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We show, contrary to expectation, that the trajectory predicted by general-relativistic mechanics for a low-speed weak-
gravity system is not always well-approximated by the trajectories predicted by special-relativistic and Newtonian
mechanics for the same parameters and initial conditions. If the system is dissipative, the breakdown of agreement occurs
for chaotic trajectories only. If the system is non-dissipative, the breakdown of agreement occurs for chaotic trajectories and
non-chaotic trajectories. The agreement breaks down slowly for non-chaotic trajectories but rapidly for chaotic trajectories.
When the predictions are different, general-relativistic mechanics must therefore be used, instead of special-relativistic
mechanics (Newtonian mechanics), to correctly study the dynamics of a weak-gravity system (a low-speed weak-gravity
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Introduction

For dynamical systems where gravity does not play a dynamical
role, it 1s expected (see, for example, [1-3]) that, if the speed of the
system is low (i.e., much less than the speed of light ¢), the dynamics
predicted by special-relativistic mechanics is always well-approxi-
mated by the prediction of Newtonian mechanics for the same
parameters and initial conditions. However, in a recent study on a
model Hamiltonian system [4], we found, contrary to expectation,
that the Newtonian trajectory does not remain close to the special-
relativistic trajectory although the particle speed is low — the two
trajectories eventually become completely different regardless of
whether the trajectories are chaotic or non-chaotic. But the
agreement between the Newtonian and special-relativistic trajecto-
ries breaks down much faster — exponentially fast — in the chaotic
case compared to the non-chaotic case. Similar rapid breakdown of
agreement was also found in a model dissipative system [5,6] and a
model scattering system [7] in the chaotic case but no breakdown of
agreement was found in the non-chaotic case. The loss of agreement
means [6-8] that special-relativistic mechanics must be used,
instead of the standard practice of using Newtonian mechanics, to
correctly study the dynamics of a low-speed system.

For dynamical systems where gravity does play a dynamical role
but gravity is weak (i.c., gravitational potential < ¢ [9]), it is expected
(see, for example, [3,10,11]) that the dynamical prediction of
general-relativistic mechanics is always well-approximated by the
prediction of special-relativistic mechanics for the same parameters
and initial conditions. Furthermore, if gravity is weak and the speed
of the system is low, the dynamical prediction of general-relativistic
mechanics is expected (see, for example, [3,10-13]) to be always
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well-approximated by the Newtonian prediction for the same
parameters and initial conditions. In this paper, we study a low-speed
weak-gravity system — the bouncing ball system [14,15] — to ascertain
if these expectations are correct by comparing the Newtonian and
special-relativistic trajectories with the general-relativistic trajectory.
In a recent paper [16], only the Newtonian and general-relativistic
trajectories were compared, with the assumption that, in between
impacts with the table, the ball free falls in an exact uniform
gravitational field. Here, the gravitational field of the earth is instead
modeled as the field due to a uniform sphere — this leads to a
different general-relativistic description of the free-fall motion and
consequently of the bouncing ball dynamics. Moreover, in the
previous paper [16], only inelastic collision between the ball and
table was considered; here, both elastic and inelastic collisions are
considered. Details of the bouncing ball system and the Newtonian
and relativistic trajectory calculations are given next. This is
followed by the results and discussion, and concluding remarks on
their significance.

Methods

The bouncing ball system [14,15] consists of a ball bouncing
repeatedly on a table which is oscillating sinusoidally with
amplitude A4 and frequency w. The impact between the ball and
the table is instantaneous, where the coeflicient of restitution o
(0=0=1) measures the kinetic energy loss of the ball at each
mmpact: the impact is elastic if =1, inelastic if «<<1. The table is
not affected by the impact because the table’s mass is much larger
than the ball’s mass. In between impacts, the ball undergoes free-
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fall motion due to the gravitational field of the earth, which is
assumed to be a uniform sphere.

In the Newtonian framework, the dynamics of the bouncing ball is
described by the two-dimensional map derived by Tufillaro and co-
workers [14,15]. Following [14,15], we derive the special-relativistic
map and general-relativistic map in terms of the ball’s velocity v and
the table’s phase 0 just after each impact. The table’s phase is given
by (wt0,) modulus 27m. We will refer to the table’s phase just after
each impact as the impact phase. Our derivations (see Text S1 and
S2) of the relativistic maps for the bouncing ball follow the same steps
as the derivation [14,15] of the Newtonian map.

In the Newtonian framework, the dynamics of the bouncing ball
is [14,15] described by the impact-phase map
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In the general-relativistic framework, the impact-phase map is
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where the constant Rypp is the distance between the table’s lowest
position and the center of the earth. The velocity map is also given
by Eq. (4).

The general-relativistic map [Egs. (5) and (4)] is approximately
the same as the special-relativistic map [Eqs. (3) and (4)] if gravity
is weak [2g(Ry1pry)/ < 1 and 2g(RyypHyo)/¢® << 1], where y is the
ball’s position relative to Rppp. And the general-relativistic map is
approximately the same as the Newtonian map [Egs. (1) and (2)] if
the ball’s speed and table’s speed are low [v/c<< 1, v9/c<< 1, glt—t0)/
¢« 1 and u/c« 1] and gravity is weak. Furthermore, the special-
relativistic map is approximately the same as the Newtonian map
if the ball’s speed and table’s speed are low.

To time-evolve the Newtonian and relativistic trajectories, the
impact-phase maps Eq. (1), Eq. (3) and Eq. (5), which are implicit
algebraic equations for 0.1, must be solved numerically by finding
the zero of the function on the left side of the equation given 6;
and y. We used Brent’s method for this purpose. First, each
trajectory is calculated in quadruple precision (35 significant
figures) with a tolerance of 10 for the zeros. The trajectory is
then recalculated in quadruple precision but using a smaller
tolerance of 10”2 for the zeros. Finally, the accuracy of the
trajectory is determined by the standard method [17] of
comparing the less-accurate calculation (10 *-tolerance) with
the more-accurate calculation (10~ *%-tolerance). For example, if
the Newtonian velocity is 7.123456789... from the 107%-
tolerance  calculation and  7.123456799... from the 107
tolerance calculation, then it is accurate to 8 significant figures,
ie., 7.1234567. We used g=981 cm/s%, ¢=3x10'" cm/s, and
Rrip=6.4x10° cm (mean radius of the Earth).

The trajectory generated by each of the three maps can be
chaotic. A trajectory is defined [18] as chaotic if it exhibits sensitive
dependence on initial conditions, that is, the distance between the
trajectory and another initially-nearby trajectory from the same
theory grows, on average, exponentially for a short time, where the
exponential growth constant is not exactly equal to but close to the
Lyapunov exponent which is a long-time asymptotic quantity. To
determine if a trajectory is chaotic, we inspect the trajectory in
phase space, check for sensitivity of the trajectory to initial
conditions and calculate [18] the largest Lyapunov exponent to see
if it 1s positive.

In the following results section, instead of reporting the impact
phase 0, i.e., the table’s phase just after each impact, we report the
ball’s position (which is also the table’s position) y = A[sin(0)+1] just
after each impact, together with the ball’s velocity v just after each
impact, when comparing the predictions of the three theories.

Results

Three examples are presented and discussed to illustrate the
general results. In all three examples, the ball’s speed and table’s
speed remained low (about 107 '°), and gravity is weak (2g(Rr1.p+y)
is about 10~ 76

In the first two examples, the system is dissipative with o =0.5.
In both examples, the initial conditions are 0.02022 cm for the
ball’s position and 8.17001 cm/s for the ball’s velocity. The table’s
frequency (w/2m) is 60 Hz, but the table’s amplitude 4 is slightly
different: 0.0102 cm in the first example, 0.012 cm in the second
example.

In the first example, the Newtonian, special-relativistic and
general-relativistic trajectories are all non-chaotic. Fig. 1 shows
that the three trajectories are close to one another and they
converge to period-one fixed-point attractors which are almost
identical.
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Figure 1. Comparison of trajectories for the first example. Comparison of the Newtonian (squares), special-relativistic (diamonds) and
general-relativistic (triangles) positions (top plot) and velocities (bottom plot) for the non-chaotic first example.

doi:10.1371/journal.pone.0034720.9001

In the second example, the Newtonian, special-relativistic and
general-relativistic trajectories, which are plotted in phase space in
the top part of Figs. 2, 3 and 4 respectively, are all chaotic as
evidenced by the sensitivity to initial conditions (shown in the
bottom part of Figs. 2, 3 and 4 respectively) and positive largest
Lyapunov exponent of 0.34 for each trajectory. Fig. 5 shows that
the agreement between the special-relativistic trajectory and
general-relativistic trajectory breaks down very quickly at impact
55, and the agreement between the Newtonian trajectory and
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general-relativistic trajectory also breaks down at impact 55. The
breakdown of agreement between the Newtonian and special-
relativistic trajectories (not shown in Fig. 5) occurs later, at impact
95.

Figs. 6 and 7 show, respectively, that the rapid breakdown of
agreement between the special-relativistic and general-relativistic
trajectories and between the Newtonian and general-relativistic
trajectories are due to the, on average, exponential growth — that
1s, exponential growth with small fluctuations — of the magnitude
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Figure 2. Newtonian trajectory for the second example. Top: Chaotic Newtonian phase-space trajectory, plotted for the first 210 impacts, from
the second example. Bottom: Natural-log of the magnitude of the difference [position difference (squares), velocity difference (diamonds)] between
the chaotic Newtonian trajectory and another Newtonian trajectory which differed initially by 10~'* in position and 10~ '2 in velocity. Straight-line fits
up to impact 84 are also plotted.

doi:10.1371/journal.pone.0034720.9g002

of the difference between the two trajectories for at least the first
61 i ts: _
impacts Avy ~ Ay 20D (7)

Ay, ~ Aypefl (n=1) (6 where n=1,2,.... In both cases, the exponential growth constants
for the position difference in Eq. (6) and velocity difference in Eq.
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Figure 3. Special-relativistic trajectory for the second example. Top: Chaotic special-relativistic phase-space trajectory, plotted for the first
1000 impacts, from the second example. Bottom: Natural-log of the magnitude of the difference [position difference (squares), velocity difference
(diamonds)] between the chaotic special-relativistic trajectory and another special-relativistic trajectory which differed initially by 10~'* in position

and 10~ "2 in velocity. Straight-line fits up to impact 84 are also plotted.

doi:10.1371/journal.pone.0034720.g003

(7) are close to each other: ¢;~0.360 and ¢,=~0.363. This
exponential growth constant of about 0.36 is close to (i) the
exponential growth constant for the magnitude of the difference
(plotted in Figs. 2, 3 and 4) between the chaotic trajectory and
another initially-nearby trajectory from the same theory — the
growth constants are 0.31, 0.31 and 0.34, respectively, for the
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Newtonian, special-relativistic and general-relativistic case, where
the two nearby trajectories differed initially by 10~'* in position
and 107"? in velocity, and (ii) the largest Lyapunov exponent of
0.34 for the Newtonian, special-relativistic and general- relativistic
chaotic trajectories. We note that the magnitude of the difference
between the Newtonian and special-relativistic trajectories also
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Figure 4. General-relativistic trajectory for the second example. Top: Chaotic general-relativistic phase-space trajectory, plotted for the first
1000 impacts, from the second example. Bottom: Natural-log of the magnitude of the difference [position difference (squares), velocity difference
(diamonds)] between the chaotic general-relativistic trajectory and another general-relativistic trajectory which differed initially by 10™'* in position

and 107 "% in velocity. Straight-line fits up to impact 79 are also plotted.

doi:10.1371/journal.pone.0034720.9004

grows exponentially on average, consistent with the results in [4—7]
for low-speed systems, with growth constants ¢;~0.319 and
¢5=0.320.

In the non-dissipative case, where o= 1, the agreement between
the special-relativistic and Newtonian chaotic trajectories with the
general-relativistic chaotic trajectory also breaks down exponen-
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tially fast. The agreement also breaks down for non-chaotic
trajectories but it takes a much longer time to occur because the
difference between the trajectories only grows linearly. Fig. 8
illustrates this linear growth for the difference between the
Newtonian and general-relativistic quasiperiodic trajectories (the
trajectories are plotted in phase space in Fig. 9) — in this third
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Figure 5. Comparison of trajectories for the second example. Comparison of the Newtonian (squares), special-relativistic (diamonds) and
general-relativistic (triangles) positions (top plot) and velocities (bottom plot) for the chaotic second example.

doi:10.1371/journal.pone.0034720.9g005

example, the table’s frequency and amplitude are 60 Hz and
0.005 cm, and the ball’s initial position and velocity are
0.00991 ecm and 8.17001 cm/s. The linear growth rates of the
magnitude of the position difference and velocity difference are
2x107 " cm and 4x107'2 cm/s, respectively, per impact. It
would thus require 2.5x10'" (1) impacts for the magnitude of the
velocity difference to grow to 0.1 cm/s. Similar linear growth rates
were found for the difference between the special-relativistic and
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general-relativistic quasiperiodic trajectories in this example (the
special-relativistic trajectory is also plotted in Fig. 9).

In general, the breakdown of agreement between the special-
relativistic and general-relativistic trajectories for weak gravity, and
between the Newtonian and general-relativistic trajectories for low
speed and weak gravity can be further understood as follows.

Firstly, rewriting the general-relativistic impact-phase map [Eq.
()] and taking the natural logarithm on both sides yield
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Figure 6. Difference between the special-relativistic and general-relativistic trajectories for the second example. Natural-log of the
magnitude of the difference between the special-relativistic and general-relativistic positions (squares) and velocities (diamonds) for the chaotic
second example. Straight-line fits up to impact 61 are also plotted.

doi:10.1371/journal.pone.0034720.g006
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Figure 7. Difference between the Newtonian and general-relativistic trajectories for the second example. Natural-log of the magnitude
of the difference between the Newtonian and general-relativistic positions (squares) and velocities (diamonds) for the chaotic second example.
Straight-line fits up to impact 61 are also plotted.
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are also plotted.
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ln{ X _{1 ~ 2g[Rrup+Afsin(0;) + 1]]}*1 {ZgA[sin(()k) —sin(0k+1)]}}

2 2
=-2 ln{

e ) Lo d (e 0}{)”. )

For weak gravity, we have 2g{Ryzp+A[sin(0)+1]}/c* <1 and this
implies that the factor {1—2g[Ryz+A[sin(0)+1]]/¢*}~" in the
logarithmic function on the left of Eq. (8) is approximately 1.
Furthermore, for weak gravity, we have 2g{Rzzp+A[sin(0;1)+1]}/
>« 1, therefore we can use the expansion In(1+x) = x—x°/2 for the
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logarithmic function on the left of Eq.
Consequently, Eq. (8) becomes

(8) since |x|<«I1.

Alsin(0x) + 1] —
2 g k1% g Ok+1—0%
e I [

— Alsin(0 1) +1]+ %{A[sin(()k)—l— 1]— Asin(0p+1) + 1]} =0.

The approximate general-relativistic impact-phase map given by
Eq. (9) differs from the special-relativistic impact-phase map [Eq.
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(3)] by the last term which involves 1/¢%. The general-relativistic
velocity map is exactly the same as the special-relativistic velocity
map [Eq. (4)]. The breakdown of agreement between the special-
relativistic and general-relativistic trajectories is thus essentially
due to the small 1/¢* term in Eq. (9).

Secondly, weak gravity, the {1—2¢[RzptA[-
sin(@+1]]/¢%} in the general-relativistic impact-phase map [Eq.
(5)] is approximately 1. Additionally, for lw speed, we have
90p1—0))/(cw)«< 1, therefore we can wuse the expansion
¢*= 1+x+2?/2 for the exponential functions in the term with
exponent —2 in Eq. (5) since |x| « 1. Furthermore, for low speed,
we have 7;/¢« 1, and hence we can expand the resulting (14+x) >
term as 1—2x+3x” since |x| < 1. For low speed and weak gravity,

Eq. (5) is thus approximately
g (O =0\
2 @)
(10)

3g (Oke1— 0k b8 (O =0k 2=0
2c2 w k=3 W '

Moreover, for low speed, v'z1/c<1 and wy1/c¢< 1, and so the
general-relativistic velocity map, which is exactly the same as the
special-relativistic velocity map [Eq. (4)], is approximately

for factor

Alsin(0x) + 1]+ vy (@)

A[Sin(9k+|)+ 1} +

(11)

Furthermore, for low speed, we can use the expansion ¢' = I+x+x"/
2 for the exponential functions in v’ (the expression for o4 is
given after Eq. 4) since |x| <1, and then expand the resulting
(14x)"" term as (1—x) since |x| «1. Substituting the resulting
approximate expression for 041 and . = Awcos(0;11) into Eq.

/
Vipr=(14+aup 1 —av) .
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10

(11) yields

Ok+1— 0k
Vi1 =(1+0)Adw cos(()k+1)—a{vk—g(w>]

)
, (12

g (9/#1*91() { > <9k+l *0k> g (9k+1 *Hk) }

c o} w 2 0}
where terms involving 1/¢* are omitted since they are very small.
The approximate general-relativistic velocity map given by Eq.
(12) differs from the Newtonian velocity map [Eq. (2)] by the last
term which involves 1/¢%. Similarly, the approximate general-
relativistic impact-phase map given by Eq. (10) differs from the
Newtonian impact-phase map [Eq. (1)] by the last term which
involves 1/c% The breakdown of agreement between the
Newtonian and general-relativistic trajectories is therefore essen-
tially due to the small 1/¢% term in Eq. (10) and Eq. (12).

Discussion

The simplicity of the bouncing ball system allows accurate
calculations of the Newtonian, special-relativistic and general-
relativistic trajectories for comparison, whereas such accurate
calculations would be very difficult to achieve in more complex
gravitational systems that can also exhibit chaotic behavior, for
example, the three-body problem. Furthermore, the bouncing ball
system can be realized experimentally — one realization [15] of the
system consists of a steel ball bouncing on a concave lens which is
attached to the membrane of a sinusoidally-driven loudspeaker.
Because the bouncing ball system is a simple but realistic example
of low-speed weak-gravity systems that can exhibit chaotic and
non-chaotic behavior — 1.e., a prototypical system — the breakdown
of agreement of the special-relativistic and Newtonian trajectories
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with the general-relativistic trajectory should also occur in other
low-speed weak-gravity systems.

The breakdown of agreement of the special-relativistic and
Newtonian trajectories with the general-relativistic trajectory for a
low-speed weak-gravity system has two important implications.
First, general-relativistic mechanics must be used, instead of
special-relativistic mechanics, to correctly study the dynamics of a
weak-gravity system. Second, general-relativistic mechanics must
be used, instead of the standard practice (see, for example, [19]) of
using Newtonian mechanics, to correctly study the dynamics of a
low-speed weak-gravity system. These paradigm shifts may well
lead to new understandings and discoveries for low-speed weak-
gravity systems.

References

1. French AP (1968) Special relativity. Thomas Nelson & Sons.

2. Hartle JB (2003) Gravity: An introduction to Einstein’s general relativity.
Addison-Wesley.

3. Einstein A (1961) Relativity: The special and the general theory. New York:
Random House.

4. Lan BL (2006) Comparison of the Newtonian and relativistic predicted
trajectories for a low-speed periodically delta-kicked particle. Chaos 16: 033107.

5. Lan BL (2009) Disagreement between Newtonian and relativistic trajectories for
a low-speed kicked dissipative system. In: Skiadas CH, Dimotikalis I, Skiadas C,
eds. Topics on chaotic systems.World Scientific. pp 199-203.

6. Lan BL, Cheng HY (2010) Newtonian and special-relativistic predictions for the
trajectory of a slow-moving dissipative dynamical system. Commun Nonlinear
Sci Numer Simulat 15: 2497-2503.

7. Lan BL, Borondo F (2011) Newtonian and special-relativistic predictions for the
trajectories of a low-speed scattering system. Phys Rev E 83: 036201.

8. Lan BL (2009) Implications of the disagreement between Newtonian and
relativistic low-speed trajectories. Chaos, Solitons and Fractals 42: 534-537.

9. Davies P (1992) The new physics: A synthesis. In: Davies P, ed. The new physics
Cambridge University Press. pp 1-6.

@ PLoS ONE | www.plosone.org

1

Trajectory for a Low-Speed Weak-Gravity System

Supporting Information

Text S1 Derivation of the special-relativistic and gen-
eral-relativistic maps.

DOC)

Text S2 Newtonian and relativistic free-fall motion.

DOC)

Author Contributions

Conceived and designed the experiments: SNL BLL. Performed the
experiments: SNL. Analyzed the data: SNL BLL. Contributed reagents/
materials/analysis tools: SNL BLL. Wrote the paper: SNL BLL.

Lapidus IR (1972) The falling body problem in general relativity. Am J Phys 40:

1509-1510.

11. Choquet-Bruhat Y (2009) General relativity and the Einstein equations. New
York: Oxford University Press.

. Wald RM (1984) General relativity. Chicago: University Of Chicago Press.

de Pater I, Lissauer JJ (2010) Planetary sciences, 2nd edition. New York:

Cambridge University Press.

Tufillaro NB, Mello TM, Choi YM, Albano AM (1986) Period doubling

boundaries of a bouncing ball. J Physique 47: 1477-1482.

Tufillaro NB, Abbott T, Reilly J (1992) An experimental approach to nonlinear

dynamics and chaos. California: Addison-Wesley.

Liang SN, Lan BL (2011) Newtonian versus general-relativistic prediction for the

trajectory of a bouncing ball system. Results in Physics 1: 36-39.

Lichtenberg AJ, Lieberman MA (1983) Regular and stochastic motion. New

York: Springer.

Sprott JC (2003) Chaos and time-series analysis. Oxford: Oxford University

Press.

Lissauer JJ (1999) Chaotic motion in the solar system. Rev Mod Phys 71:

835-845.

April 2012 | Volume 7 | Issue 4 | 34720



