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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. ©2003 American Association of Physics Teachers.
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I. INTRODUCTION

The concept of gravitation is commonly introduce
through its relation to weight and free fall. Weight is know
to present a special problem and physics educators have
cussed the definition of weight since the 1960s.1 Two main
interpretations of weight are well known. One identifi
weight with the gravitational force exerted on a body~gravi-
tational definition! and the other associates weight with t
result of weighing~operational definition2,3!. The latter ap-
proach distinguishes between weight and gravitational fo

Instruction in introductory physics courses traditiona
discusses the gravitational effects related to the weigh
objects and their movement under the influence of the gr
tational force, usually neglecting another important pheno
enon of gravitation: tidal forces. This neglect is in spite o
comprehensive publication4 and available computer-aide
tutorial5 on tidal forces. Moreover, understanding tid
bulges is claimed to be important for high school teache6

The importance of tidal phenomenon follows because
though weighing may miss the gravitational force~for ex-
ample, in a free fall!, small-scale measurements of tid
forces can reliably indicate the presence of gravitation.7 This
twofold manifestation of the gravitational force~the results
of weighing and tidal effects! is especially important for
physics education and brings to the fore an essential is
the relation of physical concepts to measurement. This is
with regard to the understanding of weight and weightle
ness, is known to be confusing for students regardles
their level of instruction.8 The relevant knowledge of stu
dents was found to fit schemes of knowledge that conflict
scientific understanding of the subject.9 For example, high
school students commonly identify gravitational force w
the results of weighing, and ignore the notion of appar
weight. With respect to understanding of the tides, the p
ture also is discouraging.10 These findings suggest a furth
examination of the knowledge and presentation of grav
tion at the university and college levels.

We have examined the definitions of weight and expla
tions of weightlessness and tides as given by high sch
physics teachers~university graduates!, university students
majoring in science, and university-level textbooks. O
study provides new data for the problem of understand
gravitation by physics students who are exposed to the
rently common way of instruction and its resources.
1127 Am. J. Phys.71 ~11!, November 2003 http://aapt.org
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We suggest that weight, weightlessness and tidal effe
each different facets of gravitation, be integrated into o
instructional unit because they share an essential requirem
for their understanding: the relation between the concept
its measurement.11

Because tidal effects often are perceived as a sub
solely for advanced courses, we discuss in the Appendix s
eral tidal effects appropriate for a general physics course

II. METHOD OF THE STUDY

Information was collected regarding the definitions
weight and explanations of weightlessness and tidal phen
ena. We examined these contents in a broad sample of p
ics textbooks~N525! for introductory physics courses i
universities and colleges.12 To determine the knowledge o
students and teachers, we administered an open ques
naire to high school physics teachers~Group T, N575! and
university students~Group S, N528! majoring in physics
~N510! and in a prestigious science program~N518!. The
teachers were accessed in workshops, and the students
reached in class or invited to a special session. The ques
naire included open-ended conceptual questions~Table I!.
We did not ask for an explanation of the tides in order
avoid a mere declaration in response to a standard ques
Instead, in Question 4 we asked students and teache
explain a composite tidal phenomenon: spring tides. T
question addresses the fundamental aspect of tides: the
tribution from each object due to the nonhomogeneity of
gravitational attraction causes a tidal stretch. Both stretc
sum up to produce a spring tide. Concept definitions a
their coherence with explanations of the phenomena w
examined, and the answers from the teachers/students
textbooks were compared.

III. RESULTS AND INITIAL INTERPRETATION

We found that the textbooks treat gravitation in two co
texts: ~1! When addressing the concept of force~Newton’s
laws of mechanics!, and~2! later on, with regard to Newton’s
universal law of gravitation. Weightlessness is normally p
sented in the former context and tides in the latter. The t
phenomena remain unrelated topics and are neither c
pared nor discussed in the same context.
1127/ajp © 2003 American Association of Physics Teachers
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A. Definitions of weight

Most of the textbooks~76%! use the gravitational defini
tion of weight ~category 1, Table II! and its formula~W
5mg!. Only five books adopted the operational definiti
~category 2!, while just one13 utilized both types.14 About
50% of the textbooks did not distinguish between the res
of weighing and the gravitational force and neglected
difference between the two~as manifested in free fall!. Those
sensitive to this point defined the ‘‘apparent’’~or ‘‘effec-
tive’’ ! weight as the scale reading and the ‘‘true’’ weight f
the gravitational force itself.

The textbooks did not mention that using the formu
W5mg with a measured g~free fall acceleration! produces
only an apparent weight,15 which is different from the one
obtained by using g calculated from Newton’s law of gra
tation ~gravitational field!. The same conceptual inaccura
takes place when the result of weighing is equated to gr
tation alone~ignoring accelerated motion!: ‘‘The downward
force of the earth on an object is its weight. Thus, a spr
balance can be used to weigh objects.’’16 ‘‘In practice, the
corrections needed to obtain the true weight from
@spring# scale reading are of the order 0.1% and can usu
be ignored.’’17 Leaving aside the fact that no internation
trade can afford such a generosity, we mention that th
statements diminish the essential difference between ap
ent and true weight. Without reservation such a claim b
physics instructor can be misleading.18

The weighing procedure often is not specified. This la
ignores the uncertainty in the interpretation of weighing

Table I. Questionnaire.

Questions

Q1 Define the concept of weight
Q2 Explain the weightlessness experienced by astronauts

spaceship orbiting the Earth
Q3 A passenger in a sealed free falling elevator simultaneou

releases a steel ball and a helium filled balloon~the situation
was demonstrated by a drawing!. Explain the passenger’s
observation regarding the motion of the two objects

Q4 When do ocean high tides attain their maximum: during~a!
full moon, ~b! new moon or~c! half-moon ~the situations
were demonstrated by a drawing—Fig. 1!. Explain your
answer
1128 Am. J. Phys., Vol. 71, No. 11, November 2003
ts
e

i-

g

e
ly

se
ar-
a

k
-

sults and the incompatibility of the gravitational definition
weight ~category 1, Table II! with the operational one~cat-
egory 2!. Normally, textbooks that introduce the ‘‘tru
weight’’ ~gravitational force! do not address how to measu
it. This lack is sometimes striking. For example, ‘‘Th
weight of an object is the net gravitational force acting
it.’’ 19 ‘‘The weight of a body is the total gravitational forc
exerted on the body by all other bodies in the universe.’’20

The distribution of weight definition responses from gro
T showed a prevalence of what are considered as operat
definitions~category 2, Table II!. Most of group S upheld the
gravitational definition~category 1!, similar to the majority
of the textbooks. About 17% of the teachers provided b
the gravitational and the operational definitions, ignori
whether they are coherent. The notion of apparent we
evidently escaped the attention of most of the students
teachers.21 The answers in category 3 related weight to in
tial forces,22 which are usually out of the scope of introdu
tory courses. Finally, the definitions in category 4, whi
appeared only in Group S, related weight to mass either b
mere articulation of the formula W5mg or by the concept of
heaviness.

B. Explanations of weightlessness

Only 13 ~40%! of the textbooks explained the state
weightlessness~Table III!. Definitions of weight and expla-
nations of weightlessness often appear in textbooks in dif
ent places.23 Nine textbooks warned their readers not to i
terpret weightlessness literally, because weightlessness
fictitious and did not imply the absence of weight~given the
gravitational weight definition!: ‘‘The condition we call
weightless does not mean ‘‘no weight.’’ Instead it means

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

a

y

Table II. Frequencies of weight definitions in the sample~multiple definitions were counted!.a

Types of definition Textbooks Group-T Group-S

1 Weight is the gravitational force exerted
on the body
- without introduction of apparent weight 12@48# 35@46# 17@63#
- with introduction of apparent weight 7@28# 1 @1# ¯

2 Weight is the result of standard weighing 5@20# 12@16# ¯

Weight is equal to the supporting force 1@4# 35@47# 2 @7#
3 Weight is a net force of gravitational and

inertial forces
¯ 4 @5# 1 @4#

4 Weight is a quantity of matter times
gravitation

1 @4#

Weight is a measure of the mass of the body ¯ ¯ 2 @7#
Weight is body’s heaviness 2@7#

5 Not defined 1@4# ¯ 1 @4#

aHere and in all subsequent tables, the percentage is given in square brackets.
1128I. Galili and Y. Lehavi
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Table III. Explanations of weightlessness~multiple explanations were counted!.

Types of weightlessness explanation Textbooks Group-T Grou

1 All the objects share the same ‘‘acceleration’’ 7@28# 14@19# ¯

2 Fictitious ~inertial! force cancels gravitational
force

1 @4# 20@27# 3@11#

3 Little ~or no! gravitation ¯ 17@22# 23@82#
4 No force of support is required to prevent

falling
3@12# 8@11# ¯

5 Objects are influenced solely by gravitation ¯ 4 @5# 1 @4#
6 Not explained, but suggested as an end-of-

chapter problem
4@16# ¯ ¯

7 Not mentioned/Not explained 11@44# ¯ 3@11#
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‘‘apparent weight’’... The man in the elevator still has weig
mg—that has not changed—but he has no sensation
weight, as he free falls. The term weightlessness is a v
poor one, almost guaranteed to cause confusion becau
seems to imply that objects have no weight.’’24

The evidence of our senses is commonly presented
subjective inference in spite of the fact that, in this case
agrees with measurements and is qualitatively valid.

Similar to the treatment of weight, some textbooks dist
guish between apparent~or effective! weightlessness an
true weightlessness~absence of gravitation, a hypothetic
case!. Textbooks that define weight operationally were fr
of this subtlety.25

The rather common explanation of type 1~Table III! evi-
dently ignores the fact that ‘‘sharing the same acceleration
all parts of the system’’ is not sufficient for the objects to
weightless. Without free falling, this explanation becom
inadequate.26 Equally inadequate are claims of the total ca
cellation of the gravitational force by fictitious~inertial!
force ~type 2! and that all effects of gravitation cease in
free fall.27 ‘‘... But if the accelerating force is the force o
gravity, as is true in a coasting spaceship near the earth
fictitious force exactly cancelsthe gravitational forces’’28

~our emphasis!. Such claims ignore gravitational effects th
depend on the gradient of gravitation—tidal forces.

Unlike most of the textbooks and despite the fact t
inertial forces are not in the standard curricula for colleg
and high schools,29 it is significant that relatively many
teachers~similar to high school students30! explained weight-
lessness by the cancellation of gravitation with inert
hys., Vol. 71, No. 11, November 2003
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forces.31 The explanation of weightlessness by ‘‘little’’ o
‘‘absent’’ gravitation, especially popular among Group S,
sembles the views of the high school students.32 Evidently,
many tend to eliminate the gravitational force when addre
ing the state of ‘‘obvious’’ weightlessness such as in a sa
lite. The explanations of type 5 were clearly unsatisfacto
and merely described the situation. In fact, no student in
sample could adequately explain weightlessness.

Both the T and S groups exhibited much confusion
predicting the behavior of the steel ball and helium-fill
balloon in a free falling elevator~Question 3 in Table I!. The
results in Table IV show that although most of the respo
dents recognized the state of weightlessness regarding
steel ball~91% in Group T and 79% in Group S!, their re-
sponses differed with regard to the helium balloon~48% and
7% respectively!. The following response is illustrative
‘‘The ball falls together with the man and there is no relati
velocity between them, and the balloon will rise up becau
it is lighter than the air’’ 33 ~our emphasis!.

The four teachers and five students who erroneously
dicted the falling of the steel ball also erred in anticipati
the rising of the helium balloon. Only 10% of the respo
dents correctly explained the absence of buoyancy, sta
that the balloon and the air are equally weightless. That
most of those who correctly predicted the floating of t
helium balloon still did not explain it properly. The following
student response is illustrative: ‘‘As much as I recall fro
TV movies, they@objects# will all float in a state of zero
ed in a
Table IV. Students’ and teachers’ predictions and major types of reasoning regarding the objects dropp
free falling elevator.

Responses Group-T Group-S

1 The steel ball floats 68@91# 22@79#
2 The steel ball falls 4@5# 5@18#
3 The helium balloon floats 36@48# 2 @7#
4 The helium balloon ascends 34@45# 22@79#

Types of reasoning

1 ‘‘The balloon is lighter than the air~buoyancy!’’ 23 @30# 8@36#
2 ‘‘They all fall with the same acceleration/motion’’ 16@21# 11@50#
3 ‘‘There is no buoyancy during free-fall’’ 8@10# 2 @7#
4 ‘‘The resultant force on any object in a free fall is zero’’ 5@6# 1 @4#
5 ‘‘In a free fall all objects are weightless’’ 5@6# 1 @4#
6 ‘‘Gravitation is absent in a free fall’’ 3@4# ¯

7 No explanation 3@4# 9@41#
1129I. Galili and Y. Lehavi



ly
th

es
h

at
p
ra

al
o

t
rt
al
th

fo
d
u

no
da

e
s

a-
vi

-
or

en
th
s

e

ita
se
.

to
to
ith
th

e
o-
th
r

ac
th

both
lar

es,
one
p-
ds it
its

igh

n
ay,
half

m-
stu-
re-
he
nent
ble
well

of
sed
fect
ks,
and
to

re-
ach-
eir
the

e
ree
ily
.
er-
ld
to

al
al
.
tion

be

its
ts,
g.
y

It
ult,
ht,
bly,
ac-
gravity, but I do not have a convincing argument. Intuitive
the helium will ascend because it is lighter than air and
steel ball will land.’’

The response: ‘‘helium is lighter than air’’~30% in Group
T and 36% in Group S!, resembled the idea of natural~un-
conditional! lightness ~levity!. This Aristotelian-type re-
sponse contradicts the contemporary concept of weightl
ness in every aspect. Many of our addressees seemingly
to ‘‘heaviness’’ and ‘‘lightness’’ in the vicinity of the earth
where the presence of gravitation is obvious.

C. Explanations of tides

Tidal phenomena are rarely mentioned~and even more
rarely explained! in the textbooks. Of the 14 textbooks th
mentioned tides, five presented them as an end-of-cha
exercise. As mentioned, the discussion of tides is sepa
from the discussion of weight and weightlessness34 and ex-
cept for one book,35 are never conceptually related. Tid
distortion, as a gravitational effect observed in the state
weightlessness, is usually neglected.

Five textbooks36 provide a sufficiently complete accoun
of ocean tides and address the essential role of the Ea
Moon mutual free fall. Only such an approach, as was qu
tatively shown already in 1883 by Mach, can account for
symmetrical tidal bulges on both sides of the Earth.37 ~For a
quantitative account of tidal bulges, see Arons in Ref. 4
example.! This important feature of tides, which puzzle
generations of scholars, was mentioned only in fo
textbooks.38 Ocean tides present the sole tidal phenome
usually mentioned. Only in Ref. 39 does one learn that ti
effects also can be observed over short distances.39 Other
important characteristics of tides~such as their dependenc
on latitude! are very rarely mentioned. Most textbook
present tides, if at all, to illustrate Newton’s law of gravit
tion. The important role of tidal phenomena in probing gra
tation when weighing fails~free fall! is ignored.

Both groups~S and T! failed to explain tides. Our respon
dents mentioned only the ‘‘new moon’’ as the setting f
‘‘spring tides,’’ missing the ‘‘full moon’’ position as an
equally correct response. For example, ‘‘The maximum@of
the high tide# is on a new moon for the sum of forces is th
the greatest.’’ ‘‘On a new moon: it seems to me that here
phenomenon is at its peak because the moon and the
exert their maximal resultant force~the gravitational force
depends on the distance!, because they are both in the sam
direction. On a half moon: intermediate state@height of
tides#. On a full moon: minimal state@height of tides#.’’

Evidently, our subjects mistakenly summed the grav
tional forces exerted by the Sun and the Moon and mis
the symmetric contribution of each to the spring tides40

None considered different gravitational accelerations~or
gravitational forces! of various parts of the ocean relative
the Earth’s center, which itself is free falling. The inability
use the symmetry of the tides indicates an unfamiliarity w
the essential role of the free fall of the Earth as a whole in
explanation of this symmetry.

Only one respondent~in Group T! mentioned free fall,
concluding however, that tides~not spring tides as would b
correct! appear both on the new moon and full moon: ‘‘The
retically, if friction were absent, tides had to appear on
new moon and full moon. But, to my best recollection, the
is a considerable difference@in timing# in reality. Tides on
the earth result from two factors together: the moon’s attr
tion at different locations on the Earth’s surface, plus
1130 Am. J. Phys., Vol. 71, No. 11, November 2003
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circular motion around the common center of mass.’’41 This
response, although it addresses the mutual movement of
gravitating objects, exhibits a possible confusion of regu
and spring tides.

One of the students described high~not spring!! tides as
appearing once in twenty-four hours,42 two summed up the
forces from the Sun and Moon to account for spring tid
and the rest exhibited much confusion. For instance,
student predicted a monthly period of tides: ‘‘High tide a
pears when the moon succeeds in pulling the sea towar
or when the sea is being thrown away from the earth in
orbit around the moon. If I stand on the beach during h
tide, then the moon is above me~pulling the sea! and I see it
@moon# full. Or it @moon# is in the opposite position and the
I stand at the outer side of the circle, the sea is thrown aw
and again I see high tide. Low tide appears when I see a
moon.’’

The answers revealed a highly fragmentary and inco
plete knowledge of the subject from both teachers and
dents. To summarize our findings and facilitate their interp
tation, we juxtapose in Table V the elicited features of t
teachers’ and students’ knowledge and those of the perti
contents of the examined textbooks. As evident from Ta
V, those aspects of weightlessness and tides that are not
presented in textbooks correspond to the shortcomings
teachers’ and students’ knowledge of the subject. Ba
solely on this comparison, we cannot infer a cause–ef
relationship. However, given the importance of textboo
the unsatisfactory presentation of weightlessness, tides
the concept of weight, all mutually isolated, does not help
correct the conceptual difficulty that we found.

IV. DISCUSSION

The correspondence between the way gravitation is p
sented in textbooks and the failure of the students and te
ers invites appropriate remedial actions. To interpret th
difficulty in understanding the tides, diSessa noted
p-prim ~phenomenological primitive! of the static Earth
~‘‘very big things just do not move’’!.43 Our study confirms a
lack of awareness of the Earth’s fall toward the Moon. W
interpret this lack as a confusion regarding the role of f
fall in the explanation of tides, which is not necessar
caused by the cognitive reluctance ‘‘to move’’ the Earth44

We also observed an equally fundamental difficulty in und
standing the role of nonuniformity of the gravitational fie
as an important factor causing tides. A typical error was
explain a tidal effect as due to the ‘‘pull of the gravitation
force,’’45 demonstrating itself as summing gravitation
forces from different bodies to account for the spring tides46

This confusion can be related to the erroneous interpreta
of weighing results. These two shortcomings~the neglect of
free fall and the belief that the gravitational force can
directly measured! indicate a limited knowledge of the
unique nature of the gravitational force with respect to
measurement. In fact, free fall puts into fore tidal effec
making them indicators of gravitation, instead of weighin

The conceptual split of weight and gravitation, implied b
Einstein’s principle of equivalence,47 and introduced by the
operational definition of weight provides an alternative.
implies weightlessness simply as a zero weighing res
whereas according to the gravitational definition of weig
weightlessness requires a nontrivial explanation. Nota
both major misconceptions of students, the erroneous
1130I. Galili and Y. Lehavi
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Table V. Juxtaposition of the main findings regarding weightlessness and tides.

Physics textbooks Teachers-students

Weightlessness Weightlessness
- often do not address weightlessness - often confuse weightlessness with

the absence of gravitational force~field,
influence!

- 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

- explain weightlessness by low
gravitational force~distance attenuation!

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

- cancel gravitational force by centrifugal
~inertial! force

- rarely consider physical phenomena related
to weight ~such as buoyancy! in the state
of free gravitational movement~free fall!

- often use equality of acceleration of
the body and its support to account for
weightlessness
- are confused with regard to what is and i
not measurable in a free gravitational
motion
- are confused regarding buoyancy at the
state of weightlessness

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

- very often fail to explain tidal effects

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

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

- normally do not explain spring tides - confuse spring and high tides
- in the explanation of tides rarely consider
gravitational accelerations of elementary
masses with respect to their center of
mass

- 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

- are often silent regarding the symmetry of
tidal bulges

- miss the symmetry of the tidal bulges
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count of weighing where the presence of gravitation is ob
ous ~the falling elevator!, and where weightlessness is ev
dent ~in a satellite!, can be explained by the inadequa
interpretation given to the identification of weight wit
gravitational force.

Apart from the epistemological importance of emphas
ing the essential role of measurement in the scien
method, the operational definition brings to the fore the i
portance of an individual’s perception. In fact, the percept
of ‘‘heaviness’’ of an object, rarely discussed by textboo
beyond the claim of it being misleading, presents a sor
weight measurement and is strongly imbedded in a learn
cognition as a fundamental schema.48 According to present
theories of learning and teaching,49 this schema should b
addressed by instruction to try to bridge the gap betw
formal knowledge and intuition based on tact
knowledge.50 The introduction of ‘‘apparent’’ and ‘‘true’’
weights~an approach adopted by some textbooks! unneces-
sarily contrasts intuitive and scientific knowledge, requiri
a radical conceptual change on behalf of the learners. Dis
guishing between weight and gravitational force, on the ot
hand~the approach adopted by the majority of the survey
teachers!, upgrades sensory-based intuition, reconciling
with scientific knowledge through the operational definiti
of weight. This approach is in accord with Einstein’s epis
mology which is that physical theory is built psychologica
hys., Vol. 71, No. 11, November 2003
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upon the experiences of the world of perceptions.51 In our
view, the approach of operational definition is preferable a
promises to be more effective.

Each textbook in our sample provided one type of weig
definition and ignored the other option. We found that so
teachers~17% in our sample!, defined weight both gravita
tionally and operationally. The incoherence of the two w
never mentioned. In this respect, our findings are in cont
with the claim of Eisenkraft and Kirkpatrick52 who wrote
that ‘‘Many physics teachers carefully distinguish betwe
the force of gravity and the weight. Weight is the reading
the bathroom scale, or the support force needed to keep
at rest in the non-inertial reference system.Other teachers
use the term ‘‘apparent weight’’ to refer to the scale read
and use weight to refer to the force of gravity’’~emphasis
added!.

A knowledge of concept definitions is often regarded
resulting from rote learning and thus to be inferior.53 We do
not agree with this view, especially in its extreme, whi
neglects concept definitions. Our data illustrate how seri
the consequences of confusion regarding concept defin
may be.54 Definitions have their own importance, specifyin
the meaning of concepts and their connections. They con
tute the structure and the substance of disciplin
knowledge.55 The case of weightlessness exemplifies tha
discussion of the advantages and disadvantages of altern
1131I. Galili and Y. Lehavi



th
ic
s
r
on

st

ge
ed
p
d
hi
na
a

us
th
in
n-
tu
a

y-

t
a
n
e

n
h
s
av
a-

tu
s
th
g

th
u
n
ol

rv
al
an

a-
he

he
we
ove

to
the
nent
re-

s its
the

the
er-

eal
. If
t in

to
id,
on-

ult.
B,

n
.
se
to
p-
s,
uld

f the
definitions may elucidate the subject, contributing to both
knowledge of the subject matter and the specific pedagog
knowledge of physics teachers,56 besides being important a
a foundation of physics knowledge.57 Tidal effects can ente
the physics curriculum as a reliable indicator of gravitati
in the state of free gravitational movement~free fall!. Be-
cause they can be observed and directly measured in the
of weightlessness, tidal phenomena demonstrate whatis and
what is notmeasurable with regard to gravitation~Table VI!.

Beyond a mere adoption of the tides as a topic, we sug
a synergetic instruction of the two gravitation-relat
phenomena—weightlessness and tidal effects. Their juxta
sition is natural because tidal phenomena are pronounce
the state of weightlessness, when in the absence of weig
results, they become the only indicator of a gravitatio
field in a small laboratory. Contrasting tidal and gravitation
forces in the state of weightlessness addresses the conf
of those who miss the gravitational gradient in explaining
tides and of those who tend to totally nullify gravitation
free fall and thus miss the full meaning of Einstein’s pri
ciple of equivalence. Weight and tides could become mu
ally supporting topics, facilitating the development of
meaningful understanding of gravitation in introductor
level courses.

V. CONCLUSION

It is disturbing that teachers and students often share
same confusion regarding weightlessness and the tides
that textbooks often do not provide the necessary expla
tions. Difficulties regarding concept definitions, relations b
tween theoretical constructs and measurement, and the
herent account of physical phenomena appeared to
interrelated. Our study suggests that the traditional prese
tion of gravitation be revised so as to address weight, weig
lessness, and tidal effects in an integrated unit to empha
the common and contrasting aspects of the effects of gr
tation. The dichotomy of two weight definitions, the gravit
tional ~introduced by Newton! and the operational~following
Einstein!, presents a possible discussion topic with the s
dents. Such a discussion that addresses the advantage
disadvantages of each definition could be beneficial for
genuine understanding of the nature of physics knowled
Observable, small-scale tidal effects might convince
learner that gravitation does not disappear when the res
of weighing do. Qualitative explanations of tidal phenome
and weightlessness might be helpful in establishing a s
conceptual basis of gravitation.

APPENDIX: TIDAL PHENOMENA IN AN
INTRODUCTORY PHYSICS COURSE

The following examples of tidal phenomena are obse
able in a small laboratory freely falling in a gravitation
field. They may correct the perception of tides as relev

Table VI. Comparison of the gravitational force with tidal forces.

Gravitational force
is not a subject of a direct,
local measurement

⇓
weighing results have no
unique interpretation

Tidal-forces
is a subject of direct measurement

⇓
tidal effects reliably indicate
the presence of
gravitational field
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only in astronomy. Qualitative and semiqualitative explan
tions of the following effects are feasible and sufficient at t
introductory level.

Tidal distortion: Consider a sphere of sand located at t
center of mass of a spacecraft that is orbiting the Earth. If
neglect interactions between the grains, each grain will m
with its own gravitational acceleration~see Fig. 2!. A vector
subtraction yields the acceleration of each grain relative
the center of mass. This acceleration determines how
grain moves, as seen in the spacecraft. The radial compo
of the acceleration shows the tendency of each grain to
cede from the center of mass along this direction, wherea
tangential component reveals that the grain approaches
center of mass tangentially to the orbit. As a result,
sphere of grains will be distorted, creating an oblong sph
oid.

If we assume that the group of grains is a model of a r
body, we obtain a simple theoretical explanation of tides
we draw on an analogy with the Earth, we can claim tha
its free gravitational movement, the Earth develops, due
the influence of the Moon, the profile of an oblong sphero
especially pronounced in the ocean. The assumption of n
interacting particles affects only the magnitude of the res
Water molecules migrate from C and D toward A and
causing two symmetrical bulges at A and B~high tides! and
the receding of water at C and D~low tides! ~see Fig. 3!. The
Sun causes a similar, but smaller symmetrical effect~due to
its much greater distance!. When added, either at full moo
or new moon, the two effects account for the spring tides

The pedagogical merit of this treatment is the explicit u
of the gravitational accelerations of the grains relative
their freely falling common center of mass. Such an a
proach accounts for two symmetrical bulges of tide
whereas neglecting the free fall of the center of mass wo

Fig. 2. The acceleration of the grain with respect to the center of mass o
satellite is obtained by vector subtraction:aT5a12aCM andaR5a22aCM .
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provide a highly asymmetrical result—a single bulge. A
other important feature used here is that similar to the gra
the entire Earth is weightless.58

Tidal dispersion: Tides are discussed in introducto
courses as ocean tides, as if they were unobservabl
smaller distances.59 In practice, however, tidal effects ar
used in sensitive gravimeters and can indicate the pres
of a gravitational field in the state of weightlessness.
stress this point, we can discuss these effects in an orb
satellite at a height of 300 km. Relative accelerations ca
the dispersion of a group of marble balls left within th
cabin. A marble, which started 2 cm from the center of m
of the satellite~in the radial direction!, will recede to 20 cm
in about 30 minutes, a phenomenon easy to observe, in
trast with the often-made statement that objects in an orbi
satellite remain still in mid-air.

Tidal elastic deformation: Four soft elastic springs~sping
constantk50.1 N/m) of original lengthL0 are connected in
the form of a cross~see Fig. 4!. Four equal masses (m
510 kg) are connected to the springs. The parameteh,
which characterizes the asymmetric deformation of the ap
ratus due to tidal forces, can be defined as:

h5
L i2L'

L0
, ~1!

whereL i andL' are the lengths of the radial and tangent
springs. For these conditions and the height of 300 k
h50.04%, independent of the size of the apparatus.60 Thus
for the original length of half a meter, the deformation
each spring will be about 0.2 mm, which is a measura
effect.

We can use this deformation to detect satellite orientat
the elongation determines the radial direction. The same
paratus suspended in the laboratory on the ground wo
show only a vertical elongation, proportional to the gravi
tional force ~the result of weighing!, totally masking the
much smaller tidal effect. This example demonstrates
free fall is essential for the observation of tidal effects. It a
displays the different geometry of deformation when cau
by the gravitational force or its gradient.

Tidal clock: Consider a small ball in a frictionless glas
tube placed along the direction of the orbital motion~Fig. 5!.
When the ball is slightly removed from the center of mass
the space station, it experiences a tangential~to the orbit!
tidal force, which acts as a restoring force proportional to

Fig. 3. ~a! Accelerations of grains 1, 2, 3, and 4 with respect to the cente
mass of an orbiting satellite.~b! The resulting deformation of a spherica
ball to an ellipsoid-like shape, elongated along the radial direction of
Earth.
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displacement. The period T of the oscillations will be equ
to the satellite orbital period, depending only on the mass
the Earth and the distance to it:

Ttidal52pA~R01H !3

GME
52pA~R01H !

g*
, ~2!

whereR0 is the radius of the Earth andg* is the acceleration
of the satellite. This period~1.5 hours at a height of 300 km!
can inform astronauts when they have completed one re
lution around the Earth without looking outside. A simp
pendulum~two meters long!, placed on an imaginary towe
of the height of the orbit would oscillate with a period of

Tgrav52pA L

g*
~3!

which is about 3 s, only a fraction of the period of the tid
clock.

Tidal precession: Consider the simplest gyroscope: a rota
ing dumbbell in a satellite. The frequency of rotation and t

f

e

Fig. 4. Elastic springs are deformed differently in the tangential and ra
directions, indicating the presence of a nonhomogeneous gravitational
in a satellite.

Fig. 5. A ball within a tube oriented along the orbit of a satellite will sho
harmonic oscillations relative to the center of mass of the satellite, a ‘‘t
clock.’’
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Fig. 6. ~a! Rotating dumbbell~fre-
quencyv! in a state of free fall subject
to unequal gravitational forcesF1grav

and F2grav. ~b! The dumbbell pre-
cesses~with frequencyV! around the
radial direction to the Earth due to th
torque of tidal forces F1tidal and
F2tidal .
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angle of its axis relative to the radial direction from the ea
are v and a, respectively~see Fig. 6!. In free gravitational
movement, unequal gravitational forcesF1 and F2 @Fig.
6~a!# act on the balls and produce two tidal forcesF1tidal and
F2tidal @Fig. 6~b!#. The resultant torque causes the axes
precess with the frequency:61

V5
3g*

2vR01H
sin 2a. ~4!

Equation~4! yields 8.3° per hour, which corresponds to t
behavior of Foucault’s pendulum at a latitude of 33°.

This precession can serve as an indicator of the pres
of gravitation, which is especially important for a observer
a free falling laboratory. The frequency of the precess
does not depend on the size of the dumbbell, but on the m
of the nearby attracting body~the Earth! and the distance
from it. This effect is used in astrophysics to determine
mass of the Moon by the rate of precession of the spinn
axis of the Earth~the oblate shape of the Earth makes
similar to a dumbbell!.62
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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, 1983!, p. 359.
1135I. Galili and Y. Lehavi


