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Abstract

The eld equations of general relativity are shown to derfikem the existence of a
limit force or of a limit power in nature. The limits have thalue ofc*=4G andc®=4G.
The proof makes use of a result by Jacobson. All known exeriat data is consistent
with the limits. Applied to the universe, the limits preditt darkness at night and
the observed scale factor. Some experimental tests ofries lare proposed. The
main counter-arguments and paradoxes are discussed,ssthehteansformation under
boosts, the force felt at a black hole horizon, the mountaitlem, and the contrast
to scalar-tensor theories of gravitation. The resolutibthe paradoxes also clari es
why the maximum force and the maximum power have remainedehidor so long.
The derivation of the eld equations shows that the maximoneé or power plays the

same role for general relativity as the maximum speed platysdecial relativity.
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1 Introduction

A simpli cation of general relativity has welcome effects the teaching of the
topic. Some years ago, a strong simpli cation has been teddsy Gibbons
(Gibbons 2002) and independently, by the present authdil(&c1997-2004)
General relativity was shown to derive from the so-callecimam force (or

maximum power) principleThere is a maximum force (and power) in nature:
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Either of the two equivalent expressions can be taken ag Ipaisiciple. So
far, the arguments used for the connection between theses land general
relativity were either quite abstract or rather heurisiibe present paper gives
a derivation of the eld equations from either of the limitluas and shows
the equivalence of the two formulations of general relgtiviThis paper also
includes the discussion of the main paradoxes, uses thes|{fhi to deduce
the central points of cosmology and suggests some new expetal tests of
general relativity.

The concept of force needs careful use in general relatiFtyrce is the
change of momentum with time. Since momentum is a conseruadtity,
force is best visualized as an upper limit for the rate of ofvnaomentum
(through a given physical surface). Only with this claritan does it make
sense to use the concept of force in general relativity.

The valuec*=4G of the force limit is the energy of a Schwarzschild black
hole divided by twice its radius. The maximum povees4G is realized when
such a black hole is radiated away in the time that light takesavel along
a length corresponding to twice the radius. It will becormeaclbelow why a
Schwarzschild black hole, as an extremal case of genesdiMig}, is necessary
to realize these limit values.

Generally speaking, the aim is to prove that the principlemakimum force
(or that of maximum power) plays for general relativity tlare role that the
principle of maximum speed plays for special relativity.isrThinconventional
analogy (Schiller 1997-2004) requires a proof in seveepst First, one has to
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derivethe eld equations of general relativity from the maximumde. Then
one has to show thaio imaginaryset-up or situation — thus no Gedanken ex-
periment — can overcome the limit. Subsequently, one ha$fidw shatno
experimental dataontradicts the statement of maximum force. Finally, one
has to deduce predictions for future experimental testsenwadthe basis of
maximum force or power. These are the same steps that hal/toldze estab-
lishment of the idea of a maximum speed of nature. These stapsure this
paper.

Since force (respectively power) is change of momentumrégnewith
time, the precise conditions for momentum (energy) measene must be spe-
cied, in a way applicable in a space-time that is curved. Muorum, like
energy, is a conserved quantity. Any change of momentumenggrihus hap-
pens through ow. As a result, a maximum force (respectiadyer) value
in nature implies the following statement: one imagines ysftal surface and
completely covers it with observers; then the integral dinadmentum (re-
spectively energy) values owing through that surface peret measured by
all those observers, never exceeds the maximum value .yl plarole how the
surface is chosen, as long as ipisysical i.e., as long as the surface allows to
X observers on it.

A condition for such a measurement is implicit in the surfawve visualiz-
ation. The local momentum (or energy) change for each obs&\the value
that each observer measures for the ow at precisely his opbsition. The
same condition of observer proximity is also required faespmeasurements
in special relativity.

Since 3-force and power appear together in the force 4-duith the force
and the power limits are equivalent and inseparable. Itnsetiines suggested
that the theory of general relativity does not admit a cohaégorce or of
its zeroth component, power. This is not correct; the valu@me is simply
so strongly dependent on observer choices that usuallyess tto avoid the
concept of force altogether. On the contrary, it turns oat dveryquantity

with the dimensions of force (or of power) that is measureciybserver is



bound by the limit value. This can either be the magnitudeneffour vector
or the value of any of its four components. The force liefie4G (and the
corresponding power limit) is valid for all these obsereshlas will become
clear below. In particular, it will be shown below why an arary change
of coordinates doesot allow to exceed the force or power limit, contrary to
expectation. This result of general relativity is equivdli® the result of special
relativity that a change of coordinates does not allow teerdahe speed limit.
The maximum force and power are also given, within a factdr thy the
Planck energy divided by the Planck length, respectiveiythie Planck time.
The origin of the numerical coef cient=4 has no deeper meaning. It simply
turns out thafi=4 is the value that leads to the correct form of the eld equadio

of general relativity.

2 The derivation of general relativity

To derive the theory of relativity one has to study thoseeystthat realize the
limit value of the observable under scrutiny. In the the adsbespecialtheory
of relativity, the systems that realize the limit speed agétland massless
particles. In thegeneraltheory of relativity, the systems that realize the limit
are less obvious. One notes directly that a maximum forc@daser) cannot
be realized acrosswlumeof space. If that were the case, a simple boost could
transform the force (or power) to a higher value. Natureds/this by realizing
maximum force and power only on surfaces, not volumes, atiteatame time
by making such surfaces unattainable. These unattainatisess are basic to
general relativity; they are calldabrizons Maximum force and power only
appears on horizons (Schiller 1997-2004). The de nitioradfiorizon as a
surface of maximum force (or power) is equivalent to the muzgal de nition
as a surface that provides a limit to signal reception,a.émit to observation.
The reasoning in the following will consists of three adufital steps. First,
it will be shown that a maximum force or power implies that ttaiaable sur-

faces are always curved. Then it will be shown that any cuhagzon follows



the so-called horizon equation. Finally, it will be showattkhe horizon equa-
tion implies general relativity. (In fact, the sequence @iements can also be
taken in the opposite direction; all these steps are eqrivab each other.)

The connection between horizons and the maximum force i<éhnéral
point in the following. It is as important as the connectia@tvkeen light and
the maximum speed in special relativity. In special relgtivone shows that
light speed, being the maximum speed in nature, implies threntz trans-
formations. In general relativity, one must show that hamiforce, being the
maximum force in nature, implies the eld equations. To &ekithis aim, one
starts with the realization that all horizons show energy at their location.
There is no horizon without energy ow. This connection imeglthat a hori-
zon cannot be a plane, as an in nitely extended plane woulfayiran in nite
energy ow.

The simplest nite horizon is a static sphere. A sphericalizam is char-
acterized by its curvature radid® or equivalently, by its surface gravity,
the two quantities are related BaR = c?. The energy ow moving though
any horizon is always nite in length, when measured alorg plhopagation
direction. One can thus speak more speci cally of an eneggegp Any en-
ergy pulse through a horizon is thus characterized by arggfieand a proper
lengthL . When the energy pulse ows perpendicularly through a tajzhe

momentum change or force for an observer at the horizon is

_E .
F=ro o )

The goal is to show that maximum force implies general nétgti Now, the
maximum force is realized on horizons. One thus needs totitteemaximum
possible values for each of these quantities and to showgtradral relativity
follows.

Using the maximum force value and the a#eR 2 for a spherical horizon
one gets y -

e~ a%R 2 . (3)

The fractionE=A is the energy per area owing through any amkahat is

part of a horizon. The insertion of the maximum values is cietepvhen one
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notes that the length of the energy pulse is limited by the radiis The
limit L R is due to geometrical reasons; seen from the concave side of t
horizon, the pulse must be shorter than the curvature radinsndependent
argument is the following. The lengthof an object accelerated Iayis limited
by special relativity (D'Inverno 1992, Rindler 2001) by

2

%a (4)
Special relativity already shows that this limit is due aalhted to the appear-
ance of a horizon. Together with relation (3), the statentlesut horizons are
surfaces of maximum force leads to the following centrahtieh for static,
spherical horizons:

_ .
E-gaA ; (5)

This horizon equatiorrelates the energy ovie through an ared of a spher-
ical horizon with surface gravitt. The horizon equation follows from the idea
that horizons are surfaces of maximum force. The equatetesthat the en-
ergy owing through a horizon is limited, that this energypsoportional to

the area of the horizon, and that the energy ow is propogldn the surface

gravity.
The above derivation also yields the intermediate result
¢t A
16G L ©)

This form of the horizon equation states more clearly thaguréace other than
a horizon can reach the limit energy ow, given the same arebilse length
(or surface gravity). No other part of physics makes comparatatements;
they are an intrinsic part of the theory of gravitation.

Another variation of the derivation of the horizon startshathe emphasis
on power instead of on force. Usify= E=T as starting equation, changing
the derivation accordingly, also leads to the horizon dqoat

It is essential to stress that the horizon equations (5))do{&w from only
two assumptions: rst, there is a maximum speed in naturd,sstond, there

is a maximum force (or power) in nature. No speci c theory o&gtation



is assumed. The horizon equation might even be testableimqraally, as
argued below. (One also notes that the horizon equationegaiyalently, the
force or power limits — imply a maximum mass change rate innmgagiven
by dm=dt  c®=4G.) In particular, up to this point it wasot assumed that
general relativity is valid; equally, it wasot assumed that spherical horizons
yield Schwarzschild black holes (indeed, other theoriegra¥ity also lead to
spherical horizons).

Next one has to generalize the horizon equation from staticspherical
horizons to general horizons. Since the maximum force israsd to be valid
for all observers, whether inertial or accelerating, the gergatadin is straight-
forward. For a horizon that is irregularly curved or timayiag the horizon
equation becomes 2

E:ﬁaA . (7)

This differential relation — it might be called thgeeneral horizon equatior
is valid for any horizon. It can be applied separately forrgygiece A of
a dynamic or spatially changing horizon. The general horigquation (7) is
known to be equivalent to general relativity at least sif@@5l when this equi-
valence was implicitly given by Jacobson (Jacobson 1995)illl be shown
that the differential horizon equation has the same rolegtareral relativity
asdx = c dt has for special relativity. From now on, when speaking of the
horizon equation, the general, differential form (7) of te&tion is implied.

It is instructive to restate the behaviour of energy puldelemgthL in a
way that holds for any surface, even one that is not a horiRepeating the

above derivation, one gets

E ¢t 1

A  16G L

(8)

Equality is only reached in the case that the surf&ds a horizon. In other
words, whenever the valuE= A approaches the right hand side, a horizon is
formed. This connection will be essential in the discussiapparent counter-
examples to the limit values.

If one keeps in mind that on a horizon, the pulse lengtibeysL. ~ ¢®=2a,



it becomes clear that the general horizon equation is a qoesee of the max-
imum forcec*=4G or the maximum powec®=4G. In addition, the horizon
equation takes also into account maximum speed, which feadrigin of the
relationL  ¢?=2a. The horizon equation thus follows purely from these two
limits of nature. One notes that one can also take the oppdsiction of ar-
guments: itis possible to derive the maximum force from thezon equation
(7). The two statements are thus equivalent.

One notes that the differential horizon equation is alsowknander the
name " rst law of black hole mechanics' (Wald 1993). The argnts so far
thus show that the rst law of black hole mechanics is a consege of the
maximum force or power in hature. This connection does rering® appear in
the literature so far. The more general term “horizon equatised here instead
of " rst law' makes three points: rst, the relation is valitbr any horizon
whatsoever; second, horizons are more fundamental andajemtities than
black holes are; third, horizons are limit situations foygibal surfaces.

The remaining part of the argument requires the derivatidihe eld equa-
tions of general relativity from the general horizon egoiatiThe derivation —
in fact, the equivalence —was implicitly provided by Jaaob&lacobson 1995),
and the essential steps are given in the following. (Jacodgbnot stress that
his derivation is valid also for continuous space-time drad his argument can
also be used in classical general relativity.) To see th@ection between the
general horizon equation (7) and the eld equations, ong aBkds to gener-
alize the general horizon equation to general coordinattesys and to general
directions of energy-momentum ow. This is achieved by anlucing tensor
notation that is adapted to curved space-time.

To generalize the general horizon equation, one introdineegeneral sur-
face element and the local boost Killing vector eldk that generates the
horizon (with suitable norm). Jacobson uses the two questio rewrite the

left hand side of the general horizon equation (7) as
Z
E = Takid P ; (9)
where Ty, is the energy-momentum tensor. This expression obviousbsg
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the energy at the horizon for arbitrary coordinate systemasaabitrary energy
ow directions.

Jacobson's main result is that the the right hand side of émel horizon
equation (7) can be rewritten, making use of the (purely gadn) Raychaudhuri
equation, as 7

aA=c Rpkdd?®? ; (10)

whereRgy, is the Ricci tensor describing space-time curvature. Téligtion
thus describes how the local properties of the horizon démenthe local
curvature. One notes that the Raychaudhuri equation is elypgeometric
equation for manifolds, comparable to the expression thks Ithe curvature
radius of a curve to its second and rst derivative. In patiae, the Raychaudhuri
equation doermot contain any implications for the physics of space-timedlat a

Combining these two steps, the general horizon equatiolpg@)mes
z & z
a4 b_— aq b .
Tapk?d ° = Yl Rapk®d : (11)

Jacobson then shows that this equation, together with lomaservation of
energy (i.e., vanishing divergence of the energy-momeransor), can only

be satis ed if

c
8G
whereR is the Ricci scalar and is a constant of integration whose value is not

R
Tap = Rab (E +) Gab ; (12)

speci ed by the problem. These are the full eld equationgeneral relativity,
including the cosmological constant The eld equations thus follow from
the horizon equation. The eld equations are therefore shtwbe valid at
horizons.

Since it is possible, by choosing a suitable coordinatestmation, to
position a horizon at any desired space-time event, the egdations must
also be valid over the whole of space-time. This conclusiompletes the
result by Jacobson. Since the eld equations follow, viatlezon equation,
from maximum force, one has thus shown that at every eventiora the
same maximum possible force holds; its value is an invagadta constant of

nature.



The reasoning shown here consisted of four steps. Firsgdtsliown that a
maximum force or power implies the existence of unattai@ablfaces, which
were called horizons. Second, is was shown that a maximuoe for power
implies that unattainable surfaces are always curved.dT itivas shown that
any curved horizon follows the horizon equation. Forth, @&svehown (in the
way done by Jacobson) that the horizon equation impliesrgeradativity.

In other words, the eld equations of general relativity aalirect con-
sequence of the limited energy ow at horizons, which in tisrdue to the
existence of a maximum force (or power). In fact, the arguna¢so works in
the opposite direction, since all intermediate steps awgvalgnces. This in-
cludes jacobson's connection between the horizon equatidrihe eld equa-
tions of general relativity. Maximum force (or power), thertzon equation,
and general relativity are thieqjuivalent As a result, one nds the corollary
thatgeneral relativity implies a maximum force

The maximum force (or power) has thus the same double rolenmneml
relativity that the maximum speed has in special relativityspecial relativity,
the speed of light is the maximum speed; at the same timehgipitoportional-
ity constant that connects space and time, akig c dt. In general relativity,
the horizon force is the maximum force; at the same time theéman force
appears (adorned with a factdr) in the eld equations as the proportionality
constant connecting energy and curvature. If one prefeesmtaximum force
thus describes the elasticity of space-time and at the samedttdescribes — if
one dares to use the simple image of space-time as a medivenmakimum
tension to which space-time can be subjected. This douldefanaterial con-
stants both as proportionality factor and as limit valueédsknown in material
science.

The analogy between special and general relativity can b@ddurther.
In special relativity, maximum speed implidg = ¢ dt and the observation
that time changes with observer change. In general regtiviaximum force
(or power) imply the horizon equatioE = a Ac?=8 G and the observation

that space-time is curved. Curvature is a result of the mawirforce or max-
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imum power. Indeed, the derivation above showed that a migximum force
implies horizons that are curved; the curvature of horizordy the curvature
of surrounding space—time.

One might ask whether rotating or charged black holes chidmeggrgument
that lead to the derivation of general relativity. Howeweg derivation using
the Raychaudhuri equation does not change. In fact, theabrdgge of the ar-
gument appears with the inclusion of torsion, which chaige®Raychaudhuri
equation itself. As long as torsion plays no role, the déiavagiven above
remains valid.

Another question is how the above proof relates to scalasetetheories
of gravity. If a particular scalar-tensor theory would olibg general horizon
equation (7) then it would also show a maximum force. The g@r®rizon
equation must be obeyed both &iaticand fordynamichorizons. If that is the
case, the speci c scalar-tensor theory would be equivategeneral relativity,
as it would allow, using the argument of Jacobson, to dedoeaisual eld
equations. This case can appear if the scalar eld behakesnatter, i.e., if
it has mass-energy like matter and curves space-time liklem®n the other
hand, if in the particular scalar-tensor theory the gentesekon equation (7)
is not obeyed forll movinghorizons — which is the general case, as scalar—
tensor theories have more de ning constants than gendedivigy — then the
maximum force does not appear and the theory is not equividegeneral
relativity. This connection also shows that an experimaett of the horizon
equation forstatichorizons only is not suf cient to con rm general relativity

such a test rules out only some, but not all scalar—tensoritgee

3 Apparent counter-arguments and paradoxes

Despite the preceding and others proofs (Gibbons 2002héoetuivalence of
maximum force and the equations of general relativity, tieaiof a maximum
force is not yet common. Indeed, maximum force, maximum pawmel max-

imum mass change directly induce counter-arguments aathpts to exceed
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Figure 1: The mountain problem

the limit.

= The mountain attempt. It is possible to de ne a surface thabistrangely
bent that it passdsist belowevery nucleus of every atom of a mountain, like
the surface A in Figure 1. All atoms of the mountain above sgallare then
just abovethe surface, barely touching it. In addition, one imagiried this
surface is movingipwardswith almost the speed of light. It is not dif cult to
show that the mass ow through this surface is higher thamthss ow limit.
Indeed, the mass ow limit3=4G has a value of about0®® kg=s; in a time of
10 2?2 s, the diameter of a nucleus divided by the speed of lighyy a@13 kg
need to ow through the surface; that is the mass of a mountain

The mentioned surface seems to provide a counter-examptee tbmit.
However, a closer look shows that this is not the case. Theissthe expres-
sion “just below”. Nuclei are quantum particles and haverateterminacy in
their position; this indeterminacy is essentially the eusnucleus distance.
As aresult, in order to be sure that the surface of interesahatomsaboveit,

the shape cannot be that of surface A in Figure 1. It must bé plame that re-
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mains below the whole mountain, like surface B in the gurevkdver, a at
surface rising through a mountain does not allow to exceedrthss change
limit.

= The multiple atom attempt. One can imagine a number of ataualdo
the number of the atoms of a mountain, but arranged in a wayathiée with
large spacing (roughly) in a single plane. Again, the plamglct move with
high speed. However, also in this case the uncertainty irathemic positions
makes it impossible to say that the mass ow limit has beereged.

= The multiple black hole attempt. Black holes are typicadlgge and their
uncertainty in position is thus negligible. The mass lioi#4G or power limit
¢>=4G correspond to the ow of a single black hole moving througHanp at
the speed of light. Several black holes crossing a planghegat just under
the speed of light thus seem to beat the limit. However, thitase has to be
physical: an observer must be possible one each of its pduitsno observer
can cross a black hole. A black hole thus effectively puregtithe moving
plane surface; no black hole can ever be said to cross a plafaes, even less
so a multiplicity of black holes. The limit remains valid.

= The multiple neutron star attempt. The mass limit seemsacheavhen
several neutron stars (which are slightly less dense thdadk tole of the
same mass) cross a plane surface at the same time, at high dpeeever,
when the speed approaches the speed of light, the crossiaddr points far
from the neutron stars and for those that actually crossttre differ by large
amounts. Neutron stars that are almost black holes canrwbbsed in a short
time in units of a coordinate clock that is located far frora #ftars. Again, the
limit is not exceeded.

= The boost attempt. A boost can apparently be chosen in sucy ahat
a force valueF in one frame is transformed into any desired vaffdn the
other frame. However, this result is not physical. To be nmmecrete, one
imagines a massive observer, measuring the Vvialuat rest with respect to a
large mass, and a second, primed observer moving towardsrtfeemass with

relativistic speed, measuring the vali@ Both observers can be thought to
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be as small as desired. If one transforms the force eld dtFeapplying the
Lorentz transformations, the forée” for the moving observer can apparently
reach extremely high values, as long as the speed is highgbndtdowever,
a force value must be measured by an observer at the spednt. g@ne has
thus to check what happens when the rapid observer movesdste region
where the force would exceed the force limit. The primed oleehas a mass
m and a radius. To be an observer, he must be larger than a black hole; in
other words, its radius must obey 2Gm=c?, implying that the observer has
a non-vanishing size. When the observer dives into the fetdesurrounding
the sphere, there will be an energy o towards the observer given by the
transformed eld value and the proper crossing area of theeplker. This in-
teraction energy can be made as small as desired, by chaasiolgserver as
small as desired, but it is never zero. When the moving olesapproaches the
large massive charge, the interaction energy increasémuaonsly. Whatever
choice for the smallness of the observer is made is not irapbrBefore the
primed observer arrives at the point were the fd¥€evas supposed to be much
higher than the force limit, the interaction energy will cbahe horizon limits
(7) or (8). Therefore, a horizon appears and the moving obsés prevented
from observing anything at all, in particular any value adtive horizon force.

The same limitation appears when a charged observed tiesadsure elec-
tromagnetic forces, or when nuclear forces are measureslinimary, boosts
do not help to beat the force limit.

= The divergence argument. In apparent contrast to what vilhsséar, the
force on a test mass at a radial distancd from a Schwarzschild black hole
(for =0 )is given by (Ohanian & Ruf ni 1994)

&1 58

In addition, the inverse square law of universal gravitastates that the force
between to masses andM is

_ GMm

F "

(14)
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Both expressions can take any value and suggest that no mmaaxforce limit
exist.

A detailed investigation shows that the maximum force bollds. Indeed,
the force in the two situations diverges only for not phykjpmant-like masses.
However, the maximum force implies a minimum approach distao a mass
m given by

2Gm

dmin = 2 : (15)

The minimum approach distance — simplifying, this would he ¢orrespond-
ing black hole radius — makes it impossible to achieve zestadce between
two masses or between a horizon and a mass. The nitenesssoletigth
value expresses that a mass can never be point-like, and (resl) minimum
approach distance &Gm=c? appears in nature, proportional to the mass. If

this minimum approach distance is introduced in equati®8% énd (14), one

gets . .
C Mm 1 C
F=— g—6 — 16
4G (M +m)27 T 4G (16)
M+m
and
¢t Mm ct

= 46 e m2® a6 (17)

The maximum force value is never exceeded. Taking into atdie size of
observers prevents exceeding the maximum force.

= The wall attempt. Force is momentum change. For example,antam
changes when a basketball is re ected from a large wall. Ihynsuch balls
are re ected at the same time, it seems that a force on thelargér than
the limit can be realized. However, this is impossible. Eweall has a tiny
surface gravity. For a large, but nite number of balls, theery ow limit
of the horizon equation (8) will be reached, thus implying #ppearance of a
horizon. In that case, no re ection is possible any more, again the force or
power limit cannot be exceeded.

» The classical radiation attempt. It is also not possiblergate a force
larger than the maximum force concentrating a large amofifijlat onto a

surface. However, the same situation as for basketba#iesarivhen the limit
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valueE=A given by the horizon equation (8) is reached, a horizon aggbat
prevents breaking the limit.

= The multiple lamp attempt. It might seem possible to cregtewer lar-
ger than the maximum power by combining two radiation scsitbat each
emit 3=4 of the maximum value. But also in this case, the horizon li{@)tis
achieved and thus a horizon appears that swallows the lighpeevents that
the force or power limit is exceeded. (The limited lifetinfesach lamps makes
these horizons time-dependent.)

= The electrical charge attempt. One might try to get forcewalthe limit
by combining gravity and electromagnetism. However, is ttase, the energy
in the horizon equation, like the rst law of black hole meaies (Wald 1993),
only gets gets an additional term. The energy is then a sumasksaenergy
and electromagnetic energy. For example, in the simplest, ¢hat of a static
and charged black hole, the enerfy = ¢ m + V q crossing the horizon
includes the product of the electrical potentaht the horizon and the amount
of chargeq crossing the horizon. However, the maximum force and power
values remain unchanged. In other words, electromagnetismot be used to
exceed the force or power limit.

= The consistency argument. If observers cannot be poief-bke might
question whether it is still correct to apply the originaldgon of momentum
change or energy change as the integral of values measurebseyvers at-
tached to a given surface. In general relativity, obsergamnot be point-like,
as seen above. However, observers can be as small as deBiredriginal
de nition thus remains applicable when taken as a limit jpahare for an ob-
server size that decreases towards zero. Obviously, iftqmatheory is taken
into account, this limit procedure comes to an end at thedRléangth. This
is not an issue for general relativity, as long as the typifiaensions in the
situation are much larger than this value.

= The quantum attempt. If quantum effects are neglected, jioisible
to construct surfaces with sharp angles or even fractaleshdgat overcome

the force limit. However, such surfaces are not physicathag assume that
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lengths smaller than the Planck length can be realized osuned. The con-
dition that a surface be physical implies among others thaas an intrinsic
uncertainty given by the Planck length. A detailed studyshthat quantum
effects do not allow to exceed the horizon force (Schille37-2004).

Similar results are found when any other Gedanken expetingeima-
gined. Discussing them is an interesting way to explore ggmelativity. No
Gedanken experiment is successful; in all cases, horizenept that the max-
imum force is exceeded. Observing a value larger than tloe for power limit
requires observation across a horizon. This is impossible.

Maximum force (or power) implies that point masses do nostexirhis
connection is essential to general relativity. The habithariking with point
masses — a remainder of Galilean physics — is one of the tvgmneahat the
maximum force principle has remained hidden for more tharyérs. The
(incorrect) habit of believing that the proper size of a egsican be made as
small as desired while keeping its mass constant avoidsttbdbrce or power
limit is noticed. Many paradoxes around maximum force or @oare due to
this incorrect habit.

To see the use of a maximum force or power for the exploratignavity,
one can use a simple image. Nature prevents large forcesvalu¢he ap-
pearance of horizons. This statement can be translatedjinesT's language.
To produce a force or power requires an engine. Every engiodupes ex-
hausts. When the engine approaches the power limit, the ofiéiss exhausts
is necessarily so large that their gravity cannot be negteciThe gravity of
the exhausts saturates the horizon equation and then pseterengine from
reaching the force or power limit.

Force is change of momentum with time; power is change ofggneith
time. Since both momentum and energy are conserved, aljesaake place
through a boundary. The force and power limit state thaiethatues are upper
limits independently of the boundary that is used. Eveneflibundary surface
is taken to cross the whole universe, the observed momentemeogy change

through that surface is limited by the maximum values. Thaguires a check
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with experiments.

4 Experimental data

No experiment, whether microscopic — such as particle siollis — macro-
scopic, or astronomical, has ever measured force valugsoneaven larger
than the limit. Also the search for pace-time singularitigkich would allow
to achieve the force limit, has not been successful. In ficiprce values ever
measured are many magnitudes smaller than the maximum. vahie result
is due to the lack of horizons in the environment of all exmemts performed
so far.

Similarly, no power measurement has ever provided any ¢ixeefo the
power limit. Only the ow of energy through a horizon shouldtgrate the
power limit. Every star, gamma ray burster, supernova,xyalar galaxy
cluster observed up to now has a luminosity belw4G. Also the energy
ow through the night sky horizon is below the limit. (More aiit this issue
below.) The brightness of evaporating black holes in theal phase could ap-
proach or equal the limit. So far, none has ever been obselvéte same way,
no counter-example to the mass change limit has ever beenvelols Finding
any counter-example to the maximum force, luminosity orsrasnge would
have important consequences. It would invalidate the ptesgproach and
thus invalidate general relativity.

On the other hand, we have seen above that general relatvmitains a
maximum force and power, so that every successful test oktleequations
underlines the validity of this approach.

The absence of horizons in everyday life is the second reakgrthe max-
imum force principle has remained undiscovered for so Idexperiments in
everyday life do not point out the force or power limit to exdrs. The rst
reason why the principle remained hidden, as shown abowhgisncorrect
habit of believing in massive point particles. This is a ttatical reason. (Pre-

judices against the concept of force in general relativilyehalso played a
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role.) The principle of maximum force — or of maximum poweraslthus re-
mained unnoticed for a long time because nature hid it batim ftheorists and
from experimentalists.

In short, past experiments do not contradict the limit valaed do not
require or suggest an alternative theory of gravitatiort.rigither does the data
directly con rm the limits, as horizons are rare in everydiég or in accessible
experimental situations. The maximum speed at the basigenfia relativity
is found almost everywhere; maximum force and maximum pawerfound
almost nowhere. For example, the absence of horizons ircigacollisions is

the reason that the force limit is not of (direct) importaircéhis domain.

5 Cosmological data

A maximum power is the simplest possible explanation of @&bparadox.
Power and luminosity are two names for the same observable siim of all
luminosities in the universe is nite; the light and all ottenergy emitted by all
stars, taken together, is nite. If one assumes that theasrs&/is homogeneous
and isotropic, the power limP  ¢>=4G must be valid across any plane that
divides the universe into two halves. The part of the unegssuminosity that
arrives on earth is then so small that the sky is dark at nlgiact, the actually
measured luminosity is still smaller than this estimate¢sia large part of the
power is not visible to the human eye (since most of it is mattgway). In
other words, the night is dark because of nature's powet.liftfiis explanation
is notin contrast to the usual one, which uses the nite lifetimestafrs, their
nite density, their nite size, the nite age and the expaos of the universe.
In fact, the combination of all these usual arguments sirimppties and repeats
in more complex words that the maximum power value cannotxoeezled.
However, this simple reduction of the traditional explamatseems unknown
in the literature.

A maximum force in nature, together with homogeneity andrcgay, im-

plies that the visible universe is diite size. The opposite case would be an
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in nitely large universe. But in that case, any two halvestw# universe would
attract each other with a force above the limit (providedage of the universe
is suf ciently large). The result can be made quantitatiyérbagining a sphere
whose centre lies at the earth, which encompasses all theraaj and whose
radius decreases with time almost as rapidly as the speéghof [The mass
ow dm=dt = Av is predicted to saturate the mass ow linct=4G: thus
one has

dm _

c3
= - 2 - - .
at 04 R 5C G (18)

arelation also predicted by the Friedmann models. The WMA&Rsurements
con rm that the present day total energy densigy(including dark matter and
dark energy) and the horizon radiRg just saturate the limit value. The max-
imum force limit thus predicts the observed size of the ursige

In summary, so far, neither experiment nor theory has alllbwexceed the
maximum force and power values. Nevertheless, the stateshammaximum
force given byc*=4G (and the corresponding maximum power) remains open
to experimental falsi cation. Since the derivation of gesleelativity from the
maximum force or from the maximum power is now established,@an more

aptly call themhorizonforce andhorizonpower.

6 Predictions

= A maximum force and power is equivalent to general relatigitd thus im-
plies the inverse square law of gravitation for small spe®tiaurvature values.
A maximum force isnotequivalent to scalar-tensor theories or to modi cations
of the universal law of gravitation.

= The exploration of physical systems that are mathematitalogues of
black holes — for example, silent (or acoustical) black bot& optical black
holes — should con rm the force and power limits. Future ekpents in these
domains might be able to con rm the horizon equations (5)7rdjrectly.

= Another domain in which tests might be possible is the refathat fol-

lows from maximum force for the measurement errois and x. (Schiller
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1997-2004) For all physical systems one has
E ¢

X 4G

So far, all measurements comply with the relation. In fakg keft side is

(19)

usually so much smaller than the right side that the relasiomot well-known.
To have a direct check, one must look for a system where a reqgghlity
is achieved. This might be the case in binary pulsar systédtker systems
do not seem to allow checking the relation. In particulagyéhdoes not seem
to be a possibility to test this limit in satellite laser ramgexperiments. For
example, for a position error of 1 mm, the mass error is ptedito be below
3 10%kg, which so far is always the case.

= There is a power limit for all energy sources and energiegalticular,
the luminosity of all gravitational sources is also limiteg c®>=4G. Indeed,
all formulas for gravitational wave emission contain thidue as upper limit
(Ohanian & Ruf ni 1994). Similarly, all numerical relatity simulations, such
as the power emitted during the merger of two black holegqjlshwever exceed
the limit.

= The night sky is a horizon. The power limit, when applied te tiight sky,
makes the testable prediction that the ow of all matter aadiation through
the night sky adds up exactly to the valo&=4G. If one adds the ow of
photons, baryons, neutrinos, electrons and the otherrspiacluding any
particles that might be still unknown, the power limit must jrecisely sat-
urated. If the limit is exceeded or not saturated, genelativay is not correct.
Increasing the precision of this test is a challenge forrutavestigations.

= It might be that one day the amount of matter and energy tgpitito some
black hole, such as the one at the centre of the Milky Way, tiighmeasured.
If that is the case, the mass rate limih=dt c3=4G could be tested directly.

» Perfectly plane waves do not exist in nature. Neither ebdelgtnamic nor
gravitational waves can be in nite in extension, as such egsawould carry
more momentum per time through a plane surface than allowdtebforce
limit. Taken the other way round, a wave whose integratezhisity approaches

the force limit cannot be plane. The power limit thus impléemit on the
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product of intensity (given as energy per time and area) and curvature radius
R of the front of a wave moving with the speed of light
S

4R 2| c (20)
This statement is dif cult to check experimentally, whaethe frequency and
type of wave might be, as the value appearing on the right Isédhelis ex-
tremely large. Possibly, future experiments with graiotadl wave detectors,
X-ray detectors, gamma ray detectors, radio receiversrticfgadetectors will
allow testing relation (20) with precision. In particuléine non-existence of
plane gravitational waves also excludes the predictedymtozh of singularit-
ies in case that two plane waves collide.

» Since the maximum force and power limits apply to all horgott is
impossible to squeeze mass into smaller regions of spandtibae given by a
region completely limited by a horizon. As a result, a bodgraa be denser
than a (uncharged, non-rotating) black hole of the same .ni2sth the force
and power limits thus con rm the Penrose inequality. Thetialso provide a
strong point for the validity of cosmic censorship.

= The power limit implies that the highest luminosity is onthéeved when
systems emit energy at the speed of light. Indeed, the mawiemitted power
is only achieved when all matter is radiated away as rapidlpassible: the
emitted powelP = Mc?=(R=v) cannot reach the maximum value if the body
radiusR is larger than a black hole (the densest bodies of a given)noass
the emission speed is lower than that of light. The sources with highest
luminosity must therefore be of maximum density and emitiestwithout rest
mass, such as gravitational waves, electromagnetic wavgsaybe) gluons.
Candidates to achieve the limit are bright astrophysicailszs as well as black

holes in evaporation or undergoing mergers.

7 Outlook

In summary, the maximum force principle (or the equivaleakimum power

principle) was shown to allow a simple axiomatic formulatiof general re-
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lativity: the horizon forc&?=4G and the horizon powear®=4G are the highest
possible force and power values. General relativity foldrom these limits.
All known experimental data is consistent with the limitsoMover, the limits
imply the darkness at night and the niteness of the universe

It is hoped that the maximum force principle will have apations for the
teaching of the eld. The principle might bring general taldy to the level
of rst year university students; only the concepts of madimforce, horizon
and curvature are necessary.

Apart from suggesting some experimental tests, the pliecpmaximum
force also provides a guide for the search of a uni ed thednyature that in-
corporates general relativity and quantum theory. Any editheory of nature
must state that the valug=4G is a maximum force. Within an uncertain nu-
merical factor, this is the case for string theory, where aimam force ap-
pears, the so-called string tension. A maximum force is pisdicted by loop
quantum gravity. Both string theory and loop quantum gyattitis do predict

gravity, as long as the predicted maximum force has the covedue.
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