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We examine the presentation of the weight, weightlessness, and tides in university-level physics
textbooks. Introductory textbooks often do not discuss tidal forces even though their understanding
would be useful for understanding weightlessness. The explanations of tides often miss the free
gravitational motion of both interacting objects, which is essential for the symmetry of tidal
deformation. The shortcomings in the explanations of weightlessness and tides as provided by
students and teachers are compared to textbook discussions. We suggest that an explicit discussion
of the different definitions of weight and a synergetic presentation of weightlessness and tides might
lead to a better understanding of gravitation. Our approach is illustrated by examples of tidal effects
appropriate for introductory courses. @03 American Association of Physics Teachers.
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[. INTRODUCTION We suggest that weight, weightlessness and tidal effects,
each different facets of gravitation, be integrated into one
The concept of gravitation is commonly introduced jnstructional unit because they share an essential requirement
through its relation to weight and free fall. Weight is known for their understanding: the relation between the concept and
to present a special problem and physics educators have digs measuremenrit
cussed the definition of Weight since the 196(1—3!\/0 main Because tidal effects often are perceived as a Subject
interpretations of Weight are well known. One identifies So|e|y for advanced courses, we discuss in the Appendix sev-

weight with the gravitational force exerted on a bddyavi-  eral tidal effects appropriate for a general physics course.
tational definition and the other associates weight with the
result of weighing(operational definitioh®). The latter ap-
proach distinguishes between weight and gravitational forcdl. METHOD OF THE STUDY

Instruction in introductory physics courses traditionally Inf . I d di he definiti f
discusses the gravitational effects related to the weight of 'Nformation was collected regarding the definitions o

objects and their movement under the influence of the graviW(aight and explanations of weightlessness and tidal phenom-

tational force, usually neglecting another important phenom:ena' We examined these contents in a broad sample of phys-

enon of gravitation: tidal forces. This neglect is in spite of a'®S text_lt)_ooks(§=23) fcgrg i_Ptr%dL:ctory pk;r)]/sicks colurdses "]1
comprehensive publicatinand available computer-aided UMNVESIUES and COlEgES. 1o determine e knowledge of
tutoriaP on tidal forces. Moreover, understanding tidal Students and teachers, we administered an open question-
bulges is claimed to be important for high school teachers.N€ tqthlg? Zchct)ogphysmss t’e\Ji%géGroyp'T, '\.':75% ar]d

The importance of tidal phenomenon follows because apﬁy%sw 3” entd r?u_p PN ) majorln%lnlg )ﬁl]cs
though weighing may miss the gravitational fordfer ex- (N=10) and in a pres Igious science prograhi=18). The
ample, in a free fall small-scale measurements of tidal (€2chers were accessed in workshops, and the students were
forces can reliably indicate the presence of gravitafidhis reached in class or invited to a special session. The question-

twofold manifestation of the gravitational for¢the results \r/l\?lr%_(ljnclutdedkogaen-endedl cortl_ceptljfa:hqu?jtlﬁ'ra_mle c? .
of weighing and tidal effecjsis especially important for € did not ask for an explanation of the tides in order to
physics education and brings to the fore an essential issugyo'd amere declaratlon in response to a standard question.
the relation of physical concepts to measurement. This issu stead, in Question 4 we asked students and teachers to

with regard to the understanding of weight and Weightless-explain a composite tidal phenomenon: spring tides. This

ness, is known to be confusing for students regardless (ﬁgesyion addresses th_e fundamental aspect of tides: the con-
their level of instructiorf. The relevant knowledge of stu- nbupon from each 'object due to the nonhomogeneity of the
dents was found to fit schemes of knowledge that conflict thgravitational attraction causes a tidal stretch. Both stretches
scientific understanding of the subjécEor example, high SUM UP to produce a spring tide. Concept definitions and
school students commonly identify gravitational force with tN€ir coherence with explanations of the phenomena were
the results of weighing, and ignore the notion of apparen xamined, and the answers from the teachers/students and
weight. With respect to understanding of the tides, the pic—EthoOks were compared.

ture also is discouragint]. These findings suggest a further

e_xamination (_)f th? knowledge and presentation of gravitaj)] RESULTS AND INITIAL INTERPRETATION

tion at the university and college levels.

We have examined the definitions of weight and explana- We found that the textbooks treat gravitation in two con-
tions of weightlessness and tides as given by high schodkxts: (1) When addressing the concept of for@éewton’s
physics teacherguniversity graduates university students laws of mechanigs and(2) later on, with regard to Newton’s
majoring in science, and university-level textbooks. Ouruniversal law of gravitation. Weightlessness is normally pre-
study provides new data for the problem of understandingented in the former context and tides in the latter. The two
gravitation by physics students who are exposed to the cuphenomena remain unrelated topics and are neither com-
rently common way of instruction and its resources. pared nor discussed in the same context.
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Table I. Questionnaire.

Half
Questions Moon
, : o
Q Defln(_e the concept of weight _ _ New Full
Q, Explain the weightlessness experienced by astronauts in a Moon Moon
spaceship orbiting the Earth Sun » »
Qs A passenger in a sealed free falling elevator simultaneously

releases a steel ball and a helium filled ball¢ive situation
was demonstrated by a drawjndexplain the passenger’s
observation regarding the motion of the two objects

Q. When do ocean high tides attain their maximum: dufiag
full moon, (b) new moon or(c) half-moon (the situations
were demonstrated by a drawing—Fig. Explain your
answer

Fig. 1. Relative positions of the Sun—Earth—Moon to be considered with
respect to the strength of ocean tides.

sults and the incompatibility of the gravitational definition of
weight (category 1, Table )lwith the operational onécat-
egory 2. Normally, textbooks that introduce the “true
A. Definitions of weight weight” (gravitational forcé do not address how to measure
it. This lack is sometimes striking. For example, “The

Most of the textbook$76%) use the gravitational defini- wei%ht of an object is the net gravitational force acting on
tion of weight (category 1, Table )l and its formula(W it.” *” “The weight of a body is the total gravitational force
=mg). Only five books adopted the operational definitionexerted on the body by all other bodies in the univer&e.”
(category 2, while just oné® utilized both types* About The distribution of weight definition responses from group
50% of the textbooks did not distinguish between the result§ showed a prevalence of what are considered as operational
of weighing and the gravitational force and neglected thedefinitions(category 2, Table J| Most of group S upheld the
difference between the tw@s manifested in free fallThose  gravitational definition(category 1, similar to the majority
sensitive to this point defined the “apparentdr “effec-  of the textbooks. About 17% of the teachers provided both
tive”) weight as the scale reading and the “true” weight for the gravitational and the operational definitions, ignoring
the gravitational force itself. whether they are coherent. The notion of apparent weight

The textbooks did not mention that using the formulaevidently escaped the attention of most of the students and
W=mg with a measured ¢free fall accelerationproduces teacher$! The answers in category 3 related weight to iner-
only an apparent weigh®, which is different from the one tial forces?? which are usually out of the scope of introduc-
obtained by using g calculated from Newton’s law of gravi-tory courses. Finally, the definitions in category 4, which
tation (gravitational field. The same conceptual inaccuracy appeared only in Group S, related weight to mass either by a
takes place when the result of weighing is equated to gravimere articulation of the formula Wmg or by the concept of
tation alone(ignoring accelerated motign“The downward  heaviness.
force of the earth on an object is its weight. Thus, a spring
balance can be used to weigh object&.”In practice, the
corrections needed to obtain the true weight from th
[spring] scale reading are of the order 0.1% and can usually Only 13 (40%) of the textbooks explained the state of
be ignored.®” Leaving aside the fact that no international weightlessnesgTable Ill). Definitions of weight and expla-
trade can afford such a generosity, we mention that theseations of weightlessness often appear in textbooks in differ-
statements diminish the essential difference between appagnt place$® Nine textbooks warned their readers not to in-
ent and true weight. Without reservation such a claim by derpret weightlessness literally, because weightlessness was
physics instructor can be misleaditfy. fictitious and did not imply the absence of weigbtven the

The weighing procedure often is not specified. This lackgravitational weight definition “The condition we call
ignores the uncertainty in the interpretation of weighing re-weightless does not mean “no weight.” Instead it means no

eB. Explanations of weightlessness

Table Il. Frequencies of weight definitions in the sam{preultiple definitions were counted

Types of definition Textbooks Group-T Group-S
1 Weight is the gravitational force exerted
on the body
- without introduction of apparent weight i3] 3546] 17[63]
- with introduction of apparent weight (28] 1[1]
2 Weight is the result of standard weighing [26] 12(16]
Weight is equal to the supporting force (4] 3547] 2 [7]
3 Weight is a net force of gravitational and 4 [5] 1[4]
inertial forces
4 Weight is a quantity of matter times 1 [4]
gravitation
Weight is a measure of the mass of the body 2 [7]
Weight is body’s heaviness |
5 Not defined 1[4] 1 [4]

®Here and in all subsequent tables, the percentage is given in square brackets.
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Table Ill. Explanations of weightlessnegsultiple explanations were counted

Types of weightlessness explanation Textbooks Group-T Group-S
1 All the objects share the same “acceleration” [28] 14[19]
2 Fictitious (inertial) force cancels gravitational 1 [4] 20027] 3[11]
force
3 Little (or no) gravitation 17122] 2382]
4 No force of support is required to prevent 312] 8[11]
falling
5 Objects are influenced solely by gravitation 4 [5] 1 [4]
6 Not explained, but suggested as an end-of- 416]
chapter problem
7 Not mentioned/Not explained 4] 3[11]

“apparent weight”... The man in the elevator still has weight forces®! The explanation of weightlessness by “little” or
mg—that has not changed—but he has no sensation ¢hbsent” gravitation, especially popular among Group S, re-
weight, as he free falls. The term weightlessness is a vergembles the views of the high school studétBvidently,
poor one, almost guaranteed to cause confusion becausepifany tend to eliminate the gravitational force when address-
seems to imply that objects have no weigft." ing the state of “obvious” weightlessness such as in a satel-
|fe. The explanations of type 5 were clearly unsatisfactory

; . L ) » nd merely described the situation. In fact, no student in our
agrees with measurements and is qualitatively valid.

Similar to the treatment of weight, some textbooks distin-Sample could adequately explain yvgghtlessness. L
guish between apparerior effectivé weightiessness and  BOth the T and S groups exhibited much confusion in
true weightlessneséabsence of gravitation, a hypothetical Predicting the behavior of the steel ball and helium-filled
case. Textbooks that define weight operationally were freeballoon in a free falling elevatdiQuestion 3 in Table)l The
of this subtlety?® results in Table IV show that although most of the respon-

The rather common explanation of typgTable Ill) evi-  dents recognized the state of weightlessness regarding the
dently ignores the fact that “sharing the same acceleration bgteel ball(91% in Group T and 79% in Group) Stheir re-
all parts of the system” is not sufficient for the objects to besponses differed with regard to the helium ball¢gd8% and
weightless. Without free falling, this explanation becomes7% respectively The following response is illustrative:
inadequaté® Equally inadequate are claims of the total can-“The ball falls together with the man and there is no relative

cellation of the gravitational force by fictitiousinertial)  yelocity between them, and the balloon will rise up because
force (tygeuz and that all effects of gravitation cease in aitis lighter than the ait 33 (our emphasis

. : ) |
free .fall. - But .'f the accgleratlng for]rpe IS thehforce r?f The four teachers and five students who erroneously pre-
gravity, as Is true in a coasting spaceship near tne earé ' trbefcted the falling of the steel ball also erred in anticipating
fictitious force exactly cancelsthe gravitational forces? o ; 0
(our emphasis Such claims ignore gravitational effects that the rising of the hellqm balloon. Only 10% of the respon-
depend on the gradient of gravitation—tidal forces. dents correctly explained Fhe absence of puoyancy, statling
Unlike most of the textbooks and despite the fact thathat the balloon and the air are equally Welghtle'ss. That is,
inertial forces are not in the standard curricula for collegegnost of those who correctly predicted the floating of the
and high school®’ it is significant that relatively many helium balloon still did not explain it properly. The following
teachergsimilar to high school studerf§ explained weight-  student response is illustrative: “As much as | recall from
lessness by the cancellation of gravitation with inertialTV movies, they[objectd will all float in a state of zero

Table IV. Students’ and teachers’ predictions and major types of reasoning regarding the objects dropped in a
free falling elevator.

Responses Group-T Group-S
1 The steel ball floats 681] 2279]
2 The steel ball falls 45] 5[18]
3 The helium balloon floats 368] 2 7]
4 The helium balloon ascends [a5] 2279]
Types of reasoning

1 “The balloon is lighter than the aifbuoyancy” 23[30] 8[36]
2 “They all fall with the same acceleration/motion” fiL] 11[50]
3 “There is no buoyancy during free-fall” [:10]] 2 [7]
4 “The resultant force on any object in a free fall is zero” (6] 1 [4]
5 “In a free fall all objects are weightless” 56] 1 [4]
6 “Gravitation is absent in a free fall” 34]

7 No explanation 34] 9[41]
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gravity, but | do not have a convincing argument. Intuitively, circular motion around the common center of ma$sThis
the helium will ascend because it is lighter than air and theesponse, although it addresses the mutual movement of both

steel ball will land.” gravitating objects, exhibits a possible confusion of regular
The response: “helium is lighter than aif30% in Group  and spring tides.
T and 36% in Group § resembled the idea of natur@in- One of the students described higiot spring) tides as

conditiona) lightness (levity). This Aristotelian-type re- appearing once in twenty-four houtstwo summed up the
sponse contradicts the contemporary concept of weightles$erces from the Sun and Moon to account for spring tides,
ness in every aspect. Many of our addressees seemingly hedahd the rest exhibited much confusion. For instance, one
to “heaviness” and “lightness” in the vicinity of the earth student predicted a monthly period of tides: “High tide ap-

where the presence of gravitation is obvious. pears when the moon succeeds in pulling the sea towards it
or when the sea is being thrown away from the earth in its
C. Explanations of tides orbit around the moon. If | stand on the beach during high

tide, then the moon is above ngulling the sepand | see it
[moon] full. Or it [moon is in the opposite position and then
| stand at the outer side of the circle, the sea is thrown away,

8hd again | see high tide. Low tide appears when | see a half
exercise. As mentioned, the discussion of tides is separapﬁoon_q, ¢ PP

from the discussion of weight and weightlessiiéssid ex- The answers revealed a highly fragmentary and incom-

cept for one book; are never conceptually related. Tidal ,jere knowledge of the subject from both teachers and stu-
distortion, as a gravitational effect observed in the state Ofjents To summarize our findings and facilitate their interpre-
weightlessness, is usually neglected. tation, we juxtapose in Table V the elicited features of the
Five textbooks” provide a sufficiently complete account eachers’ and students’ knowledge and those of the pertinent
of ocean tides and address the essential role of the Earthygnienis of the examined textbooks. As evident from Table
Moon mutual free fall. Only such an approach, as was qualiy, 'those aspects of weightlessness and tides that are not well

tatively shown already in 1883 by Mach, can account for the,-asented in textbooks correspond to the shortcomings of
symmetrical tidal bulges on both sides of the EdfttFora  toachers’ and students’ knowledge of the subject. Based
guantitative account of tidal bulges, see Arons in Ref. 4 for,

| his | f ¢ tid hich led solely on this comparison, we cannot infer a cause—effect
example) This important feature of tides, which puzzled \o|ationship. However, given the importance of textbooks,
generations of scholars, was mentioned only in fou

bOOkS® id h le tidal ph 'the unsatisfactory presentation of weightlessness, tides and
textbooks.™ Ocean tides present the sole tidal phenomenom,e concept of weight, all mutually isolated, does not help to
usually mentioned. Only in Ref. 39 does one learn that tida

effects also can be observed over short distaft&ther orrect the conceptual difficulty that we found.
important characteristics of tidégsuch as their dependence
on latitudg are very rarely mentioned. Most textbooks |v DISCUSSION
present tides, if at all, to illustrate Newton’s law of gravita-
tion. The important role of tidal phenomena in probing gravi- The correspondence between the way gravitation is pre-
tation when weighing failgfree fall) is ignored. sented in textbooks and the failure of the students and teach-
Both groupsS and 7 failed to explain tides. Our respon- ers invites appropriate remedial actions. To interpret their
dents mentioned only the “new moon” as the setting fordifficulty in understanding the tides, diSessa noted the
“spring tides,” missing the “full moon” position as an p-prim (phenomenological primitive of the static Earth
equally correct response. For example, “The maximiah  (“very big things just do not move).** Our study confirms a
the high tidd is on a new moon for the sum of forces is then lack of awareness of the Earth’s fall toward the Moon. We
the greatest.” “On a new moon: it seems to me that here thénterpret this lack as a confusion regarding the role of free
phenomenon is at its peak because the moon and the st in the explanation of tides, which is not necessarily
exert their maximal resultant foroghe gravitational force caused by the cognitive reluctance “to move” the Edfth.
depends on the distangdecause they are both in the sameWe also observed an equally fundamental difficulty in under-
direction. On a half moon: intermediate stdteeight of standing the role of nonuniformity of the gravitational field
tideg|. On a full moon: minimal statgheight of tideg.” as an important factor causing tides. A typical error was to
Evidently, our subjects mistakenly summed the gravita-explain a tidal effect as due to the “pull of the gravitational
tional forces exerted by the Sun and the Moon and missetbrce,”® demonstrating itself as summing gravitational
the symmetric contribution of each to the spring tifts. forces from different bodies to account for the spring titfes.
None considered different gravitational acceleratiqos  This confusion can be related to the erroneous interpretation
gravitational forcesof various parts of the ocean relative to of weighing results. These two shortcomingse neglect of
the Earth’s center, which itself is free falling. The inability to free fall and the belief that the gravitational force can be
use the symmetry of the tides indicates an unfamiliarity withdirectly measured indicate a limited knowledge of the
the essential role of the free fall of the Earth as a whole in thainique nature of the gravitational force with respect to its
explanation of this symmetry. measurement. In fact, free fall puts into fore tidal effects,
Only one respondentin Group T) mentioned free fall, making them indicators of gravitation, instead of weighing.
concluding however, that tidgaot spring tides as would be ~ The conceptual split of weight and gravitation, implied by
correc} appear both on the new moon and full moon: “Theo- Einstein’s principle of equivalenc€,and introduced by the
retically, if friction were absent, tides had to appear on theoperational definition of weight provides an alternative. It
new moon and full moon. But, to my best recollection, thereimplies weightlessness simply as a zero weighing result,
is a considerable differendén timing] in reality. Tides on whereas according to the gravitational definition of weight,
the earth result from two factors together: the moon’s attracweightlessness requires a nontrivial explanation. Notably,
tion at different locations on the Earth’s surface, plus theboth major misconceptions of students, the erroneous ac-

Tidal phenomena are rarely mentionéhd even more
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Table V. Juxtaposition of the main findings regarding weightlessness and tides.

Physics textbooks

Teachers-students

Weightlessness
- often do not address weightlessness

- some use “apparent weight” to account for
“fictitious weightlessness,” and mention
“true weightlessness” as zero gravitational
force, providing no means to distinguish
between the two types of weightlessness

- often use equality of acceleration of the
body and its support to account for
weightlessness

- rarely consider physical phenomena related
to weight(such as buoyangyn the state

of free gravitational movemerifree fall)

Tides

- rarely consider tidal effects and almost
never on small-scale distances

- normally explain tides by the difference of
gravitational forces on the extremes of the
earth

- normally do not explain spring tides

- in the explanation of tides rarely consider
gravitational accelerations of elementary
masses with respect to their center of
mass

- are often silent regarding the symmetry of
tidal bulges

Weightlessness
- often confuse weightlessness with
the absence of gravitational for¢keld,
influence
- explain weightlessness by low
gravitational force(distance attenuation

- cancel gravitational force by centrifugal
(inertial) force

- often use equality of acceleration of

the body and its support to account for
weightlessness

- are confused with regard to what is and is
not measurable in a free gravitational
motion

- are confused regarding buoyancy at the
state of weightlessness

Tides
- very often fail to explain tidal effects

- in the explanation of spring tides normally
sum gravitational forces from Sun and
Moon acting on the Earth

- confuse spring and high tides
- do not consider force gradient along the
body of the free falling Earth or the
gravitational accelerations of elementary
masses with respect to their center of
mass
- miss the symmetry of the tidal bulges

count of weighing where the presence of gravitation is obvi-upon the experiences of the world of perceptioh our
ous (the falling elevatoy, and where weightlessness is evi- view, the approach of operational definition is preferable and
dent (in a satellitg, can be explained by the inadequate promises to be more effective.
interpretation given to the identification of weight with  Each textbook in our sample provided one type of weight
gravitational force. definition and ignored the other option. We found that some
Apart from the epistemological importance of emphasiz-teacherg17% in our samplg defined weight both gravita-
ing the essential role of measurement in the scientifidionally and operationally. The incoherence of the two was
method, the operational definition brings to the fore the im-never mentioned. In this respect, our findings are in contrast
portance of an individual's perception. In fact, the perceptionwith the claim of Eisenkraft and Kirkpatrick who wrote
of “heaviness” of an object, rarely discussed by textbooksthat “Many physics teachers carefully distinguish between
beyond the claim of it being misleading, presents a sort othe force of gravity and the weight. Weight is the reading on
weight measurement and is stron%y imbedded in a learnerthe bathroom scale, or the support force needed to keep you
cognition as a fundamental scheffigdccording to present at rest in the non-inertial reference syste@ther teachers
theories of learning and teachifigthis schema should be use the term “apparent weight” to refer to the scale reading
addressed by instruction to try to bridge the gap betweemand use weight to refer to the force of gravitf@mphasis
formal knowledge and intuition based on tactile added.
knowledge’® The introduction of “apparent” and “true” A knowledge of concept definitions is often regarded as
weights(an approach adopted by some textboaksneces- resulting from rote learning and thus to be infefidkVe do
sarily contrasts intuitive and scientific knowledge, requiringnot agree with this view, especially in its extreme, which
a radical conceptual change on behalf of the learners. Distimeglects concept definitions. Our data illustrate how serious
guishing between weight and gravitational force, on the othethe consequences of confusion regarding concept definition
hand(the approach adopted by the majority of the surveyednay be>* Definitions have their own importance, specifying
teachery upgrades sensory-based intuition, reconciling itthe meaning of concepts and their connections. They consti-
with scientific knowledge through the operational definitiontute the structure and the substance of disciplinary
of weight. This approach is in accord with Einstein’s episte-knowledge> The case of weightlessness exemplifies that a
mology which is that physical theory is built psychologically discussion of the advantages and disadvantages of alternative
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Table VI. Comparison of the gravitational force with tidal forces. Satellite

Gravitational force Tidal-forces
is nota subject of a direct, is a subject of direct measurement
local measurement l

U tidal effects reliably indicate
weighing results have no the presence of
unique interpretation gravitational field

definitions may elucidate the subject, contributing to both the
knowledge of the subject matter and the specific pedagogica
knowledge of physics teachetsbesides being important as Orbit-
a foundation of physics knowledgéTidal effects can enter
the physics curriculum as a reliable indicator of gravitation
in the state of free gravitational moveme(fitce fall). Be-
cause they can be observed and directly measured in the sta
of weightlessness, tidal phenomena demonstrate istatd
whatis notmeasurable with regard to gravitatiofable VI).

Beyond a mere adoption of the tides as a topic, we sugges \

a synergetic instruction of the two gravitation-related
phenomena—weightlessness and tidal effects. Their juxtapo
sition is natural because tidal phenomena are pronounced i
the state of weightlessness, when in the absence of weighin
results, they become the only indicator of a gravitational
field in a small laboratory. Contrasting tidal and gravitational To the Earth
forces in the state of weightlessness addresses the confusign _ o

f those who miss the aravitational aradient in explaining the ig. 2 The accgleratlon of the grain Wl_th respect to the center of mass of the
q 9 g . p_ . g . satellite is obtained by vector subtractiay=a, —acy andag=a,—acy -
tides and of those who tend to totally nullify gravitation in
free fall and thus miss the full meaning of Einstein’s prin-
ciple of equivalence. Weight and tides could become mutu-
ally supporting topics, facilitating the development of aonly in astronomy. Qualitative and semiqualitative explana-
meaningful understanding of gravitation in introductory- tions of the following effects are feasible and sufficient at the

v

level courses. introductory level.
Tidal distortion Consider a sphere of sand located at the
V. CONCLUSION center of mass of a spacecraft that is orbiting the Earth. If we

neglect interactions between the grains, each grain will move

It is disturbing that teachers and students often share theith its own gravitational acceleratiaisee Fig. 2 A vector
same confusion regarding weightlessness and the tides asdbtraction yields the acceleration of each grain relative to
that textbooks often do not provide the necessary explanahe center of mass. This acceleration determines how the
tions. Difficulties regarding concept definitions, relations be-grain moves, as seen in the spacecraft. The radial component
tween theoretical constructs and measurement, and the cof the acceleration shows the tendency of each grain to re-
herent account of physical phenomena appeared to beede from the center of mass along this direction, whereas its
interrelated. Our study suggests that the traditional presentdangential component reveals that the grain approaches the
tion of gravitation be revised so as to address weight, weighteenter of mass tangentially to the orbit. As a result, the
lessness, and tidal effects in an integrated unit to emphasizphere of grains will be distorted, creating an oblong spher-
the common and contrasting aspects of the effects of graviid.
tation. The dichotomy of two weight definitions, the gravita- If we assume that the group of grains is a model of a real
tional (introduced by Newtonand the operationdfollowing body, we obtain a simple theoretical explanation of tides. If
Einstein, presents a possible discussion topic with the stuwe draw on an analogy with the Earth, we can claim that in
dents. Such a discussion that addresses the advantages #sdfree gravitational movement, the Earth develops, due to
disadvantages of each definition could be beneficial for thehe influence of the Moon, the profile of an oblong spheroid,
genuine understanding of the nature of physics knowledgeespecially pronounced in the ocean. The assumption of non-
Observable, small-scale tidal effects might convince thenteracting particles affects only the magnitude of the result.
learner that gravitation does not disappear when the resuli#/ater molecules migrate from C and D toward A and B,
of weighing do. Qualitative explanations of tidal phenomenacausing two symmetrical bulges at A and(ldgh tides and
and weightlessness might be helpful in establishing a solidhe receding of water at C and (lbw tides (see Fig. 3. The

conceptual basis of gravitation. Sun causes a similar, but smaller symmetrical effdoe to

its much greater distangeWhen added, either at full moon
APPENDIX: TIDAL PHENOMENA IN AN or new moon, the two effects account for the spring tides.
INTRODUCTORY PHYSICS COURSE The pedagogical merit of this treatment is the explicit use

of the gravitational accelerations of the grains relative to

The following examples of tidal phenomena are observtheir freely faling common center of mass. Such an ap-
able in a small laboratory freely falling in a gravitational proach accounts for two symmetrical bulges of tides,
field. They may correct the perception of tides as relevantvhereas neglecting the free fall of the center of mass would
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Fig. 3. (a) Accelerations of grains 1, 2, 3, and 4 with respect to the center of g i
mass of an orbiting satellitéb) The resulting deformation of a spherical S < Lo >
ball to an ellipsoid-like shape, elongated along the radial direction of the t;;
Earth. i;‘i;)
==
provide a highly asymmetrical result—a single bulge. An- m
other important feature used here is that similar to the grains :
the entire Earth is weightless.

Tidal dispersion Tides are discussed in introductory Y
courses as ocean tides, as if they were unobservable ¢ To the Earth
smaller distance¥® In practice, however, tidal effects are
used in sensitive gravimeters and can indicate the presen&g. 4. Elastic springs are deformed differently in the tangential and radial
of a gravitational field in the state of weightlessness Todirections, indicating the presence of a nonhomogeneous gravitational field
. - . - ... in a satellite.
stress this point, we can discuss these effects in an orbiting

satellite at a height of 300 km. Relative accelerations cause

the dispersion of a group of marble balls left within the yiqh5cement. The period T of the oscillations will be equal

cabin. A marbk_e, which s'tarte'd 2.cm frqm the center of mass, e satellite orbital period, depending only on the mass of
of the satellite(in the radial direction will recede to 20 cm the Earth and the distance to it:

in about 30 minutes, a phenomenon easy to observe, in con-

trast with the often-made statement that objects in an orbiting (Ro+H)® (Rgt+H)
satellite remain still in mid-air. Tiida= 2 G—MEZZTF T (2

Tidal elastic deformationFour soft elastic spring&ping _ _ _ _
constantk=0.1 N/m) of original length_, are connected in whereR; is the radius of the Earth argf is the acceleration
the form of a cross(see Fig. 4 Four equal massesr( ©f the satellite. This periodl.5 hours at a height of 300 km

=10kg) are connected to the springs. The parameter can inform astronauts when they have completed one revo-

which characterizes the asymmetric deformation of the appdution around the Earth without looking outside. A simple
pendulum(two meters long placed on an imaginary tower

ratus due to tidal forces, can be defined as: of the height of the orbit would oscillate with a period of

n= Li—by (1) L
Lo Tora= 2T T (3
wherelL, andL, are the lengths of the radial and tangential
springs ! For tﬁese conditic?ns and the height of 3%0 kmWhich is about 3 s, only a fraction of the period of the tidal
! tlock.

7=0.04%, independent of the size of the apparé&tuEhus
for the original length of half a meter, the deformation of .
each spring will be about 0.2 mm, which is a measurablé
effect.

We can use this deformation to detect satellite orientation:
the elongation determines the radial direction. The same ap-
paratus suspended in the laboratory on the ground would
show only a vertical elongation, proportional to the gravita-
tional force (the result of weighing totally masking the Orbit /\ t— \
much smaller tidal effect. This example demonstrates that \J
free fall is essential for the observation of tidal effects. It also
displays the different geometry of deformation when caused
by the gravitational force or its gradient. v

Tidal clock Consider a small ball in a frictionless glass
tube placed along the direction of the orbital moti@iig. 5). To the Earth
When the ball 1S S“Qh“y removed from the Ce_nter of mass OfFig. 5. A ball within a tube oriented along the orbit of a satellite will show
the space station, it experiences a tangerit@lthe orbi}  harmonic oscillations relative to the center of mass of the satellite, a “tidal
tidal force, which acts as a restoring force proportional to itsclock.”

Tidal precessionConsider the simplest gyroscope: a rotat-
ng dumbbell in a satellite. The frequency of rotation and the

¢
4

1133 Am. J. Phys., Vol. 71, No. 11, November 2003 |. Galiliand Y. Lehavi 1133
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QA 1tidal QA
Fig. 6. (@ Rotating dumbbell(fre-
Orbit ol o quencyw) in a ste_lte _of free fall subject
to unequal gravitational forceB g,
F and Fyg,- (D) The dumbbell pre-
lgrav cessegwith frequencyQ) around the
F, radial direction to the Earth due to the
BTy Fotidal torque of tidal forces Fy 4 and
F 2tidal -
Y A\
To the Earth To the Earth
(a) (b)

angle of its axis relative to the radial direction from the earth D. Tesh, R. Wilkins, and S. Lea, “Weightlessness in free fall,” Am. J.
are v and q, respectively(see Fig. @ In free gravitational Phys.43, 191-192(1975; D. Chandler, “Weightlessness and micrograv-
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OBSEQUIOUS ELECTRONS

Even electrons, supposedly the paragons of unpredictability, are tame and obsequious little
creatures that rush around at the speed of light, going precisely where they are supposed to go.
They make faint whistling sounds that when apprehended in varying combinations are as pleasant
as the wind flying through the forest, and they do exactly as they are told. Of this, one can be
certain.

Mark Helprin, Winter’s Tale(Harcourt Brace Jovanovich, San Diego, 1988 359.
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