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Abstract

The equivalence principle is the conceptual basis for our best theory of gravity, general relativity.

To date there has been no definitive, experimental evidence for a problem with general relativity as

the proper theory of gravity. In this essay we present a thought experiment, involving the quantum

effects of Hawking and Unruh radiation, which indicates a violation of the equivalence principle.

The way in which the equivalence principle is violated by this thought experiment points toward

a possible way to resolve some of the short comings of general relativity – the lack of a consistent

quantum theory of gravity and the existence of singularities in black hole space-times.
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The Equivalence Principle and Gravity:

One of the “coincidences” in physics, known at least since the time of Galileo, is the

equivalence of gravitational and inertial mass. In constructing a theory of gravity, consistent

with special relativity, Einstein elevated this equivalence to a principle which formed the

conceptual foundation of general relativity [1]. Being based on a physical principle makes

general relativity different from quantum mechanics, which is not based on a defined, physical

principle. One could argue that the recent and loosely formulated “holographic principle”

[2] provides such a principle for quantum mechanics which might allow one to construct a

quantum theory of gravity. While promising, the holographic principle has not yet been

validated by experiment. In this essay we present a thought experiment which gives a

violation of the equivalence principle. The manner in which the equivalence principle is

violated hints at a direction which could allow one to address some of the theoretical short

comings of general relativity – the lack of a consistent quantum version of general relativity

and the existence of singularities in black hole space-times. The direction of this resolution

has some characteristics of holography.

There are different ways to formulate the equivalence principle. First, from Newton’s

2nd Law a general force, F, applied to a particle with inertial mass, mi, resulting in an

acceleration, a, satisfy the relationship F = mia. If this generic force is due to a gravitational

field, g(r), which acts on this same particle, taken to have a gravitational mass mg, then one

finds F = mgg(r). Since mi = mg, to the limit of present experimental tests, these two force

relationships imply a = g(r) i.e. the acceleration depends only on the local gravitational

field and not on the ratio of the gravitational to inertial mass of the particle.

A second formulation of the equivalence principle – and the one used chiefly in this essay

– is in terms of Einstein’s elevator [1]. If an observer, placed inside a small enough enclosure

such as an elevator, feels their feet pressed to the bottom of the elevator, this observer can not

tell if the elevator is at rest on the surface of some gravitating planet with a local gravitation

field g or if the elevator is accelerating through empty space-time with acceleration a = g.

The condition “small enough” means that tidal forces, which do differentiate between a

gravitational field and acceleration, can be ignored. This condition for the validity of the

equivalence principle implies that general relativity is a local theory of gravity since it is

built on a local principle – the equivalence principle.

General relativity has not yet been successfully combined with quantum mechanics into
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a theory of quantum gravity. Although quantum mechanics, unlike general relativity, is

not built on a definite principle one can say that quantum mechanics has inherently non-

local characteristics. This non-locality of quantum mechanics is best illustrated by Bell-type

experiments [3] where particles, which are entangled quantum mechanically, can influence

each other even when separated by a great distance. Recently there has been work on

the “holographic” principle [2] which holds out the hope of being able to combine general

relativity with quantum mechanics into a consistent theory of quantum gravity. While it

is not yet certain that the holographic principle is the principle which will unify general

relativity and quantum mechanics, it is non-local in the following sense: the information

content of some n-dimensional space is encoded on a n − 1-dimensional surface bounding

the n-dimensional space.

In this essay we examine the proposition that it is the local, equivalence principle

which must be given up. We begin by presenting a thought experiment which violates the

equivalence principle and then use this violation as a guide to modify general relativity to

address some of its short comings including its incompatibility with quantum mechanics.

Thought Experiment Violation of the Equivalence Principle:

No experiment has yet found definitive evidence for violation of the equivalence principle.

A review of the experimental status of the equivalence principle and general relativity [4]

shows that the equivalence principle holds to a precision of approximately 10−12. Neverthe-

less, there are theoretical hints that point toward violations of the equivalence principle. As

one example, several researchers have argued that neutrino oscillations might allow one to

look for violations of the equivalence principle [5], [6], [7].

Here we use a thought experiment, based on a comparison of Hawking radiation with

Unruh radiation, to show that these two quantum phenomenon imply a small violation of

the equivalence principle. The manner in which the equivalence principle is violated by

the comparison of these two effects might point toward a resolution of some of the short

comings of general relativity such as the existence of singularities for certain space-times

and the difficulty in formulating a quantum version of general relativity.

Hawking radiation [8] is the thermal radiation emitted by a black hole of mass, M . It

occurs as a consequence of placing quantum fields in the gravitational background of a black

hole. An observer who stays at a fixed distance, R, from a black hole of mass, M , will
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measure a temperature given by [9]

THawking =
~c3

8πGMkB

√
1− 2GM

c2R

.

This formula contains elements of all the important pillars of modern physics: (i) quantum

physics via Planck’s reduced constant ~; (ii) relativity via the speed of light c; (iii) thermo-

dynamics via Boltzmann’s constant kB; (iv) gravity via Newton’s constant G. Because of

this Hawking radiation has been touted as the first hint toward unifying quantum physics

with gravity. Normally, the Hawking temperature THawking is quoted for an observer a large

distance from the black hole (i.e. R→∞) so the blue shift factor
√

1− 2GM
c2R

is not written

down. It is kept here since it is crucial for seeing how the equivalence principle is violated.

By the equivalence principle an observer, accelerating through flat, Minkowski space-

time, should also measure thermal radiation. Otherwise the observer could immediately

tell the difference between a gravitational field and an accelerating frame – the accelerating

frame would be the one in which no thermal radiation is detected. Soon after Hawking’s

original paper on black hole radiation it was shown that an accelerating observer (with an

acceleration of a = |a|) does detect thermal radiation with a temperature given by

TUnruh =
~a

2πckB
.

This radiation and TUnruh are know as Unruh radiation and the Unruh temperature respec-

tively [10]. Thus, at least qualitatively, there is no violation of the equivalence principle –

an observer in an Einstein elevator fixed at a distance, R, from a black hole will measure

both a downward acceleration toward the floor of the elevator and thermal radiation at a

temperature THawking; an observer in an Einstein elevator which is accelerating through flat,

Minkowski space-time will also measure both a downward acceleration and thermal radia-

tion. However, looking at this situation quantitatively uncovers a violation of the equivalence

principle except in the limit as the observer approaches the event horizon.

An observer at a fixed distance, R, outside the event horizon of a black hole of mass, M ,

will experience a local acceleration given by [9]

aBH =
1√

1− 2GM
c2R

(
GM

R2

)
.

In order to make a comparison of an Einstein elevator at rest in the gravitational field

of a black hole with an Einstein elevator accelerating through empty space, one sets the
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acceleration of the elevator so that a = aBH . (If one did not set the accelerations equal

then one could already distinguish between the two cases). Using this acceleration, aBH , in

TUnruh gives

TUnruh =
~

2πckB

√
1− 2GM

c2R

(
GM

R2

)
.

For locations outside the event horizon of the black hole (i.e. R > 2GM/c2) one can easily

check that THawking > TUnruh. This is made more transparent in the limit R → ∞ where

the observer in the Einstein elevator, at rest in the gravitational field of a black hole, would

measure THawking → ~c3
8πGMkB

while the observer in the accelerating elevator would measure

TUnruh → 0. One can understand this result as follows: Hawking radiation falls off like a

radiation field (i.e. 1/R) while the acceleration, aBH , and the associated Unruh temperature

are linked to the gravitational field of a black hole which falls off at the faster rate of 1/R2.

In summary, the equivalence principle violating thought experiment for an observer

equipped with an accelerometer and a thermometer is as follows: (i) Measure the

local acceleration, a = |a|. (ii) Insert this local acceleration into the expression for

TUnruh = ~a/2πckB. (iii) Measure the temperature. If this temperature is higher than

that calculated in step (ii) then one is in a gravitational field and not in an accelerating frame.

Implications of this Violation for the Equivalence Principle:

We now ask “What are the possible implications, for gravity, of this violation of the

equivalence principle from the above thought experiment?”. In addressing this question we

will assume that the strength of the gravitational effects are proportional to or connected

with the Hawking temperature and the inertial effects are proportional to or connected

with the Unruh temperature. In particular we assume the ratio of the gravitational and

inertial masses are connected with the ratio of the Hawking temperature to the Unruh

temperature. This assumption is not trivial since the violation of the equivalence principle

discussed above deals with the Einstein elevator formulation of the equivalence principle

while the distinction between gravitational and inertial masses is a different formulation of

the equivalence principle.

First we look at the large distance limit from the black hole i.e. R → ∞. Here the
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gravitational effects dominate the inertial effects since

THawking →
~c3

8πGMkB
> TUnruh →

~
2πckB

(
GM

R2

)
.

For example, taking M = MSun ≈ 1.99 × 1030kg and R = 1AU = 1.496 × 1011m yields

THawking ≈ 6.2×10−8K and TUnruh ≈ 2.4×10−23K. While THawking is 15 orders of magnitude

larger than TUnruh both temperatures are effectively zero when compared to something like

the 2.7K cosmic microwave background. We take this as an indication that the violation of

equivalence principle, implied by the difference in Hawking and Unruh temperatures for the

same accelerations, is a very small effect under normal conditions i.e. low energy density, low

gravitational field strength, non-relativistic velocity. Nevertheless, the implication would be

that the variation in gravitational mass is slight larger than the variation in inertial mass.

This might have some bearing on the rotation curves of galaxies. The anomalous velocity

profile of outlying stars orbiting the galactic center is usually explained by an enhancement

of the gravitational force coming from the presence of dark matter. Here, the enhancement

of gravity over inertia would come from the slight dominance of gravitational mass over

inertial mass at large distances from the galactic center.

Second we look in the near horizon limit R→ 2GM/c2 and find

THawking →
~c3

8πGMkB

√
1− 2GM

c2R

= TUnruh .

Thus, in the near horizon region the equivalence principle is restored. (Note that exactly at

the horizon both temperatures diverge to the same infinite value due to the blue shift factor.

This is as expected since for an observer fixed just above the horizon the local acceleration

and Hawking temperature both diverge). This is surprising. One might have guessed that

in a region of stronger gravitational field strength, such as near the horizon versus far from

the horizon, the violation of the equivalence principle would be more pronounced; that the

divergence between quantum mechanics (as represented by Hawking and Unruh radiation)

and general relativity would be larger. The fact that this is not the case might be taken as

an indication that general relativity and quantum mechanics are more compatible, not less,

as the strength of the gravitational field increases. This can also be taken as giving a loose

connection between the present arguments and the holographic principle as applied to black

holes. In the holographic picture of black holes [2] one has the feature that the information

in a region of n-dimensions is encoded on a surface of n− 1 dimensions. (This is the reason
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for the term “holographic principle” since for a real hologram the information needed to

construct a 3-dimensional image is encoded on a 2-dimensional holographic surface). For

black holes it is the event horizon which is the 2-dimensional holographic surface which

contains information about the 3-dimensional interior. In the near horizon limit R →

2GM/c2 our arguments pick out the event horizon as special – it is the surface where the

(local) equivalence principle on which general relativity is based, becomes compatible with

(non-local) quantum mechanics as represented by Hawking and Unruh radiation.

Finally, behind the horizon (i.e. R < 2GM/c2) the expressions for Hawking temperature

and Unruh temperature break down, and we continue our journey inward based on the

following conjecture: Outside the horizon (R > 2GM/c2) gravitational effects dominate

inertial effects; near the horizon (R → 2GM/c2) gravitational effects and inertial effects

are equivalent; thus we postulate that inside the horizon (R < 2GM/c2) inertial effects

dominate gravitational effects. As R → 0 inertial effects will become ever more dominant

over gravitational effects. One consequence of this would be the avoidance of the singularities

at the center of black holes. For a test particle with inertial mass, mi, and gravitational mass,

mg, one can use Newton’s 2nd Law to make a heuristic argument relating the acceleration,

a, of a test particle with the local gravitational field, g(R) via the expression

mia = mgg(R)→ a =
mg

mi

g(R) .

If, as R → 0, inertial effects begin to dominate gravitational effects then the ratio mg/mi

will become smaller. In this limit, we postulate mg/mi will go to zero fast enough so that

the acceleration, a, also goes to zero. Essentially the gravitational force, as characterized by

mg, which drives the test particle toward the singularity, weakens relative to the resistance

to acceleration, characterized by mi. At some point this increase of the inertia of the test

particle to be accelerated further by the decreasing gravitational force leads to the halting

of the in-fall of the test mass, which would now be held up by the non-gravitational forces

of the other material which has fallen through the horizon. At this point one can say that

the test particle, and any other material that has fallen to this point inside the horizon, is

“frozen” and non-dynamical, since the inertial mass of the material will have increased to

the point where further motion is impossible.

This postulated transition of gravity, under conditions of high mass-energy density, to a

non-dynamical theory also might have relevance for the difficulty of consistently calculating
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quantum corrections to the gravitational field i.e. the long standing and unresolved problem

of formulating a quantum theory of gravity. For all non-gravitational fields/interactions

there is a well tested procedure for consistently calculating quantum corrections known

as renormalization. General relativity is famously non-renormalizable. The trouble occurs

that when calculating higher order quantum corrections to some process (e.g. particle decay,

particle scattering) one needs to integrate fields/particles over all possible energy-momenta,

and the quantum corrections to some processes diverge due to the large momentum/energy

regime. For non-gravitational interactions the renormalization procedure provides a con-

sistent way of dealing with these divergences, allowing one to get testable predictions for

quantum field theories of the the strong, weak and electromagnetic interactions. For general

relativity the renormalization procedure fails and the divergences from the quantum cor-

rections to the gravitational field lead to a quantum field theory of gravity which lacks the

predictive power of the quantum field theories of non-gravitational fields/interactions. If,

as we argue above, gravity becomes non-dynamical (i.e. all motion is “frozen”) above some

energy scale due to increasing inertial effects (i.e. inertial mass) at these extreme energies,

then this would provide a natural cut-off in the energy-momentum integrations. One should

integrate the field/particle energy-momentum only up to the scale at which the postulated

inertial mass increase makes the theory non-dynamical. The resulting integrals representing

the quantum corrections would then be finite which would do away with the need for renor-

malization. This picture has similarities with asymptotic freedom of the strong interaction

where quarks, which carry the strong color charge, interact ever more weakly at higher en-

ergies. In the limit of large energies the strong color interaction goes to zero and the quarks

move as almost free particles. In the above picture for gravity at high energy-momentum,

not only does the gravitational interaction become weaker, but the inertial mass increases

so the objects are non-dynamical and do not move at all. Instead of asymptotic freedom

one might call this asymptotic slavery or asymptotic confinement. Also, just as the field

equations of general relativity have black hole solutions, there are “black hole” solutions to

the classical field equations of the strong color interaction [11]

Black holes are often described as a scientific version of Hell – a place of extreme condi-

tions which is inhospitable to any person who falls inside. Taking into account the above

postulated picture, if a black hole is to be compared to Hell then it would be the Hell of

Dante’s Inferno, the center of which is frozen, rather than the traditional hot Hell of fire and
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brimstone. However, from a theoretical physicist’s point of view the above picture of grav-

ity under conditions of large mass/energy density might be Heaven since gravity becomes

non-dynamical and extremely simple to calculate.
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