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Purpose of the study: The study aims to clarify that the Strong Equivalence
Principle (SEP) is sufficient but not necessary for reproducing classical solar-
system tests of gravity. The framework targets persistent student
misconceptions, offering instructors a concise way to separate principles from
observations.

Methodology: The analysis applies the standard parametrized post-Newtonian
(PPN) formalism focusing on parameters y and B. Worked examples from
Brans—Dicke theory illustrate explicit predictions when y # 1. A concise three-
stage instructional sequence, introducing y and 3, analyzing the Brans—Dicke
counterexample, and interpreting the resulting parameter-space diagram, serves
as the pedagogical intervention guiding students in distinguishing sufficiency
from necessity within gravitational theory.

Solar System Tests
Strong Equivalence Principle

Main Findings: Results confirm that SEP enforces y=p=1, while experimental
constraints allow small deviations. Brans—Dicke theory with finite coupling
demonstrates that SEP violations can still pass key solar-system tests: light
deflection, Shapiro delay, and perihelion advance. Classroom diagrams and
exercises show students how alternative theories succeed observationally, even
when SEP is not strictly satisfied, thereby correcting misconceptions.

Novelty/Originality of this study: The study reframes established theoretical
results into a compact pedagogical tool. Unlike prior treatments that present
SEP as both sufficient and necessary, this approach emphasizes the logical
distinction and demonstrates it with concrete counterexamples. Its originality
lies in providing classroom-ready illustrations and tasks, equipping instructors
to teach SEP more accurately and address misconceptions effectively.
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1. INTRODUCTION

General relativity describes gravitation through geometric principles that have withstood experimental
testing for over a century [1]. The equivalence principle, developed through Einstein’s 1907 argument, defines
how acceleration and gravitation correspond in local frames. The Strong Equivalence Principle (SEP) extends
this concept by asserting that all local physical experiments are independent of position and velocity in
spacetime. Classical solar-system tests, including light deflection, radar time delay, and perihelion advance, have
evaluated this principle for more than a century [2]-[6]. These results verify that metric theories close to general
relativity remain viable but also demonstrate that the relationship between theoretical assumptions and empirical
outcomes requires careful interpretation [7]-[10].
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Despite the precision of these experiments, persistent conceptual difficulties arise in the classroom.
Students often struggle to distinguish empirical confirmation from theoretical necessity, treating observational
agreement as proof of logical necessity. Instructional challenges occur when learners assume that high
measurement accuracy validates the principle itself, rather than merely confirming a model that satisfies certain
conditions. This distinction is essential to understanding why alternative theories that deviate from SEP can still
reproduce accurate predictions for planetary motion or light deflection [8], [11].

A common question arises when students first encounter the Strong Equivalence Principle: “If SEP is
fundamental to general relativity, why do some alternative theories still predict correct planetary orbits?”” This
question highlights a recurring instructional challenge. Instructors often struggle to explain why violations of
SEP do not automatically disqualify a gravitational theory from reproducing solar-system results [4]-[6]. The
difficulty is conceptual. Learners frequently blur the distinction between two separate issues: (i) adherence to
theoretical principles such as SEP, and (ii) empirical success on classical solar-system tests. This conflation can
lead to the assumption that any departure from SEP guarantees observational failure.

The conceptual challenge has been noted since the early formulations of the equivalence principle.
Later discussions emphasized the importance of distinguishing between theoretical postulates and empirical tests
[12], [13]. Prior studies in physics education report recurring misunderstandings about the relationship between
theoretical postulates and experimental tests. Students often assume that a violation of a principle must result in
failed observations. Research on teaching relativity and gravitation documents this confusion and links it to weak
separation between conceptual and empirical reasoning [13]-[16]. Equivalence-principle discussions in standard
references often emphasize mathematical form [17] but seldom clarify logical hierarchy.

Existing instructional materials reinforce this confusion by treating SEP as simultaneously a theoretical
postulate and an empirical constraint [6], [18]. No published classroom framework systematically distinguishes
sufficiency from necessity in gravitational theory. This gap perpetuates misunderstanding across introductory
and advanced courses, where problem sets emphasize numerical agreement but omit logical separation between
principle and observation. Clarifying this boundary is pedagogically urgent, as it allows instructors to
demonstrate why theories with small parameter deviations can still match experimental results.

The present paper addresses this pedagogical gap by introducing a compact teaching framework. The
approach distinguishes between foundational assumptions and experimental predictions using the parametrized
post-Newtonian (PPN) formalism [7], [8]. It is designed for classroom use, where students can directly examine
the logical relationship between principle and observation. The contribution is threefold: first, to clarify SEP
through a structured logical presentation; second, to provide practical teaching tools such as worked examples
and exercises; and third, to improve conceptual clarity for learners. By the end of the module, students can
separate theoretical requirements from observational consequences and apply this reasoning across gravitational
theories [15], [19].

Although numerous references discuss the equivalence principle and its experimental tests within
general relativity, no instructional approach explicitly helps students understand that empirical success does not
always require full adherence to a given theoretical postulate. The absence of a pedagogical framework that
clarifies this sufficient—but—not—necessary relationship leads to persistent misconceptions, especially when
students attempt to explain why gravitational theories that violate SEP can still produce correct predictions for
phenomena such as light deflection or planetary orbits. The urgency of this study lies in the need to provide a
concise and systematic teaching model that instructors can readily integrate into instruction, allowing them to
clearly separate theoretical assumptions from observational outcomes. Therefore, the purpose of this study is to
clarify that the Strong Equivalence Principle (SEP) is sufficient but not necessary for reproducing classical solar-
system tests of gravity, and to offer a framework that addresses student misconceptions by enabling instructors to
distinguish principles from observations.

2. RESEARCH METHOD

This paper adopts a pedagogical research method rather than an experimental or theoretical-physics
framework. The objective is to clarify the logical structure underlying the Strong Equivalence Principle (SEP)
and its relationship to solar system tests. The methodology proceeds in three steps. The instructional design
follows established modeling and design-based approaches in physics education research that connect theoretical
analysis to structured learning tasks [14]. This structure justifies the use of a conceptual pedagogy rather than an
empirical classroom study. The framework applies the parametrized post-Newtonian (PPN) formalism as the
analytical base and develops guided examples to illustrate how students can analyze sufficiency and necessity
within gravitational theory.

A practical way to introduce the parametrized post-Newtonian (PPN) framework is to start from
Newton’s law of gravitation, ' = GM m/r2, and ask students: "What modification is needed for this to agree with
Einstein’s theory?" This establishes continuity between Newtonian and relativistic gravity. In the weak-field
limit, the metric can be written in pedagogical form [6], [7]:
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where U = GM/r is the Newtonian potential. For clarity, only y and f are shown, since these parameters capture
the dominant solar system tests. The parameters can be introduced conceptually:

* f: how much gravity influences itself.
* y: how much gravity curves space.

Einstein’s general relativity predicts y = f = . Other metric theories predict slightly different values,
making the PPN approach a useful teaching bridge between abstract principles and measurable outcomes [4], [5],
[20].

The power of the PPN framework is that it connects directly to empirical tests. These three tests
represent different manifestations of spacetime curvature that students can visualize conceptually. Light
deflection demonstrates spatial curvature effects, while perihelion advance shows how orbital dynamics change
in curved spacetime. The Shapiro delay reveals temporal aspects of gravitational fields. This variety helps
students understand that the PPN parameters y and B capture fundamental aspects of how gravity works, making
the connection between abstract principles and concrete measurements more tangible for classroom discussion.

PPN parameter space near SEP
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Figure 1. PPN parameter space near (y, ) = (1, 1). The black point marks the Strong
Equivalence Principle (SEP). The outlined square is a classroom illustration (|y — 1|, |8 — 1| <
0.01). Modern experiments, such as Cassini, constrain y much more tightly (|y —1| < 2x10-35).

Brans—Dicke examples show that SEP is sufficient but not necessary for agreement.
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For y = 1, this gives 1.75” for a ray grazing the Sun. Eddington’s 1919 eclipse expedition, published the
following year, reported this value [3]. Modern very-long-baseline interferometry (VLBI) confirmed it to high

precision [4], and later measurements extended the method to planetary deflections such as Jupiter [21].
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This round-trip radar echo delay was first identified as a relativistic effect by Shapiro in 1964 [22]. The Cassini
radio experiment improved the precision of this test by nearly two orders of magnitude, confirming y = [ to 2 x
10—5[23].
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Am = (2 - F4+2v)—F—. 1)
I' >+ ) all — e?)c? )

For § =y = I, this reduces to the general relativistic prediction of 43" per century. The relativistic correction was
recognized soon after Einstein’s theory and analyzed in detail by Clemence [24]. The observed value matches to
within measurement error [6].

Lunar Laser Ranging: In addition to these classical tests, lunar laser ranging provides direct bounds on SEP-
violating effects through the Nordtvedt parameter. Decades of ranging experiments constrain such violations to
high precision [25], [26].

Classroom Exercise: Students can be asked: "Given these observational bounds, what values of (y, B) are
allowed?" For instance, y = 1.001, B = 1.002 passes all constraints, as does y = 0.999, § = 0.998. This reinforces
the key teaching point: solar system tests strongly constrain but do not uniquely enforce y=f = 1.

3.  RESULTS AND DISCUSSION

SEP = y = B = 1 guarantees agreement with the classical solar-system tests (light deflection, Shapiro
delay, perihelion advance). The parameter-space diagram shows that small departures from (1,1) can still fall
inside observational bounds; Brans—Dicke with finite ® illustrates SEP violation with observational success at
the ~107% level for y. Recent constraints narrow the allowed region but do not change the logic: [y — 1] < 2x107°
from Cassini radio tracking [23]; VLBI deflection remains consistent with y = 1 at ~10™* precision [4]; post-
Newtonian fits bound 2y — B — 1 at ~107 [6]. Hence SEP is sufficient, not necessary, for passing the solar-
system tests.

The discussion begins from the instructional design perspective. The results validate the three-stage
classroom sequence by showing how students can reason through SEP sufficiency using the PPN parameter
space as a visual and analytical guide.

The first two sections established the PPN framework and its connection to solar system observations.
This section turns to the Strong Equivalence Principle (SEP) itself. The goal is to clarify its role as a theoretical
condition, and to show why SEP is sufficient but not necessary for observational success. By distinguishing
principle-level requirements from empirical bounds, instructors can help students avoid a common
misconception: that any violation of SEP automatically implies a failed test [15], [19].

Instructors often emphasize that the Strong Equivalence Principle (SEP) is not just a heuristic but a
strict theoretical mandate. In the parametrized post-Newtonian (PPN) framework, SEP enforces the relations y =
1 and B =1 exactly [6], [7]. When these equalities hold, all metric theories reproduce Einstein’s general relativity
in the weak-field limit [5], [7].

For students, the physical content of SEP can be summarized in three points:
* Local laboratory experiments cannot detect a uniform gravitational field.
* Gravitational and inertial mass are identical.
* No preferred reference frame exists for gravitational physics.
Expressed in this way, the principle is seen not as an observational statement but as a theoretical
requirement built into Einstein’s construction [12].
The teaching challenge is to separate sufficiency from necessity. SEP provides a sufficient condition:

SEP = y=1, f=1 = passesall solar system tests.

Thus, any theory satisfying SEP will automatically succeed in reproducing deflection, delay, and perihelion data

(6], [13].
=SEP, y =1, =1 = still passes tests.

However, SEP is not a necessary condition. A theory may violate SEP (with y/~ I or /= 1) yet still lie within
the current observational bounds [7], [27].

—SEP, y= 1, f= I = still passes tests

Strong Equivalence Principle: Violations without Failure a PPN Classroom... (Michael Aaron Cody)
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This logical distinction is crucial for students, who often conflate principle-level violation with
experimental failure.

One way to make this logic tangible is through parameter-space diagrams. Instructors can
show (y, f) on a simple two-dimensional plot:

e The SEP condition appears as a single point at (1, I).

e The observationally allowed region, roughly |y — /| < 0.01 and | — 1| < 0.01, is represented as a small
box surrounding the point.

e Alternative metric theories correspond to specific points inside the box but away from (/, 7).

This visualization makes clear that while SEP guarantees success, there is observational “room” for
theories that depart from it. The box limits are presented here at the +0.0/ level for clarity in classroom
discussion, though modern measurements (such as Cassini) constrain y far more tightly [23]. The figure
reinforces the central pedagogical message: principle adherence and observational consistency are related but
logically distinct.

The previous section established that SEP is sufficient but not necessary for agreement with solar
system tests. To make this distinction concrete for students, it is helpful to present a specific alternative theory.
Brans—Dicke theory is particularly useful in the classroom because it modifies Einstein’s framework in a simple,
transparent way while retaining clear predictions for the PPN parameters y and . By working through this
example, students can see directly how a theory may violate SEP yet remain consistent with observational
constraints.

Brans—Dicke theory was formulated in 1961 as a scalar—tensor modification of general relativity [28],
building on earlier proposals by Jordan [29], Fierz [30], and Scherrer [31]. It introduces a scalar field ¢ that
couples to curvature, with action.

5 = [|}.‘JR YV 4 Lon| Vg . (5)
- i)

The theory contains a free parameter o, called the Brans—Dicke coupling constant. Its predictions in the weak-
field limit can be expressed in the PPN framework as [7]:

,_.
£

= g =1. (6)

This makes Brans—Dicke theory an ideal classroom example: it modifies SEP predictions while still
connecting directly to measurable PPN parameters.
A specific value of ® can be chosen to illustrate the relationship between principle violation and
observational success. Taking @ = 1000 gives

1001

1002 ~ (.999. (7)

The consequences are clear:

e SEP status: Violated, since y/~ 1.

e Observational status: |y — /| = 0.001, which lies well within the approximate +0.0/ bounds used in

classroom discussion of solar system tests.

Thus, the example demonstrates that a theory can violate SEP yet still be consistent with observational
constraints. This reinforces the logical distinction students are asked to recognize. Modern solar system
measurements, such as the Cassini spacecraft’s radio tracking, in fact constrain the parameter to ® = 40,000
[23], [32]. For classroom purposes, however, a smaller illustrative choice such as @ = 1000 is more transparent
and achieves the same pedagogical aim.

This example can be extended into classroom activities. Instructors can pose conceptual questions such as:

1. A theory predicts y = 1.005 and f = 1.000. Does it satisfy SEP? Does it pass solar system tests?

2.  What is the difference between violating a principle and failing an experimental test?

Short problem-solving tasks can also be assigned: students may compute y for several values of ® and check
whether each case lies inside or outside the observational box of Figure 1.

Finally, instructors may briefly note that Brans—Dicke is not the only example. Vector—tensor and multi-
scalar theories provide other cases where SEP is violated but empirical bounds are satisfied [33], [34]. Such
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mentions help students appreciate that Brans—Dicke is illustrative of a wider family of possibilities, not a special
exception.

The framework developed in this paper is intended to support instruction in modern physics and
introductory general relativity. Its main contribution is the logical separation between principle adherence and
observational sufficiency, illustrated through the PPN formalism and a Brans—Dicke example. In practice,
instructors can adapt this framework flexibly: it may appear as a brief illustration within a single lecture on the
equivalence principle, as an extended worked example in a two-class sequence on post-Newtonian gravity, or as
a capstone exercise in an upper-level elective. The core idea, that SEP is sufficient but not necessary for solar
system test success, can be emphasized at any level of mathematical depth [31], [35].

Possible classroom activities include asking students to evaluate whether given (y, ) values satisfy both
SEP and observational constraints, or guiding them through the Brans—Dicke calculation to show how principle
violation can still yield empirical agreement. These activities require no specialized background beyond
Newtonian gravity and the ability to work with algebraic constraints, keeping the material accessible. The
framework is designed to scale with instructor expertise and course priorities, providing a practical bridge from
conceptual logic to classroom discussion without requiring major changes to existing curricula [29], [36]. The
logical distinction developed here also connects to broader theoretical contexts. Similar sufficiency—necessity
relationships appear in extended gravity frameworks such as tensor—multi-scalar and f(R) models [32]-[34].
These links demonstrate that the argument extends beyond Brans—Dicke and remains consistent with modern
tests of gravitation.

The novelty of this study lies in showing that the logical separation between principle adherence and
observational sufficiency long discussed in theoretical gravity research [7], [23], [27], can be transformed into a
concise and instruction-ready framework. Unlike previous treatments in relativity texts, which state SEP
conditions but do not clarify their sufficiency versus necessity status [6], [17], this study introduces a parameter-
space reasoning approach that makes these distinctions explicit and visually accessible to students. By
integrating modern bounds on y and B into a simplified PPN diagram, the framework offers a new pedagogical
contribution: a clear demonstration that SEP guarantees agreement with solar-system tests, yet is not required for
them, thereby directly addressing documented student misconceptions in relativity education [13], [15], [19].

The implications of this study extend directly to the teaching of modern physics and introductory general
relativity. By providing a framework that clearly separates theoretical principles from observational constraints,
instructors gain a practical tool for addressing persistent student misconceptions about the role of SEP in
gravitational theory. The parameter-space approach allows learners to compare theories not only by their
conceptual assumptions but also by their empirical viability, supporting deeper reasoning about why alternative
theories may remain consistent with experimental bounds. This framework can also inform curriculum design by
encouraging the integration of PPN-based visualizations and worked examples into lectures, tutorials, and
assessments. More broadly, the logic developed here aligns with current trends in physics education that
emphasize analytical reasoning over rote application, offering a transferable model for teaching other sufficiency
necessity relationships encountered in advanced topics such as scalar—tensor gravity, f(R) models, and post-
Newtonian approximations. This study has limitations, namely that it only presents a theoretical teaching
framework without empirical testing in the classroom.

4. CONCLUSION

This paper has presented a pedagogical framework for teaching the Strong Equivalence Principle that
clarifies a recurring difficulty in undergraduate instruction. By using the parametrized post-Newtonian
formalism, the framework distinguishes theoretical requirements from observational constraints and shows why
violations of SEP do not automatically imply failed solar system tests. The sufficient-versus-necessary logical
structure provides students with a systematic method for separating principle-level assumptions from empirical
validation. The Brans—Dicke example demonstrates this distinction concretely, illustrating how a theory 8 with
v/~ 1 can remain consistent with observational bounds without requiring students to master the full formalism.
The framework is designed to scale across different course contexts, requiring no more than basic familiarity
with Newtonian gravity and algebraic reasoning. While the focus here has been on SEP, the same logical
strategy can be applied in other areas where students conflate principles with consequences, such as special
relativity postulates, conservation laws in mechanics, or postulates in quantum theory. Future work should
explore the effectiveness of this approach in classroom settings, but even without formal assessment the
framework provides instructors with a clear and logically consistent method for presenting SEP. Future work
should apply the framework in teaching settings to evaluate student understanding of equivalence principles and
post-Newtonian reasoning. The same logical structure can extend to other domains where students confuse
theoretical principles with observational outcomes, such as gauge invariance or quantum measurement.
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246 a ISSN: 2716-1587

REFERENCES

[1]1 A. Einstein, "Uber das Relativititsprinzip und die aus demselben gezogenen Folgerungen," Jahrbuch der Radioaktivitiit
und Elektronik, vol. 4, 1907, pp. 411-462, doi: 10.1007/978-3-322-83770-7.

[2] R.H. Dicke, "The Theoretical Significance of Experimental Relativity," in Relativity, Groups and Topology, C. DeWitt
and B. DeWitt, Eds. New York: Gordon and Breach, 2019, pp. 165-313, doi: 10.1007/s10714-019-2509-2.

[3] F. W. Dyson, A. S. Eddington, and C. Davidson, "A determination of the deflection of light by the Sun's gravitational
field, from observations made at the total eclipse of 29 May 1919," Philosophical Transactions of the Royal Society A,
vol. 220, 1920, pp. 291-333, doi: 10.1098/rsta.1920.0009.

[4] D.E. Lebach, B. E. Corey, L. I. Shapiro, M. 1. Ratner, J. C. Webber, A. E. E. Rogers, J. L. Davis, and T. A. Herring,
"Measurement of the solar gravitational deflection of radio waves using very—long—baseline interferometry," Physical
Review Letters, vol. 75, no. 8, 1995, pp. 1439-1442, doi: 10.1103/PhysRevLett.75.1439.

[S1 L. 1. Schiff, "On experimental tests of the general theory of relativity," American Journal of Physics, vol. 28, 1960, pp.
340-343, doi: 10.1119/1.1935800.

[6] E. F. Taylor and J. A. Wheeler, Spacetime Physics, 2nd ed. San Francisco, CA: W. H. Freeman, 1992,
https://books.google.co.id/books/about/Spacetime Physics.html?id=PDA8YcvMc QC&redir_esc=y.

[71 C. M. Will, Theory and Experiment in Gravitational Physics, 2nd ed. Cambridge, UK: Cambridge University Press,
1993, https://inspirehep.net/literature/1700339.

[8] C.M. Will, "The Confrontation Between General relativity and experiment," Living Reviews in Relativity, vol. 9, 2006,
p. 3, doi: 10.12942/1rr-2006-3.

[91] C. M. Will, "The Confrontation Between General relativity and experiment," Living Reviews in Relativity, vol. 17,
2014, article 4, doi: 10.12942/1rr-2014-4.

[10] C. M. Will, "Theory and experiment in gravitational physics: update," Annual Review of Nuclear and Particle Science,
vol. 68, 2018, pp. 1-33, doi: 10.1146/annurev-nucl-101917-020553.

[11] Gaia Collaboration, "Astrometric tests of general relativity with Gaia EDR3," Astronomy & Astrophysics, vol. 666,
2023, A43, doi: 10.1051/0004-6361/202243473.

[12] T. Damour, "Testing the equivalence principle: why and how?," Classical and Quantum Gravity, vol. 13, 1996, pp.
A33-A41, doi: 10.1088/0264-9381/13/11A/005.

[13] C. Singh, "Student difficulties with relativity and spacetime reasoning," Physical Review Physics Education Research,
vol. 17,2021, p. 010115, doi: 10.1103/PhysRevPhysEducRes.17.010115.

[14] D. Hestenes, "Toward a modeling theory of physics instruction," American Journal of Physics, vol. 55, no. 5, 1987, pp.
440454, doi: 10.1119/1.15129.

[15] L. C. McDermott and E. F. Redish, "Resource letter: PER—1: Physics education research," American Journal of
Physics, vol. 67, 1999, pp. 755-767, doi: 10.1119/1.19122.

[16] V. Otero, "Toward a model of physics teacher knowledge development," American Journal of Physics, vol. 84, 2016,
pp. 472480, doi: 10.1119/1.4947152.

[17] H. C. Ohanian, "What is the principle of equivalence?," American Journal of Physics, vol. 45, no. 10, 1977, pp. 903—
909, doi: 10.1119/1.10903.

[18] R. Resnick, Introduction to Special Relativity. New York, NY: Wiley, 1968, https://cas.web.cern.ch/previous-schools.

[19] K. Nordtvedt, "Equivalence principle for massive bodies. I. Phenomenology," Physical Review, vol. 169, 1968, pp.
1014-1016, doi: 10.1103/PhysRev.169.1014.

[20] T. Damour and K. Nordtvedt, "General relativity as a cosmological attractor of tensor—scalar theories," Physical Review
Letters, vol. 70, 1993, pp. 2217-2219, doi: 10.1103/PhysRevLett.70.2217.

[21] E. B. Fomalont and S. M. Kopeikin, "The measurement of the light deflection from Jupiter: experimental results,"
Astrophysical Journal, vol. 598, 2003, pp. 704-711, doi: 10.1086/378785.

[22] I. I. Shapiro, "Fourth test of general relativity," Physical Review Letters, vol. 13, 1964, pp. 789-791, doi:
10.1103/PhysRevLett.13.789.

[23] B. Bertotti, L. Iess, and P. Tortora, "A test of general relativity using radio links with the Cassini spacecraft," Nature,
vol. 425, 2003, pp. 374-376, doi: 10.1038/nature01997.

[24] G. M. Clemence, "The relativity effect in planetary motions," Reviews of Modern Physics, vol. 19, 1947, pp. 361-364,
doi: 10.1103/RevModPhys.19.361.

[25] J. G. Williams, S. G. Turyshev, and D. H. Boggs, "Progress in lunar laser ranging tests of relativistic gravity," Physical
Review Letters, vol. 93,2004, p. 261101, doi: 10.1103/PhysRevLett.93.261101.

[26] C. M. Will, "Theoretical frameworks for testing relativistic gravity. II. Parametrized post-Newtonian hydrodynamics,
and the Nordtvedt effect," Astrophysical Journal, vol. 163, 1971, pp. 611-628, doi: 10.1086/150804.

[27] S. Weinberg, Gravitation and Cosmology: Principles and Applications of the General Theory of Relativity. New York,
NY: Wiley, 1972,
https://books.google.co.id/books?hl=en&Ir=&id=TrhCEQAAQBAJ&oi=fnd&pg=PA1&dq=%5B27%5D%09S.+Wein
berg,+Gravitation+and+Cosmology:+Principlestand+Applicationst+of+the+General+Theory+of+Relativity. +New+Yor
k,+NY:+Wiley,+1972&o0ts=m3Y 5SmVA5w8&sig=RMkaMtMp3OMjNLieGDeFeBzMouk&redir esc=y#v=onepage&q
&f=false

[28] C. Brans and R. H. Dicke, "Mach's principle and a relativistic theory of gravitation," Physical Review, vol. 124, 1961,
pp- 925-935, doi: 10.1103/PhysRev.124.925.

[29] P. Jordan, "Zum gegenwirtigen Stand der Diracschen kosmologischen Hypothesen," Zeitschrift fiir Physik, vol. 157,
1959, pp. 112-121, doi: 10.1007/BF01375040.

[30] M. Fierz, "On the physical interpretation of P. Jordan's extended theory of gravitation," Helvetica Physica Acta, vol. 29,
1956, pp. 128-134, https://www.semanticscholar.org/paper/On-the-physical-interpretation-of-P.Jordan's-theory-
Fierz/c0ea3d552174b740ef8f28dd4b838ce8d6469683

Sch. Jo. Phs. Ed, Vol. 6, No. 4, December 2025: 240 - 247


https://books.google.co.id/books/about/Spacetime_Physics.html?id=PDA8YcvMc_QC&redir_esc=y

Sch.

Jo. Phs. Ed ISSN: 2716-1587 a 247

[31]
[32]
[33]
[34]
[35]

[36]

W. Scherrer, "Uber die verallgemeinerte Feldgleichung der Gravitation," Helvetica Physica Acta, vol. 14, 1941, pp. 81—
83, doi: 10.1515/zna-1947-0102.

T. P. Sotiriou and V. Faraoni, "f(R) theories of gravity," Reviews of Modern Physics, vol. 82, 2010, pp. 451-497, doi:
10.1103/RevModPhys.82.451.

T. Clifton, "Modified gravity and cosmology," Physics Reports, vol. 876, 2020, pp. 1-80, doi:
10.1016/j.physrep.2020.04.005.

T. Damour and G. Esposito-Farése, "Tensor—multi—scalar theories of gravitation," Classical and Quantum Gravity, vol.
9, 1992, pp. 2093-2176, doi: 10.1088/0264-9381/9/9/015.

C. W. Misner, K. S. Thorne, and J. A. Wheeler, Gravitation. San Francisco, CA: W. H. Freeman, 1973,
https://books.google.co.id/books/about/Gravitation.html?id=zA AuDwAAQBAJ&redir_esc=y

Y. Fujii and K. Maeda, The Scalar—Tensor Theory of Gravitation. Cambridge, UK: Cambridge University Press, 2003,
https://assets.cambridge.org/97805218/11590/sample/9780521811590ws.pdf.

Strong Equivalence Principle: Violations without Failure a PPN Classroom... (Michael Aaron Cody)



