Gravitational redshift revisited: inertia, geometry, and charge

Johannes Fankhauser* and James Read

Gravitational redshift effects undoubtedly exist; moreover, the experimental setups which confirm the ex-
istence of these effects—the most famous of which being the Pound-Rebka experiment—are extremely well-
known. Nonetheless—and perhaps surprisingly—there remains a great deal of confusion in the literature re-
garding what these experiments really establish. Our goal in the present article is to clarify these issues, in
three concrete ways. First, although (i) [Brown and Read, 2016] are correct to point out that, given their sen-
sitivity, the outcomes of experimental setups such as the original Pound-Rebka configuration can be accounted
for using solely the machinery of accelerating frames in special relativity (barring some subtleties due to the
Rindler spacetime necessary to model the effects rigorously), nevertheless (ii) an explanation of the results of
more sensitive gravitational redshift outcomes does in fact require more. Second, although typically this ‘more’
is understood as the invocation of spacetime curvature within the framework of general relativity, in light of the
so-called ‘geometric trinity’ of gravitational theories, in fact curvature is not necessary to explain even these
results. Thus (a) one can often explain the results of these experiments using only the resources of special rela-
tivity, and (b) even when one cannot, one need not invoke spacetime curvature. And third: while one might think
that the absence of gravitational redshift effects would imply that spacetime is flat (indeed, Minkowskian), this
can be called into question given the possibility of the cancelling of gravitational redshift effects by charge in the
context of the Reissner-Nordstrom metric. This argument is shown to be valid and both attractive forces as well
as redshift effects can be effectively shielded (and even be repulsive or blueshifted, respectively) in the charged
setting. Thus, it is not the case that the absence of gravitational effects implies a Minkowskian spacetime setting.
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of general relativity, in light of the so-called ‘geometric
trinity’ of gravitational theories, in fact curvature is not
necessary to explain even these results. Thus (a) one
can often explain the results of these experiments us-
ing only the resources of special relativity, and (b) even
when one cannot, one need not invoke spacetime curva-
ture. And third: while one might think that the absence
of gravitational redshift effects implies that spacetime
is flat, this can be called into question given the possi-
bility of the cancelling of gravitational redshift effects
by charge in the context of the Reissner-Nordstrom
metric. This argument is shown to be valid and both
attractive forces as well as redshift effects can be effec-
tively shielded (and even be repulsive or blueshifted,
respectively) in the charged setting. Thus, it is not the
case that the absence of gravitational effects implies a
Minkowksian spacetime setting.

The structure of the article is this. In §§2H4] we
derive and discuss the gravitational redshift effect in
three ways: (i) from the framework of general relativ-
ity (GR), (ii) using the equivalence principle, and (iii)
from energy conservation principles. We then compare
the results, and find them to be different; this allows us
to be explicit about when one can account for the out-
comes of gravitational redshift experiments using only
the resources of special relativity, and when one can-
not, thereby making good on our first self-declared goal
as presented above. In §5| we introduce the geometric
trinity of gravitational theories—which trade the space-
time curvature of GR for either torsion (in the case of
the theory known as ‘teleparallel gravity’) or spacetime
non-metricity (in the case case of the theory known as
‘symmetric teleparallel gravity’)—and show that by in-
voking this trinity of theories, one need not appeal to
spacetime curvature in order to explain even the ex-
act results of gravitational redshift experiments beyond
first order. Along the way, we demonstrate the falsity
of some recent claims in the literature that gravitational
redshift experiments provide direct evidence for space-
time torsion; together, all this allows us to make good
on our second self-declared goal as presented above.
In §6| we examine effects on the redshift due to charge
with some remarks on the relationship between GR and
electromagnetism, and the possibility of cancelling lo-
cally gravity with charge; ultimately we find that one
can shield both effective gravitational forces and red-
shift effects in the Reissner-Nordstrom metric; so, the
absence of gravitational redshift effects does not imply
that spacetime is Minkowskian; this makes good on our
third self-declared goal as presented above. We close in

1

2 Gravitational redshift

It is a straightforward exercise to derive the relative
shift in proper time measured by two clocks in a given
gravitational field with metric g . Since we will em-
ploy in the following sections some alternative ap-
proximate approaches to deriving the gravitational red-
shift result, we first present the exact and most general
derivation from general relativity, variants of which are
standard fare (see for example, [Wald, 2010, p. 136]).
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Figure 1: Two observers at different heights experi-
ence a time dilation effect in Earth’s gravitational field.
Emitter O; on the surface of the Earth sends a train of
electromagnetic pulses from point P; with energy mo-
mentum 4-vector k“ to a receiver O,, placed at point Ps,

at height i above P;. We assume O and O, are station-
ary, i.e. their 4-velocities u{ and u5 are tangential to the

o1 ()¢
Killing field £ = (E) .

An emitter O; on the surface of the Earth sends a
train of electromagnetic pulses from point P; with en-
ergy momentum 4-vector k¢ to a receiver O, placed
at point P, at height & above P;. We assume the
two observers O; and O; to be stationary, which is to
say that their 4-velocities u{ and u5 are tangential to

a
the stationary Killing field £ = (%) . Since the 4-
velocities of the two observers are unit vectors point-

and

ing in the direction of £¢, we have u{ = &

V5,
a_ _ & = ¢
u§ = e Pz. The lengths \/—ébéb = \/—gbcéb?j

are obtained by contraction with the metric. We let
the observers O and O,, whose clock rates we wish




to compare, describe their world-lines. The difference
in the world-lines’ lengths in spacetime consequently
determines the amount of gravitational redshift. Figure
[T)illustrates the thought experiment.

Recall that for a given energy-momentum 4-vector
p® = mu® of a particle, with respect to a local inertial
frame, the energy observed by an observer that moves
with 4-velocity v* is

E=—p,[ (2.1)

Therefore, for the frequency Vv; of the photon observed
by O;, which moves with 4-velocity u{, we find the re-
lation hv; = E;, = —kauﬂpl_ (cf. (2.1)), where E} is the
energy of the photon By definition of the vector field
&“, we have &,&%p = goolp since & has vanishing
spatial components. It would involve a fair amount of
work to derive the gravitational redshift by finding the
geodesic equation. However, this can be avoided by
taking advantage of a useful proposition. Light travels
on null geodesics (in the geometrical optics approxi-
mation, i.e. the spacetime scale of variation of the elec-
tromagnetic field is much smaller than that of the cur-
vature: see e.g. [Misner et al., 1973a, p. 571]), from
which it follows that the inner product k,&¢ is constant
along geodesics, that is k,§%|p = kaé"\Pz

Spacetime around Earth (if considered as generated
by a point mass M at r = 0) can be modelled by the
Schwarzschild metric

ds* = guydxtdx’ = — (1 - E) ctdr?

,
—1
+ (1 — r—S> dr?
r

+ 2 (d0? +sin® 9d@?), (2.2)

where
2GM
rs =

> (2.3)

is the so-called Schwarzschild radius, » the distance
from the Earth’s centre, G the gravitational constant,
c the speed of light, and M the mass of the Earth. This
yields

or

AV%GM<1_1)7 (2.5)

v 2 \rg m

with g := %M the gravitational constant at r;, v = v,
1

Av = v — Vv, and r, — r; = h. For the last approxi-
mation in the second last line we have used % — % =

% ~ % if ry &~ rpandry,rp > h.

Experimental tests of the gravitational redshift were
first conducted by Cranshaw, Schiffer and White-
head in the UK in 1960 [Cranshaw et al., 1960]. It
was not clear whether significant conclusions could
be drawn from their results. In the same year,
the experiments by Pound and Rebka in Harvard
successfully verified the gravitational redshift effect

[[Pound and Rebka Jr, 1960].

3 Uniformly accelerated frames and the
equivalence principle

Einstein’s equivalence principle (also called the weak
equivalence principle) assumes that any experiment in a
uniform gravitational field yields the same results as the
analogous experiment performed in a frame removed
from any source of gravitational field but moving in
uniform accelerated motion with respect to an inertial
frame [Norton, 1985]@

However, it is clear that Einstein was well aware
of the mere linearly approximate validity of the equiv-
alence principle when he wrote that

we arrive at a principle [the equivalence
principle] which, if it is really true, has
great heuristic importance. For by theoret-
ical consideration of processes which take
place relative to a system of reference with
uniform acceleration, we obtain informa-
tion as to the behaviour of processes in a
homogeneous gravitational field. [...] It
will be shown in a subsequent paper that
the gravitational field considered here is
homogeneous only to a first approxima-
tion. [Einstein, 1911} p. 900]

The principle, thus, holds only in a ‘small neighbour-

~14 GM <1 _ 1) ~14+ gh (2.4) hood’ of a point-like observer. Nonetheless, a treatment
2 27 : . . . . .
non of the redshift effect in a uniform static gravitational
!In particular, if u% = 7, i.e. the particle’s 4-velocity aligns with the observer’s, then E = —mv®v, = mc? (choosing the metric signature

to be (77+a+7+))

ZHere  is just a constant that relates the energy of a photon to its frequency, and there is nothing quantum in this argument.

3For a detailed proof see for instance, [Wald, 2010} p. 442]

4Note that [Brown and Read, 2016] use ‘Einstein equivalence principle’ to refer to what is often called the ‘strong equivalence principle’.
For further recent discussion of equivalence principles, see [Lehmkuhl, 2021].



field proves instructive, insofar as it shows that certain
consequences of GR can be explained without resorting
to effects such as spacetime curvature (this, indeed, is
the central lesson of [Brown and Read, 2016]]). Dealing
with uniform accelerations in order to derive the gravi-
tational redshift, however, is a delicate business, and we
shall see that the field, resulting from uniform (proper)
acceleration, is not uniform if we demand a constant
(proper) distance between emitter and observer! This,
of course, is a familar lesson regarding Rindler frames
(i.e., uniformly accelerating frames) in special relativ-
ity): see e.g. [Read, 2023, ch. 9] for further discussion.

We consider a spaceship that is uniformly acceler-
ated. An emitter £ and receiver R inside the spaceship,
separated by a height s, compare frequencies of signals
ascending the spaceship. For an illustration, see Figure
[2] Asin the derivation of the gravitational redshift from
the Schwarzschild metric, we let the observers describe
their world-lines. It suffices to consider only one spatial
dimension x. Acceleration a is measured in an inertial
frame S with momentary velocity v relative to the iner-
tial frame S’ outside the spaceship, inside of which the
acceleration is measured to be a'P] Relativistic trans-
formation of 3-acceleration gives

a=yd,

3.1

where y =

29

L_ is the Lorentz factorﬂ

h a = const.

Figure 2: The gravitational redshift experiment in a
uniformly accelerated spaceship. The redshift effect
can be explained by the equivalence principle—to first
order.

Note that the acceleration of the spaceship needs
to be measured in the (momentary) inertial frame with
instantaneous velocity v such that @’ = % (proper ac-
celeration). With respect to the accelerated frame,
sure enough, the ship’s acceleration is zero. How-
ever, the principle of relativity—the requirement ac-
cording to which the laws of physics take the same
form in any inertial frame—no longer holds in accel-
erated, hence non-inertial, frames. Therefore, as ex-
pected, the two observers in the spaceship are going to
feel a (pseudo)force F = mga, where my is the rest mass
(invariant mass) of an object in the spaceship.

We want the (proper) acceleration a of the space-
ship to be constant. The right hand side of (3.1) is equal
to % (yv). Since a is constant we integrate (3.1)) twice to
find the trajectory—a so-called Rindler hyperboloid—
of a uniformly accelerated point body as observed in
the inertial frame S":

2
) =y/1+ (“l)z+c, (3.2)

a c
with C a constant from integration. The second con-
stant from the first integration was set to zero such
that v(0) = 0. Without loss of generality we can also
set C = 0. The result represents a hyperbolic path in
Minkowski space, i.e.

51t is implicitly assumed that the proper time of co-moving clocks depends only on velocity and is independent of acceleration. This
assumption is often called the ‘clock hypothesis’ (see for example, [Brown and Read, 2016} Section 3]).

6To find the transformation of acceleration, one has to differentiate the spatial coordinates of the Lorentz transformation with respect to
the time coordinates to first find the 3-velocity transformation (velocity-addition formula). Another differentiation of the velocities yields

the transformation law for 3-acceleration.
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from which the term ‘hyperbolic motion’ is derived.
We assume the back of the spaceship be subject to this

motion. Note that # =5 ¢, as expected.

We recover uniform acceleration in the Newtonian
sense for t < 1. That is,

ar?

X(t) =X0+—,

5 34

with xg = ¢?/a the position at t = 0.

For an exact derivation, it would lead to incon-
sistencies to assume that the emitter and receiver tra-
verse the same Rindler hyperboloid with only an ad-
ditional spatial distance 4 in the coordinate x between
them. For if we maintain a constant height between E
and R relative to the inertial observing frame S, then
length contraction, as predicted in special relativity,
will stretch the spaceship and eventually tear it apart
(cf. the spaceship paradox in [Dewan and Beran, 1959]
and [Bell, 1987, ch. 9]). This is key. As was also
pointed out by [Alberici, 2006], assuming the gravita-
tional acceleration to be the same for the top and bottom
observers leads to all kinds of paradoxes. Most notably,
it is not possible in this case to define a globally freely
falling inertial frame because the corresponding met-
ric would lead to a non-vanishing Riemann tensor, and
hence curvature! (Cf. our discussion of Synge’s argu-
ment in §5]) The receiver R in the bow lying higher by
height & with respect to the emitter £ must follow the
hyperboloid

(3.5)

for the proper height (relative to S) to be constant.
These are the two desiderata to simulate reasonably the
gravitational redshift by uniform acceleration: first, the
ship must have a constant acceleration; and second, the
ship must have a constant proper height. The world-
lines of emitter and receiver are denoted in Figure [3]

>
»

h X

Figure 3: The world-lines of emitter £ and receiver
R are Rindler hyperbolae when experiencing constant
proper acceleration.

Due to relativistic length contraction, the receiver’s
proper acceleration needs to be slightly greater. By
comparing the two hyperbolae it immediately follows
that the acceleration gg of the receiver is related to the
emitter’s acceleration gr by

8E
e
1 g

8rR = (3.6)

(Compare also the treatment and related paradoxes in
[Fabri, 1994]].) Therefore, the gravitational field is not
constant over the extended region of the spaceship.
That is, however, not a surprise, for we would not ex-
pect the equivalence principle to hold globally in the
first place. Further, it follows that proper time inter-
vals along two different Rindler hyperbolae between
two events having the same coordinate velocity are in a
fixed proportion,

TR _ 8E geh

7:1_’_727
T &R c

(3.7)

yielding the exact gravitational redshift formula for
uniform acceleration. Alternatively, we can write

VE grh
VR:@:VE <1_C2) (38)
for the corresponding observed frequencies, to high-
light the dependence on the two different proper accel-
erations of emitter and receiver (cf. also the results in
[Alberici, 2006]]). From the preceding derivations we
readily find for the (Rindler) metric of an accelerated

frame

2
ds? = guvdxtdx’ = (1+555) at —ax. (39)



Thus, the gravitational redshift according to this metric
reads

Ve _ Aty /800 |x=h _ 1+@
VR Ao \/800|x=0 e’

(3.10)

which is consistent with the first order approximation
of the gravitational redshift from the Schwarzschild
metric in (2.4). Clocks at E and R, whose rates one
wishes to compare, are permitted to describe their
world-lines, i.e. Rindler hyperbolae, with respect to
the inertial frame, and the value for the redshift is ob-
tained by comparing the lengths of their world-lines in
spacetime. Therefore, the treatment here is exact. The
Rindler metric is, in fact, a solution to the vacuum Ein-
stein field equations and has vanishing curvature (this
should be obvious, since it is simply Minkowski space-
time in an accelerating frame). Note that since the
redshift effect according to the Rindler metric depends
on the absolute height x, it only coincides with the
classical Doppler shift formula—which exactly equals
(3.10)—at the time when the space ship launches,
1.e. the emitter is at x = 0, and the receiver at x = h.
In this case the proper acceleration is equal to the grav-
itational acceleration on the surface of the earth, i.e.

8E = §-

It is worth mentioning that the relativistic Doppler
shift is yet another way to arrive at the gravitational
redshift to first order. There, we have

v VI h
E_V_Te 4 8ET (3.11)
VR l—% c?

where v = % the velocity of the receiver at the time
when the photon reaches it.

In experiments such as those of Pound and Rebka
which were used to confirm gravitational redshift, the
emitter sends a signal at equal intervals on a clock at the
surface of the Earth. The receiver measures the time
interval between receipt of the signals on an identical
clock at height & (see Figure ).

Eﬁ

Earth

Figure 4: The Pound-Rebka experiment. Receiver R
measures a lower frequency of the photon than what it
was when emitted at E.

Merely when the experiment is taken to be at rest
in a Rindler frame, the equivalence principle implies
that the relation between the clock times of emitter and
receiver must be the same as if a spaceship were to ac-
celerate vertically upwards in free space, as shown in
Figure 2| The signals at the back are received at longer
intervals than they are emitted because they are catch-
ing up with the accelerated bow of the spaceship and
thus exhibit a Doppler shift. Note that the equivalence
principle is local. Thus, in a field like that of the Earth
it holds only approximately (to first order) for a small
spacetime region.

4 Equivalence and gravitational redshift

Although GR is a well-established framework, it often
occurs that its application amounts to an analysis that
renders conclusions equivocal. This, in particular, hap-
pens to be the case for gravitational redshift. For in-
stance, Brown and Read comment on the gravitational
redshift effect as follows:

The second possible misconception [re-
garding general relativity] relates to the
notion that gravitational redshift experi-
ments provide evidence for spacetime cur-
vature. They do, but contrary to what is
claimed in some important modern text-
books on GR, a single gravitational red-
shift experiment does not require an ex-
planation in terms of curvature. Rather,
it is only multiple such experiments, per-
formed at appropriately different locations



in spacetime, that suggest curvature, via
the notion that inertial frames are only
defined locally [...] This “redshift” ef-
fect follows directly from the claim that
the emitter and absorber are accelerat-
ing vertically at a rate of g m/s rela-
tive to the (freely falling) inertial frames.
[Brown and Read, 2016, pp. 327, 329]

Here, Brown and Read assume the ‘redshift’ effect to
be independent of ‘tidal effects’ (which is what they
refer to as curvature). We have in fact already shown
such a derivation is limited and does not fully account
for gravitational redshift. Curvature effects are rele-
vant in a single redshift experiment as outlined above
in the most general derivation. Moreover, as we have
seen, assuming both emitter and absorber to accelerate
at the same rate is impossible given the two desider-
ata mentioned. However, they acknowledge there is
nonetheless a connection between spacetime curvature
and redshift experiments. This connection, for Brown
and Read, amounts to the fact that redshift experiments
carried out at different places on the surface of the Earth
reveal ‘geodesic deviation’ due to the spherical shape
of the planet. That is, relative to a global freely falling
frame at the site of one redshift experiment, a freely
falling frame at another site is not moving inertially.
Multiple gravitational redshift experiments thus require
for their joint explanation the rejection of the global na-
ture of inertial frames. Brown and Read maintain it is
only geodesic deviation that reveals curvature. How-
ever, we have now seen that one (sufficiently sensitive!)
experiment is in fact sufficient to detect tidal effects of
Earth’s gravitational field, and therefore curvature, af-
ter all (at least modulo the issues to be discussed in the
following section).

What Brown and Read deem to be a misconception,
that is that

[al]n explanation for the results of
a single gravitational redshift experi-
ment of Pound-Rebka type will ap-
peal to a notion of spacetime curvature
[Brown and Read, 2016, p. 330],

is indeed one. However, this results not from an ab-
sence of curvature. Rather, since the Pound-Rebka ex-
periment was solely designed to verify the first order
effects predicted by GR, in this case a derivation via
accelerated frames gives the desired result.

Brown and Read’s proposal holds if the gravita-
tional field of the Earth is assumed to be uniform—

that is, independent of the radial distance from the cen-
tre of the Earth, and also if f—é’ < 1. In experiments
involving larger spatial separations or stronger gravi-
tational field variations, it is necessary to use the ex-
act Schwarzschild solution of GR. By means of fully
formed GR, of course, all approximations are bound
to disappear. Incidentally, the ratio between the exact
gravitational redshift and the first order approximation
amounts to about 0.7%—which is below the measure-
ment accuracy of the Pound-Rebka experiment (typi-
cally around 1% [Pound and Rebka Jr, 1960]]). How-
ever, more accurate experiments performed after that
of Pound and Rebka are indeed able to measure grav-
itational redshift to a precision beyond the first or-
der effect (see, for instance, the hydrogen maser clock
tests with a height difference of about 10,000 km
by [Vessot et al., 1980]—the experiment tested gravi-
tational redshift to 0.007% accuracy.) Thus, for the
high precision measurements Read and Brown’s ac-
count is insufficient to explain the effects of gravita-
tional redshift in terrestrial experiments by appealing
to the equivalence principle only.

So: if the equivalence principle is to be used to ex-
plain the gravitational redshift, then it is important to
realise that this can only be done to first order. In ad-
dition, the quantitative results of Pound-Rebka can in-
deed be justified without appealing to spacetime curva-
ture, but one should be aware that a complete theoret-
ical description has to take into account the inhomo-
geneous gravitational field of Earth. After all, more
sophisticated experiments with higher accuracy than
those used by Pound and Rebka do measure effects
due to curvature in a single redshift experiment Al-
though our considerations do not inhibit the successful
comparison of the results of the Pound-Rebka experi-
ment with first order calculation because higher order
effects are beyond their measurement accuracy, they
show that the qualitative explanation of the result does
require one to invoke spacetime curvature and an exact
treatment of accelerations in special relativity to model
gravitational redshift with the equivalence principle.

5 Redshift and torsion

Having established that first-order gravitational redshift
effects do not require an explanation in terms of geo-
metrical properties of spacetime such as curvature, let
us turn now to the question of whether one needs space-
time curvature to explain the results of gravitational
redshift experiments even beyond first order.

7Note that for the Schwarzschild metric R = 0 and Ryv = 0, but not all entries of the Riemann curvature tensor R* vpo Vanish.



5.1 The geometric trinity

What we have established up to this point is this: al-
though [Brown and Read, 2016|] are correct that one
can account for the experimental results such as that of
Pound and Rebka using only the resources of an accel-
erating frame in special relativity, the full explanation
of the results of experiments of this kind beyond first
order requires further resources, e.g. recourse to space-
time curvature. Even granting this, however, it is im-
portant to recognise that although appeals to curvature
might be sufficient to explain such effects, they are not
necessary. The reason for this is that general relativity
forms but one corner of a ‘geometric trinity’ of grav-
itational theories, all of which are dynamically equiv-
alent (in the sense that their Lagrangians are equiva-
lent up to boundary termsﬁ), but in each of which grav-
ity is a manifestation of a different geometric property
of spacetime: curvature in the case of general relativ-
ity, torsion in the case of ‘teleparallel gravity’ (TPG),
and non-metricity in the case of ‘symmetric teleparallel
gravity’ (STGR). For a review of the geometric trinity,
see [Beltran Jiménez et al., 2019]; in what follows we
focus on the case of torsion and TPG.

We begin by recalling some details regarding
spacetime torsion. The torsion tensor 7., defined
through T4 _XY¢ =V, X’Y4 — XV, Y? — [X,Y]",is a
measure of the antisymmetry of a connection: in a coor-
dinate basis, it reads T”M = “M — F“M, where F“M
are the connection coefficients associated to the deriva-
tive operator V in this basis. In GR, the connection is
metric compatible, in the sense that V,g,. = 0 (fail-
ure of this condition implies non-metricity, which is
the geometric property upon which STGR is built), and
torsion-free, in the sense that the associated torsion ten-
sor vanishes. In TPG, by contrast, one uses an alterna-
tive so-called ‘“Weitzenbock connection’, with torsion
but no curvature: see [Aldrovandi and Pereira, 2012]].

Spacetime curvature constitutes a measure of the
extent to which a single vector fails to come back to it-
self when parallel transported around a loop. Similarly,
spacetime torsion constitutes a measure of the extent
to which two vectors may fail to form a parallelogram
when parallel transported along one another. To see
this, take two vectors x“ and {“ in the tangent space at
some point p € M where M is the spacetime manifold;
first parallel transport y“ along {“, and then transport
£? along x“. In a torsion-free spacetime, the result of

these two processes will be the same, and a parallel-
ogram is formed. However, if the connection has tor-
sion, then the ‘parallelogram’ will not close—with this
non-closure proportional to torsion. Given any parallel-
ogram which does not close, one may define therefrom
a torsion tensor, and so a connection with torsion.

The Einstein-Hilbert action of GR,

SEH = /M\/—gR,

where R is the Ricci scalar, is equivalent up to a bound-
ary term to the TPG action,

StpG = /Mv—gT7

where T is the ‘torsion scalar’, which is obtained from
the torsion tensor via suitable index contraction ] Since
GR and TPG are therefore dynamically equivalent, any
empirical phenomenon which one can account for us-
ing the resources of one theory can likewise be ac-
counted for using the resources of the other theory.
Therefore, insofar as one can account for the full re-
sults of a gravitational redshift experiment beyond first
order using spacetime curvature in GR, one can like-
wise account for the full results of such experiments
using torsion in TPG. In this sense, curvature is—as al-
ready stated above—sufficient but not necessary to ac-
count for these experimental results This point is not
widely known, but deserves to be stressed.

(5.1)

(5.2)

5.2 Gravitational redshift as evidence for space-
time torsion?

The conclusion presented above is the correct ver-
dict vis-a-vis other possible geometric explanations
of the gravitational redshift results beyond first or-
der. Drawing on work of [Schucking, 2008]], however,
[Maluf et al., 2009] go further, by arguing that gravi-
tational redshift experiments of the Pound-Rebka type
provide direct evidence for spacetime torsion. This
claim cannot be correct; in this subsection, we first
present the argument, before diagnosing what is wrong
with it.

The argument of [Maluf et al., 2009|] proceeds as
follows. In a frame comoving with the observers at ei-
ther end of the Pound-Rebka experimental setup, par-
allelograms of light rays close—this much is evident
from e.g. Figure [T} But (the reasoning goes) in an in-
ertial frame of reference—accelerating with respect to

8Whether this means that the theories are empirically equivalent is a subtle business, and depends upon how the boundary terms by
which the theories differ are treated—see [[Wolf and Read, 2023|] for discussion.

9See e.g. [Aldrovandi and Pereira, 2012] for the explicit definition of the torsion scalar, which won’t matter for our purposes.

10For further discussion of the fact that TPG can pass many—in fact, all!—of the ‘classic tests’ of GR, see [Wolf et al., 2023]].



the experimental setup, as already discussed above—
such parallelograms do not close; therefore, there is di-
rect experimental evidence for spacetime torsion.

This claim is not correct, for several reasons. First,
it neglects the above-noted fact that, in an acceler-
ating frame, the two observers will in fact follow
the trajectories of Rindler observers—recall again Fig-
ure In Rindler spacetime, parallelograms formed
by the photons emitted in the experiment do close,
thereby rendering moot the argument expounded by
[Maluf et al., 2009].

Second—and relatedly—one may always define a
collection of vectors which form a ‘parallelogram’ that
does not close. However, absent some prior grounding
of such a ‘parallelogram’ in the properties of spacetime
(e.g. via the above account regarding the parallel trans-
port of two vectors), to do so is arbitrary, and tells one
nothing regarding the nature of spacetime. This, how-
ever, is precisely the form of the above argument: a
certain ‘parallelogram’ is shown not to close, and an
inference regarding spacetime torsion is drawn there-
from. However, no connection exists—or at least, has
been shown to exist—between this ‘parallelogram’ and
the nature of spacetime: the decision to focus on such a
‘parallelogram’ is arbitrary, with this geometrical con-
struction bearing no relation to e.g. the parallel trans-
port of vectors about two sides of a loop. Thus (to reit-
erate), the failure of a parallelogram to close per se tells
one nothing regarding spacetime torsion.

Third, whether the relevant ‘parallelogram’ closes
in the case of gravitational redshift experiments is a
manifestly frame-dependent phenomenon. However,
whether a spacetime has torsion is a frame-independent
matter. The fact that one would construct from this
‘parallelogram’ a vanishing torsion tensor in one frame
but not another indicates that one’s doing so reveals
nothing about the nature of spacetime torsion itself—
on the assumption that all facts about spacetime must
be frame-independent in nature.

Fourth, at [Maluf et al., 2009, §5] it is suggested
that the non-closure of the ‘parallelogram’ in gravi-
tational redshift experiments constitutes evidence for
TPG (in which the derivative operator has torsion) over
GR (in which the derivative operator is torsion-free).
However, as already mentioned, the form of TPG under
consideration is dynamically equivalent to GR. Thus, it
cannot be that any empirical results—including those
of gravitational redshift experiments—constitute evi-
dence for one theory over the other; and so it cannot be
that gravitational redshift results constitute evidence for

spacetime torsion. Put another way, even granting that
in TPG an explanation for Pounda-Rebka type results
can be given in terms of spacetime torsion, it is not the
case that such results themselves favour TPG torsion-
based explanations over alternative, torsion-free expla-
nations available from GR.

We’ll close this section with one further observa-
tion. In a series of articles, Schild also makes non-
trivial inferences about spacetime geometry from con-
siderations to do with parallelograms similar to those
of [Maluf et al., 2009)] (see [Misner et al., 1973b) fig.
7.1]); this time, however, the conclusion is that space-
time must be curved! (See [Schild, 1960, Schild, 1962,
Schild, 1967]]; for a concise summary of Schild’s ar-
guments, see [Misner et al., 1973b, §7.3].) We needn’t
rehearse here all the details of these arguments—
rather, we need only note that the key premise is that
“if flat Minkowski geometry were valid, [...] Thot =
Top» thus contradicting the observed redshift effect”
[Misner et al., 1973b, p. 189]. (Here, Tyor and T are
two sides of the parallelogram.) Note that Schild in-
sists that it must in fact be the case that spacetime is
curved in order for the parallelogram to close, whereas
Maluf accepts that the parallelogram does not close but
introduces spacetime torsion to account for this. But
as we have already seen, neither of these inferences is
correct, for there can be a discrepancy between inter-
vals at the top and bottom of a Pound-Rebka setup for
accelerating systems even in Minkowski spacetime—
i.e., for systems situated in Rindler spacetime! To re-
peat, then: to first order, as an explanation of observed
gravitational redshift effects, one need invoke neither
spacetime curvature nor spacetime torsion[rl

6 Redshift due to charge

To recap: we’ve now seen that (a) one needn’t invoke
geometrical properties of spacetime such as curva-
ture in order to explain first-order gravitational redshift
results—here, consideration of accelerating frames in
special relativity suffices. Moreover, (b) even beyond
first order, one can appeal to other geometric properties
of spacetime—viz., torsion or non-metricity—in order
to account for the results of gravitational redshift ex-
periments. In this section, we consider what would be
implied by the absence of gravitational redshift results:
naively, one might think that this would imply that
spacetime is Minkowskian; in fact, however, charge in
the Reissner-Nordstrom metric can lead to the cancella-
tion of redshift effects (one might, indeed, be motivated

11'We thank an anonymous referee for drawing our attention to Schild’s arguments and for pushing us to engage with them.



to think this on the grounds that shielding of forces
in Reissner-Nordstrom spacetimes is already a known
phenomenon: see e.g. [Célérier et al., 2017]]). There-
fore, null results of gravitation redshift experiments do
not imply that spacetime is MinkowskianPZ]

6.1 The weight of photons

What Pound and Rebka call the ‘weight of photons’
in their experiments, in fact, aptly describes how Ein-
stein originally had thought of gravitational redshift
and what he had termed the inertia of energy.

6.1.1 A thought experiment

Let us go back to the thought experiment alluded
to in the introduction. Einstein foresaw the gravita-
tional redshift on the basis of a thought experiment us-
ing the ‘inertia of energy’ he had discovered in 1905
[Einstein, 1903]], six years before his famous paper on
relativity [Einstein, 1911]]. Here, we’ll spell out a vari-
ant of this thought experiment (we don’t make any his-
torical claim to be reconstructing the argument as Ein-
stein himself presented it).

Consider a test body of mass my at rest at a height
h, with a total energy moc* 4 mogh—i.e., the sum of
of its rest energy and gravitational potential energy.
Subsequently, the mass is dropped; when it reaches
the ground the total energy ymgc” is obtained, where
Y= \/1%7% and v is the velocity of the mass at the
ground (such that moc? + mogh = ym0c2). The mass
is then transformed into a packet of radiation of energy
hy, which is then sent from the ground back to height
h, where the mass mg had been situated initially. There,
the packet is transformed back into a mass m. By en-
ergy conservation, /. must equal the mass mg (note that
we assume here that the energy of the radiation is trans-
formed entirely into the rest mass of the test body, and
not into a sum of rest mass and potential energy), which
amounts to saying that i, = moc?, where @, is the fre-
quency of the packet at height 4. See steps (1)-(4) in
Figure[5]
From this we regain the first order approximation in
(2.4);

Vi moc® +mogh B gh

= =14=.

6.1
Vs moc? c? ©.1)

(6.1)) again involves an approximation of the exact red-
shift formula, for we assume a uniform gravitational
field. Hence we use mggh for the energy of the test

body. If we were to take into account the %—dependence
of the gravitational potential, then we would obtain

r
m0C2 + fFNdl’

1 p)
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(6.2)
with Fy being Newton’s gravitational force of a mas-
sive central body.
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Figure 5: Gravitational redshift as a consequence of en-
ergy conservation. A test body of mass my at rest at a
height 4 is dropped. When it reaches the ground the to-
tal energy ymoc? is obtained. The mass subsequently is
transformed into a photon of energy A, which is then
sent from the ground back to height 4. There, the pho-
ton is transformed back into a mass m. By energy con-
servation, m must equal the mass mg, from which it fol-
lows that the photon’s frequency must have decreased
at its ascent.

.m:mo

hws = moc?

Bear in mind that neither the derivation by means
of uniformly accelerated frames nor the derivation by
means of energy conservation yield the correct value
for the gravitational redshift in the first line of (2.4).
The former holds in virtue of the inhomogeneity of
Earth’s gravitational field and the merely local validity
of the equivalence principle. The latter is true because
the Newtonian central body force law is an approximate
limit of GR.

12There is also the possibility of gravitational redshift in non-relativistic spacetimes—see e.g. [Hansen et al., 2019b]—but we’ll set this

aside here.



6.1.2 The inertia of energy

The approach of describing the redshift effect as a re-
sult of energy conservation suggests the following idea:

Any ‘source’ of energy causes clocks at
different distances from the ‘source’ to ex-
hibit time dilation effects.

As one example, charged particles attracted by a
charged source should likewise be expected to give rise
to redshift effects. We can, however, now follow the
procedure from above and play the same game with
charged bodies, replacing the Newtonian potential with
the Coulomb potential. Consider a charged source QO
and a test particle of charge g and mass m,. We assume
the mass of the source to be negligible. The charged
particle falls under the attraction of the source accord-
ing to the Coulomb force. When it reaches height ry,
a photon is created out of it and sent back to the parti-
cle’s initial position, where it is transformed back into
a mass m with charge g. For this process to happen, we
can imagine annihilating the descending charge by an
anti-charge —g to create a photon (or actually at least
two photons, which we can think of a single photon for
the discussion). The photon is sent back, and when it
reaches the top, the initial charge ¢ plus its anti-charge
—q is created via pair-production. We assume the two
particles have the same mass m. The anti-charge —¢g
subsequently is brought back to the bottom to restore
the initial situation. It is precisely the energy contribu-
tion of this last step that cancels a redshift effect in the
calculations, which is not further analysed here.

6.2 Reissner-Nordstrom metric

In fact, charge does give rise to redshift effects—and
consequently time dilation—in the standard formalism
of GR, albeit not in a way analogous to how mass
curves spacetime.

From the Einstein equations, we obtain the
Reissner-Nordstrom metric (cf. [Reissner, 1916])

2GM GQ?
ds* =—(1— 2dt?
S ( c2r + 47r8()c4r2> ¢
-1
2GM GQ? )
1— d
+ < c2r + 47r£oc4r2> d
+ 1?(d®* + sin® ©d ¢?), (6.3)

from which we recover the Schwarzschild metric when
0 =0. Itis worth mentioning that the charge term in the

Reissner-Nordstrom metric affects geodesics of parti-
cles even though they may be uncharged. For Q # 0,
this metric gives rise to an additional gravitational red-
shift. In analogy with the derivation of gravitational
redshift due to mass, we obtain

2GM GQ?
] \/(1 T n + 477:80c4r§>
vy 2WGM _,_ GQ?
\/(1 B Czr] + 47r£004r%>
h h
~1+ 8 8al (6.4)
c c
where g defined as before, and gc, := 47120% The ap-

proximations are as in the case without charge (first or-
der terms in & and large radii 7, rp).

The effect is quadratic in the charge Q, and, in fact,
leads to a blueshift of the photon. Thus, it partly com-
pensates the gravitational redshift due to mass. Note
that gravity is fully ‘geometrised’ by GR. That is,
geodesics of the metric fully describe the motion of test
particles. Whereas for charged sources, the usual force
terms from elecrodynamics need to be considered ad-
ditionally in the geodesic equation.

6.3 Cancelling redshift with charge

It is often considered to be a feature of gravity that
shielding an object from the influence of a gravitational
field is impossible—unlike in e.g. electromagnetism,
where both positive and negative charges exist. But
the Reissner-Nordstrom metric complicates this pic-
ture, for at a point in this spacetime one finds that that
the charge Q can cancel an attractive force towards the
black hole This result and its derivation are already
known in the literature as electro-gravitic repulsion—
see e.g. [Qadir, 1983]. What is not known is that one
can likewise affect gravitational redshift effects due to
charge.

Let us elaborate on this point. Recall the Reissner-
Nordstrom metric (6.3). There, the two terms in ggo—
one proportional to M, the other to 0—come with op-
posite signs. This makes it possible to tune the param-
eters so that Schwarzschildian gravitational redshift ef-
fects can be compensated for by the charge of the black
hole Q, at least locally. Indeed, if we choose the mass
and charge such that

2GM  GQ?
A2r 4dmeyctr?’

(6.5)

then we recover the Minkowski metric for flat space.
This equality, obviously, can only be met on a sphere

130f course, this is subtle, since (a) all particles still move on geodesics, and (b) it really depends on what one means by ‘gravity’.
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with one fixed radius r. To exactly cancel the redshift
effect would require to cancel gravity at two different
(and arbitrary points), which is impossible. However,
the effects do cancel out to first order, and this might
be taken to mean that gravity (at least as manifested
in gravitational redshift), in this sense, can at least be
‘shielded’ locally. To be completely clear and to put
this point in another way: strictly speaking, the results
of this section regarding the cancelling of gravitational
redshift with charge are ultralocal: they hold exactly
only at a single point in spacetime (akin to e.g. La-
grange points in the three body problem) That said,
they may hold approximately in a broader neighbour-
hood of that point, insofar as experimental measuring
devices cannot detect deviation from absolute shield-
ing (cf. ‘approximate’ versions of the strong equiv-
alence principle discussed by [Read et al., 2018])); as
such, the considerations presented here remain of op-
erational relevance.

We must be careful to identify correctly the phys-
ical significance of the parameter M in the Reissner-
Nordstrom metric. Recall first that typically in the clas-
sical limit of a general relativistic spacetime, one writes
200 = 14 2¢/c?, for an effective Newtonian gravita-
tional potential ¢E]

Due to the relativistic equivalence of mass and en-
ergy, the electric field energy contributes to the total
mass. Taking this into account, the effective total mass
M that features in the Reissner-Nordstrom metric is
then found to be

Q2

M=M+—=
't T6me,GM,

(6.6)
where M, is the irreducible bare mass of the black hole
(see for instance [Christodoulou and Ruffini, 1971]).
[Damour, 2012]] and [Qadir, 1983])).

Thus, the total source mass M in the goo compo-
nent of the Reissner-Nordstrom metric, is composed of
a term due to the ‘bare mass’ of the black hole, plus
a term due to the electric field density. Although the
mass term depends on the charge, one can still obtain a
cancellation of the redshift effects by charge whenever

(6.7)

2 2
(o )

8megGM,, r= 4megc?

in which case one sees that one can cancel the gravi-
tational field via the charge 0—so, one invariably ex-
pects a gravitational blueshift effect for small enough
radii in the context of the Reissner-Nordstrom metric.
This fits the existence of a repulsive force, since we
have already seen that effective forces on test bodies
can be cancelled using the charge Q. The conclusion,
then, is that the absence of gravitational redshift effects
does not imply a Minkowskian spacetime structure.

7 Conclusion

In light of this work, what can really be inferred from
the results of gravitational redshift experiments? First,
if one’s experiments (like of those of Pound and Re-
bka) are insufficiently sensitive, then one is warranted
in inferring only the Minkowski spacetime structure
of special relativity—for, as [Brown and Read, 2016]
point out, special relativity in accelerating frames is
then sufficient to account for these results. Beyond
first-order, however, special relativity will not suffice;
one might think that in such contexts one must appal to
spacetime curvature, but in light of the geometric trin-
ity, this is also incorrect: one could alternatively infer
to the existence of spacetime torsion or non-metricity.
(Pace [Maluf et al., 2009]], however, one cannot infer
from these experiments to spacetime torsion uniquely.)
Finally, one cannot infer from the absence of gravita-
tional redshift effects to Minkowski spacetime struc-
ture, given the possibility of cancelling such effects
using charge in Reissner-Nordstrdm spacetimes, and
the existence of gravitational blueshift due to charged
sources. Together, we hope that these conclusions will
prove definite and final regarding what gravitational
redshift experiments really establish.
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14Strictly speaking, since we're dealing with cancellation of redshift effects by charge at a certain value of the radial coordinate r, we in
fact have cancellation on an entire spherical shell. However, our results are still ultralocal in the sense that there is no exact cancellation at
all points in the neighbourhood of any given point. Other set-ups might in fact be more than merely ultralocal in this sense: consider e.g.
the cancellation of redshift effects from a uniform gravitational field by an infinite charged plane.

150f course, there are more sophisticated ways in which to take the non-relativistic limit of a model of GR—see e.g., [Hansen et al., 2019a]]
for recent work in this direction—but here we focus on the ‘textbook’ treatment of that limit.
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