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Abstract—The role of the observer in physics is reconsidered in
connection with our evolving assumptions about the nature of time.
Unlike the observer’s optional movement through space, evolution
in time is compulsory and strictly governed by causal order. Thus, it
isargued that time is intrinsically more fundamental than space. The
geometry of space is appreciated as emergent degrees of freedom
allowing observers to develop invariant transformation equations
between them. Inertial laws are shown to emerge from the
observer’s assumptions about the nature of time and its
transformations. This leads us to explore the next logical extension
of the observer’s progressing appreciation of the nature of time by
allowing time to depend on higher-derivative kinematical quantities.
This leads to inertial laws that may potentially accommodate various
nonlinear phenomena such as the yet unresolved celestial anomalies,
and possibly provide the needed degrees of freedom for the
unification of classical with quantum theory.
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I. THE OBSERVER IN PHYSICS

Science negotiates its way through a constantly constricting
spiral of observations, formulation of hypotheses from the
gathered data, and empirical testing of the hypotheses through
experiments that allow even more accurate observations. The
prime mover of this quest is the curious ‘observer’ which
usually personifies collectively all past and present
investigators  participating in the pursuit for greater
understanding of the physical phenomena.

A. The Observer and Measurement

Physics in particular revolves around measurement. Crucial
to the exercise of measurement is the existence of some
conscious intelligent being capable of performing, recording
and possibly analyzing the measured quantities. Paradoxically,
this entity also consists of measurable elements, being itself part
of the universe that it is aiming to comprehend. So in a very

profound way, physics is a manifestation of the universe
attempting to understand itself. To be self-consistent, the
universe must be comprehensible to itself, a mystery that
astounded even Einstein’s brilliant mind.

From the observer’s collection of measured quantities, such
as time intervals, space intervals, amount of matter, electric
charge, magnetic moments, and so forth, the observer deduces
some working theory that convincingly makes sense of the
measurements. Then to explore the limits of the theory’s
validity, further measurements using more refined experiments
are conducted which hopefully leads one to a more general
theory. This exercise is repeated in the hope that an ultimate
theory that explains all measurements in any realm and scale of
the universe can be found.

Thus, we see that the scientific method is anchored upon
how the observer appreciates physical phenomena. At any
stage of inquiry, the observer endeavours to comprehend the
universe through the discovered fundamental laws that
govern the dynamics of its elements. The observer employs
the appropriate inertial law depending on the scale and
nature of the realm under investigation. For instance, one uses
Newton’s law of inertia for macroscopic systems that move
much slower than the speed of light, while Einstein’s
relativity is used for objects that may move close to light’s
speed.

B. Anomalous Measurements

The keen observer will inevitably become perplexed by
anomalies in measurements and these will inspire
modifications of conventional laws. A classic case is the
observation that after a planet fly—by, satellites gain an orbit
speed faster than what is expected from Newtonian dynamics.
This fly-by anomaly[1] was observed from the Deep Space
Network (DSN) Doppler data after the Earth-flyby of the
Galileo in 1990 registering a 3.92 mm/s speed increase at its
perigee. The Near Earth Asteroid Rendezvous (NEAR)
spacecraft also registered an increase of 13.46 mm/s after its
Earth fly-by in 1998. The Cassini-Huygens gained about 0.11
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mm/s in 1999 and Rosetta 1.82 mm/s in 2005. Suspected to be
related to this is the extra Sun-ward acceleration that Pioneer
space crafts registered beyond 30AU [2,3,4,5]. Another
anomalous observation is the early arrival of comets by a few
days than what Newtonian dynamics expects. This advance has
been shown to be possible if one assumes that farther than
about 20AU from the Sun, an un-modelled acceleration of the
order of Pioneer anomalous acceleration begins to take effect
[6]. Granting such anomalies might be explained by sources of
noise or engineering and design, they may nonetheless point to
some needed fine-tunings in the conventional inertial law at
very small accelerations.

The rotation of galaxies also appear to deviate from the
Keplerian expectations, and this has compelled cosmologists to
posit colossal amounts of unknown forms of matter that
purportedly engulfs the galaxies, while others propose to
modify the conventional laws of inertia or the gravitational
field [7,8]. Cosmological data seem to be consistent with a
universe filled with about 24% “dark matter” and 72% “dark
energy” [9]. Many believe that this dark sector will eventually
be experimentally detected, and Einstein’s general relativity
(GR) will be found to be consistent with experiments.
Nevertheless, for as long as the experimental search comes
short of the enormous amounts of non-baryonic matter required
to account for the observed galactic rotations, one should
continue to entertain alternative theories or extensions of
general relativity.

As the observer begins to investigate subatomic experiments,
the observer is forced to abandon the deterministic
classical laws and embrace the probabilistic rules of quantum
physics. Unlike general relativity which is a local classical
theory, quantum mechanics has been known to exhibit non-
locality [10]. Efforts to quantize gravity (Kaluza- Klein/string
theories) invariably demand extra degrees of freedom and fields
to mediate the gravitational interaction.

We see that our observer is beleaguered by incongruent
treatments of the universe at various scales. Hence, it is but
natural to aspire for one ‘parent’ inertial law that entirely
accommodates all realms of inquiry. This propensity of Nature
to withhold her secrets motivates the observer to review how our
assumptions about the nature of time lead to inertial laws, and
then explore the possibility of allowing time to depend on
higher-derivative kinematic quantities in the hope that the
resulting inertial laws will provide the required degrees of
freedom to explain the anomalies and help reveal the long
sought-for unification of classical theory with quantum theory.

In the next section, we briefly discuss the role of time and
the observer in physics and demonstrate how our operational
notion of time dictates the law of inertia that governs the
dynamics of objects. Thereafter, we shall focus on a geometrical
approach to higher-derivative field equations.

Il. THE OBSERVER AND CAUSAL ORDER

Amongst all quantities accessible to measurement, time is
primordial in the sense that without it, the observer cannot

perform (or even plan to perform) any measurement, lacking
the requisite degree of freedom to animate itself or at least, its
thought-process. Moreover, the observer progresses through
time whether it chooses or not; but in contrast, the observer
may decide not to evolve in space by simply maintaining its
current state of rest or uniform motion. Clearly, evolution in
time is compulsory, but movement in space is optional, at least
classically. Furthermore, one can only evolve in time in a way
that preserves causality. This non-commutative ordering of
points in time is not required for positions in space.
Notwithstanding the relativistic custom of treating space and
time at equal footing, time is evidently more fundamental than
space, especially to the observer. In quantum field theory for
instance, a time-ordering operator is employed in the Dyson
series, but no such feat is performed for space. One of the
more promising approaches to quantum gravity known as
causal dynamical triangulation (CDT) [11], even assumes no
pre-existing arena (dimensional space). Instead, CDT
demonstrates how the spacetime fabric itself emanates from
time and causal order. Its proponents conjecture that, unlike
space, time is truly fundamental and not merely emergent—a
term that refers to some large scale or low-energy
phenomenon. They view time as a truly intrinsic parameter
with neither a beginning nor end; time and causal order persist
on the very smallest scales (Planck scale). In contrast, the
circumstance that space is three-dimensional and extended is
appreciated as an emergent phenomenon. Time existed even
before the big bang when space and its geometry have yet to
manifest from the transformations that shall maintain order
and consistency between measurements of observers.

The depth of treatment of the dynamics of a system
depends on the observer’s assumptions about the nature of
time together with the amount of detail that these shall entail
in the theoretical exercise. Time can be thought of as a
perception of change along with the causal ordering of
events which in physics must all be consistently relatable
between observers. An observer at rest in a certain frame of
reference shall be regarded as a proper observer in that frame
of reference. A proper observer measures proper gquantities
such as rest mass, rest length and proper time intervals
between events in its rest frame. To a solipsist, proper
measurements would be all that would matter. But science
normally consents to the existence of other observers as
evidenced by their faithful reliance on related literature
detailing the experimental results and conclusions of other
observers. Consistency demands that the emergent space
(along with its geometrical properties) between observers,
come with invariant transformation equations relating the
measurements of observers in diverse states of motion. Any
other observer who is in motion relative to the proper
observer shall be referred to as an “improper observer” in that
frame of reference. The improper observer must subscribe to
the universal transformation equations in order to make sense
of the measurements of the proper observer, and vice versa.

A. The observer’s assumptions about the nature of time
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We demonstrate in this section that within any realm of
inquiry, the observer’s operational assumptions about the
nature of time delimit the law of inertia that governs the
dynamics of systems. In retrospect, pinning down the intricacies
of time in some mathematical form has been the preoccupation
of theoretical physicists since Galileo mathematized his
observations of natural phenomena. Galileo implicitly assumed
an observer-independent time. Using this absolute time
assumption, Sir Isaac Newton revealed the law that explains the
dynamics of macroscopic objects as long as they move at
speeds much slower than the speed of light. Einstein, however
realized that time is only apparently absolute or independent
of the motion of the observer when speeds are negligibly slower
than that of light, and in 1905 elevated Newton’s dynamics to
include objects traveling with speeds nearing that of light. In
Einstein’s special theory of relativity, time acquires a velocity-
dependence, and the observer realizes the inseparability of time
and space. Henceforth, the universe has been attributed a
spacetime manifold that preserves the constancy of the speed
of light relative to all observers.

Einstein completed his general theory of relativity in 1916
in which the geometry of the spacetime governs the dynamics
of objects, whilst the distribution of matter determines the
geometry of the spacetime [12]. Subsequently, in general
relativity, time depends on position and velocity. Thus, it would
be reasonable to suspect that even more general laws might
follow if time is allowed to depend on higher- derivative
kinematical quantities. We find that this paradigm not only
recovers the familiar classical theories through their respective
time ansatz, but also paves the way to higher derivative
extensions of inertial laws.

B. A time-centred paradigm

To demonstrate our time-centered paradigm, let us consider
some classical theory in which the linear momentum of a particle
of rest mass m and position x; (1), i = 1,2,3 is

dxl- dt dxl- dt (1)
Pi=Mar = Marar - Ndr
where 1 is the proper observer’s measurement of time in its rest
frame, while t is the time measured in some other reference frame
which may be in motion relative to the first. We may refer to t as
the improper or coordinate time. The law of inertia specifies how
the linear momentum varies in time,
dp; dt de\"' d?t
g tm(=) v @
T TR (dr) a2l

where the velocity and acceleration are respectively,

P L
dt dt
The law of inertia (2) and the subsequent concept of “force” owe
their ultimate forms on one’s assumption about how the proper
and improper times transform to each other.
The Galilean concept of universal time assumes that

dt
= (4)
e 1.

The usual Newtonian law of inertia then follows from (2),
dv;
L= ma, ®)
where the force is always in the same direction as the
acceleration.
If one assumes that the proper time t and the coordinate
time t are related by the relativistic time dilation equation

dt vVt ©)

EEYO})Z 1—(:—2

then one finds from (2) the law of inertia in Einstein’s special
theory of relativity.*?

dpi _ 1 2 j

20 = my ((5L-j + =2 (v)vivj> al (7)
The observer sees that the special theory of relativity follows
from a velocity-dependent time ansatz (6) in consonance with
Lorentz invariance.

In the attempt to explain the rotational curves of galaxies
without requiring dark matter, people have seriously
incorporated acceleration in the time transformation in regions
of extremely low accelerations [7,8].

d
= i@ @

where the function u(a) has asymptotic properties:

w(a) - {1 fora = a;al/a, > 1 o)

a for aK1

but otherwise arbitrary. In this theory, ac is some characteristic
acceleration that marks the asymptotic region between
Newtonian and modified inertial laws. With the time ansatz (8),
the law of inertia that follows from (2) is [8]
dp; m
a my/pna; +

which involves the jerk

du
" "4 i (10
2a.a+uda @i v (10)

dak
j = —— 11
Jk dt 11)

The corresponding expression for the conserved energy is [8]
E =-mu(a)vy' + U(x) (12)

where U is some external conservative field. The inertial law
(10) is non-relativistic, but surprisingly, it reproduces the
rotational dynamics of galaxies without requiring dark matter
[7,8]. We note that the presence of the higher-derivative
d2t/d 7?in (2), implies that in general, the “force” dp/dt may not
be in the same direction as the acceleration, as seen for instance
in (7) and (10).

C. A time portal to a higher-derivative law of inertia

As a natural extension of the inertial laws, we explore the
possibility of allowing the transformation between the
coordinate time t and the proper time t to involve any order of
derivatives of the position Xi (1):

dt
EEV(xi,Ui,ai,ji, ) (13)
Because a plethora of derivatives might lurk within the time

transformation (13), we restore order overall these gradients
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by demanding Lorentz invariance:

E2 - c?pip' = m’c*. (14)
The resulting energy-momentum 4-vector incorporates higher
kinematical degrees of freedom

(Elc, pi) =<mc /1 + Ciz)?zvkv", my vi> (15)

From the time derivative of the energy,
dE ri ar’  (16)

dt 1, . dt
1+C—2y Vv

one finds that this energy is conserved if the “force” dp/dt is
zero or at least perpendicular to the velocity v. The spacetime
interval four-vector is evident from (15):

ds = (mic Edr,—p'dr) (17)

= <Cd‘r /1 + C1—2)7zvkvk, dxl-)

The square of the invariant interval,
ds? = gudxHdx’ = c2ds? (18)

may be viewed as possessing a metric whose time component
incorporates higher-derivative kinematical parameters

1 ~
Goo= vV + 77 (19)

The higher-derivative metric g, naturally reduces to the flat
Minkowskian metric n,v when 7 — y.

By allowing our time transformation (13) to depend on
higher-derivatives, we saw in (19) how space and its time-
derivatives might emerge in the time-component goo of the metric
even when the space sector is flat. But the space sector might be
curved in general and may also have its higher-derivative
dependencies. So we shall work within the assumption that
through (13), the metric, assumed to be symmetric and invertible,
can be formally cast so that it exhibits its non-degenerate

dependence on the first N'" derivatives of X“(r) with respect to
the invariant proper time T:

Ouv = Quv (dnxp/d‘[n),

Quv = Qvus (20)
97 G = 5;({
n=01,..,N,

Non-degeneracy here simply means that the presence of the
highest-derivative d ™ x?/dt ™ in the invariant interval,

[[ds=["d fm (21)

cannot be removed by integration by parts. From the extremum
of the invariant interval,

S2
8 f ds =0 (22)
S1

one finds a higher-derivative geodesic equation

NN

d*x° o d™x*d™x?

(nm)

r =0 23

dr? + Zl Y dgn dgm 23)
mn=

where the F(nm)ﬁv’s are chosen to be symmetric in nm, and
the first few are:™®

P g 87| 4 08 4 O5, | @)
a 2 | dr _dx* dr® _d*x°
o— 00—
dr dr
(25)
I—*(IZ)ZVE gf’p ag,uv + agvp _zi agzluv +
2 dx” dx” dr .d°x*
o— 0 —
dr dr dr
- og
(22) — e/ LV
T ﬂv=_gﬂ d;xp +-e, (26)
dr’
F(B)anfi ag—vp_ ag;/v T (27)
d*x* d*x*
a 2 6 2
dr dr

The only low-derivative expression here is the leading term in
(24) which is just the Christoffel connection in GR,

o =87 (% By %) (28)
oo Lot axt o ox”

This is the only term that survives when the metric gu.(X)
depends only on spacetime, and one recovers from (23) the
geodesic equation in Einstein’s GR,

d?x? - dxtdx?

dr? Wodr dr
Thus, higher-derivative arguments in the metric lead to higher-
derivative extensions of the Christoffel connection. One can
think of the geodesic equation (23) as representing the inertial
law in some “higher-derivative manifold” spanned by

d"x*/dt" withn =0,1,...,N.

(29)

D. Higher-derivative field equations

In Einstein’s theory of gravity, the geometry of the
spacetime governs the dynamics of objects through the
geodesic equation (29), while the distribution of matter in turn
determines the curvature of the spacetime.'? Since the law of
inertia (23) involves higher-derivatives, the consequent
unconventional motion and distribution of matter must
determine some geometry described by higher-derivative field
equations. We saw in the last section that higher-derivative
arguments in the metric lead to higher-derivative extensions of
the Christoffel connection. Consequently, the curvature tensor

R, 7 = oy e +I2r: —ror? (30)

uva ax# axy HAvo VAT io
shall likewise incur higher-derivative extensions. Since one
always desires to sustain general covariance, the leading
higher-derivative extensions must ultimately inhabit the forms
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of higher-order curvature invariants. Thus, the formal higher-
derivative extension of general relativity may be represented
by the Lagrangian,

L= J-gl+ AR+ LR+ 4, R, R + AR, R" 61)
+ AR RR, + AR, R+ -.)
where Ai’s are coupling constants. Einstein’s GR comes as a
special case of (31) with Lo =—A/x, 4, = i and 4;51 =0,

where A is the cosmological constant and K is Einstein’s
constant.

Theories based on higher-derivative invariants have
actually been pursued in various contexts, particularly in the
quest to subdue the infinities that plague the quantization of
general relativity. For instance, the non-renormalizability of
Einstein’s theory of gravity in four dimensions* finds a cure if
one includes the squares of the curvature in the Lagrangian [15-
19],

£=q/'—g(/10+/llR+/'LzR2+ﬂ3 RWR"“). (32)
The calculation of higher-derivative counter-terms that hopes to
render prominent theories finite continues to be pursued even at
leading-loop approximations [20-22]. A recent example is the
use of the divergent part of the pure Yang-Mills Lagrangian [23],

hg4 ! abe C] Cl an
£, (D4) = a0 )Mj P12 fabe foo fed pe
238+D b, =50+D
FiFIFSF, FiF/F }
H vpo po qu it
{ 360 288 (33)

in the quest to render supergravity amplitudes finite in D=8
dimensions [24]. In this non-Abelian theory, the field strength
tensor is

F “ =0 A" —

uv

a abc c
— 0,45+ g ALA; (34)

v

where the structure constants define the Casimir of the adjoint
representation,

5({1 fﬂbtfabd (35)
E. Higher-derivative field equations

Assuming that higher-derivative arguments in the
metric ultimately lead to a Lagrangian density that depends on
the metric and its gradients, one may construct a higher-
derivative geometrical theory of gravitation via a principle of
least action. In the spirit of (31), one might start with a pure
gravity action of the form

Id4x£ = J-d“x\/% G(g,,» 8gw/6x"

where G is an arbitrary scalar that depends only on the geometry
through Qguv and its gradients. Requiring the action to be
stationary under  arbitrary  continuous coordinate
transformations,

;e (36)

xt - xH + SxH (37)

yields the contracted Bianchi identities [25],
Guv;v =0 (38)

where the “;” indicates the covariant derivative and

(39)

1 3 N T 0 —
G =—| Y 4 7 |W-g%
Hv {7g ag:w ;[]‘;—Jza‘xaﬁ}aﬁ 0 pv( ¢ )
i 6xaﬂ i

Sources proportional to the energy-momentum tensor TH may
be introduced so one can write the generalized field equation as

(40)

1| o & -0 G
— — |——— V- 2G) =—xT,
e E{Haxa,] { - ] a0) =t
oy Hi gyv
p=1 axal,

Indeed, the humblest choice for G is the Ricci scalar R which
leads to Einstein's general relativity. But (36) opens a portal to
higher-derivative gravity theories. For instance, the Lagrangian
based on quadratic invariants in the curvature tensor (32), yields
the field equation [25]

— 12, (R + &R R+ 2R, + 2ER 0 R @1
+Q2+&)R,,,~(2+1&)g,,0°0,R—ad*0,R,, =T,

HV

where § is a dimensionless constant. As a candidate extension
of general relativity, this must be made compatible with
Newton's law of gravitation in the weak-field limit [25] and
must somehow circumvent the Ostrogradskian instability [26]
inherent in higher derivative theories.

I1l. CONCLUSION

In the light of the recent resurgence of interest in higher-
derivative theories, particularly in the quest to quantize and/or
adapt gravity or the law of inertia to the issues of missing mass
and accelerated expansion of the universe [27], it is illuminating
to rediscover the roots of these theories from the observer’s
appreciation of time. We have demonstrated how the observer’s
operational assumptions about time promulgate dynamical
laws. However, attempts to canonically quantize higher-
derivative theories either lead to negative norm states
(“ghosts™), or negative energy states that cause runaway
particle production [28]. The classical origins of these problems
were recognized a long time ago by Ostrogradski [26] who
showed that if the Hamiltonian for a theory involving higher
than the usual second derivative is obtained through Legendre
transformations with respect to the derivatives of the field, the
Hamiltonian incurs linear instabilities in its canonical
momenta. Theories employing curvature invariants such as
those in (31) or the Weyl invariant [29] Cpuvps CHYP°, are
beleaguered by Ostrogradski’s ghost and negative energies.
Any theoretical model that involves higher derivatives must
therefore exorcise this ghost or provide an alternative
interpretation of negative energies. This has led some to
seriously consider nonlocal theories that depend on an infinite
order of time-derivatives. Nonlocal theories have been studied,
and are actually obtained as effective models of string theories,
but their phenomenology is still beyond our brightest
conquistadors. While some believe that this Ostrogradskian
instability summatively precludes higher-derivative theories,
one might appreciate it as a beacon that provides important
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clues that may guide those in search for the ultimate parent theory
that accommaodates all realms inquiry.
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