Λ L = 4.4×1061

the return degrades below the bound is not derived
(Sec. IVA).

3. Rotation curves from baryons alone, flat in
the deep regime under Verlinde’s equality on the
strain, with v4c = aMGMbaryon, Eq. (21), and in
any case bounded: aM = πc2/12RΛ = 1.4 ×
10−10 ms−2, Eq. (20), is an upper bound on the
acceleration scale of the flat regime. A measured a0
above 1.4×10−10 ms−2, robust detection of a dark-
matter particle, or a galaxy whose rotation curve
requires dark matter, falsifies the galactic sector.
That loses the second pin of L; the horizon pin,
Eq. (24), the relation (23), and items 1 and 2 do
not use it.

4. No redshift evolution of a0. The acceleration
scale is tied to the constant RΛ of the horizon, not
to H(z); proposals with a0 ∝ cH(z) predict a scale
1.8 times larger at redshift z = 1, and this frame-
work predicts no change.

5. Constancy of Λ. With L fixed, Eq. (14) gives
G ∝ R2

Λ at one bit per ring, a string’s entropy
when matter stays put (Sec. II), so the lunar-

laser-ranging bound on Ġ/G [44] requires the hori-
zon radius, and with it Λ, to be constant to one
part in 1013 per year, and their product GΛ =
12πc3/(ℏL2 ln 2), Eq. (23), is fixed by L alone.
Since a dark-energy component with equation of
state w evolves as ρ̇/ρ = −3H(1 + w), and the ex-
pansion rate carries Λ as the term Λc2/3, this is,
within the framework, a bound on the present-day
equation of state, |1+w0| ≲ 5×10−4 (Appendix A).
It applies to the present epoch, the only one lunar
laser ranging probes. DESI DR2 prefers evolving
dark energy over a constant Λ at 2.7σ in one anal-
ysis [47] and at up to 4.2σ in another, depending on
the probes combined [46]. A confirmed evolution is
incompatible with the framework as stated: here
w = −1 is not assumed, as in ΛCDM, but follows
from L and ℓc being constant, so the framework
predicts that the preference will not survive.

VII. CONCLUSION

Palmer built a discrete quantum mechanics and used
gravity to set its granularity. We have argued that the
granularity comes first. Two postulates about cells and
rings, with the thermodynamics of horizons, fix the num-
ber of rings of the register and make an observer’s hori-
zon’s entropy one bit per ring; through Jacobson’s argu-
ment they give general relativity with Newton’s constant
in terms of the cell, so that the Planck length is the
cell over

√
π ln 2 and Bekenstein and Hawking’s quarter

per Planck area is one bit per ring, and they bind New-
ton’s constant and the cosmological constant into one.
With Verlinde’s elastic response added, they bound from
above the acceleration scale of flat rotation curves with-
out dark matter, with his coefficient normalized where
the solution puts the horizon. Read backwards, Palmer’s
collapse formula gives a universal reduction clock, the de
Sitter period, and mass-dependent gravitational collapse
drops out. The two scales that fix L in gravity, each
with the measured G, are consistent: the value from the
horizon lies inside the galactic bound, and since the cell
cancels between them, what that tests is the coefficient
of the galactic scale. The measurement of L on its own is
a quantum computer’s, and the ceiling is testable within
the decade.
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Appendix A: Numerical Values

Inputs. c = 2.998 × 108 ms−1, ℏ = 1.055 × 10−34 J s,
G = 6.674 × 10−11 m3 kg−1 s−2 (the Lean files use the
CODATA values 299 792 458, 1.054 571 817 × 10−34 and
6.674 30 × 10−11, and for the Sun the IAU heliocentric
constant below), hence ℓP = 1.616 × 10−35 m and, by

Eq. (15), the cell ℓc =
√
π ln 2 ℓP = 2.385 × 10−35 m,

tc = ℓc/c = 7.96×10−44 s, mc = ℏ/cℓc = 1.475×10−8 kg,
Ec = ℏc/ℓc = 1.326 × 109 J, ac = c2/ℓc = 3.77 ×
1051 ms−2; a0 = 1.20 × 10−10 ms−2 [37]; present Hub-
ble rate H0 = 67.4 km s−1 Mpc−1, dark-energy den-
sity parameter ΩΛ = 0.685 and matter density pa-
rameter Ωm = 0.315 [41], giving H∞ = H0

√
ΩΛ =

1.81 × 10−18 s−1, Λ = 3H2
∞/c

2 = 1.09 × 10−52 m−2,

RΛ = c/H∞ = 1.66×1026 m; lunar laser ranging Ġ/G =

(7.1±7.6)×10−14 yr−1 [44], taken as |Ġ/G| ≲ 10−13 yr−1.

Derived. Lcos = 2πRΛ/ℓc = 4.37×1061, log2 = 204.76.
aM = πc2/12RΛ = 1.42 × 10−10 ms−2, and Lgal =
(π2/6)c2/(a0ℓc) = 5.17 × 1061, log2 = 205.01. Ratio
1.18. Capacity condition 2N ≤ L: 2204 = 2.57 × 1061 ≤
Lcos < 2205 = 5.14 × 1061, so Nmax = 204, with 2204

and 2205 at 0.59 and 1.18 of Lcos; Lgal lies just above
2205. Planck’s uncertainties in H0 and ΩΛ move log2 Lcos

by about ±0.02, and the local H0 = 73 km s−1 Mpc−1

would give 204.65; the ceiling is 204 either way. Blocks
of r cells, 2N−1r ≤ Lcos: Nmax = 202, 200 and 199 for
r = 10, 30 and 100; at N = 204 the blocks average
Lcos/2

203 = 3.4 cells; at N = 205 and 206 the missing
joint outcomes are the fraction 1 − Lcos/2

N = 0.15 and
0.58. The Galaxy, M = 1012M⊙ = 2.0× 1042 kg, a mass
at rest, has α = 1.35 × 1050 and 2α/ ln 2 = 3.9 × 1050,
one part in 1011 of Lcos; the matter of a ball of ra-
dius RΛ at today’s mean density, Ωm · 3H2

0/8πG, is not
such a mass (Sec. IVD): its GM/c2RΛ = Ωm/2ΩΛ =

0.23 exceeds the limit 1/3
√
3 = 0.19 up to which the

Schwarzschild–de Sitter solution has a horizon (the Nar-
iai limit). Reduction clock τ∗ = Lcostc = 3.5 × 1018 s
= 1.1 × 1011 yr. Energy Ec/Lcos = 3.03 × 10−53 J
= ℏH∞/2π. Register: L2/2 = 9.5 × 10122 cells and
L2/4 = 4.8 × 10122 rings; an observer’s horizon holds
(L2/4) ln 2 = 3.3×10122, equal to πR2

Λ/ℓ
2
P . Equation (14)

with L = 2204 and 2205 brackets G between 1.93× 10−10

and 4.82 × 10−11 m3 kg−1 s−2; with Lcos it returns the
input, 6.67 × 10−11. Sun, with M⊙ = GM⊙/G from
the heliocentric constant GM⊙ = 1.327 × 1020 m3 s−2:
α = M⊙/mc = 1.35 × 1038, GM⊙/c

2ℓc = α/(π ln 2) =
6.19 × 1037 cells, Lα = 5.9 × 1099; Earth’s orbit
n = 6.27 × 1045, acα/(πn

2 ln 2) = 5.93 × 10−3 ms−2.
EΛ = (LEc/4) ln 2 = c4RΛ/2G = 1.00 × 1070 J;
ρΛ = 3π2Ec ln 2/2L

2ℓ3c = 5.25 × 10−10 Jm−3, against
Λc4/8πG = 5.25×10−10. GΛ = 7.28×10−63 mkg−1 s−2,
against 12πc3/(ℏL2

cos ln 2) = 7.28 × 10−63. Coefficient,
in units of cH∞ = c2/RΛ as in Sec. IVC: a0/cH∞ =
0.22 ± 0.04 measured [37], 0.22 ± 0.02 [38]; π/12 = 0.26
here, 1/6 = 0.17 Verlinde. Equation of state: G ∝ R2

Λ

and Λ ∝ R−2
Λ give |Λ̇/Λ| = |Ġ/G| ≲ 10−13 yr−1, the

drift of the term Λc2/3 in the expansion rate; with H0 =
6.89× 10−11 yr−1, |1 + w0| ≲ 10−13/3H0 = 4.8× 10−4.
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