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How to Use This Book

Diagnostic Test

First, take the diagnostic test to gain an understanding of your strengths and weaknesses. Read the answer explanations for all questions, as they provide valuable insight into correct and incorrect answers. Refer to the diagnostic table to identify the areas you need to brush up on. Here you can find the chapter numbers that correspond to each of the questions in the diagnostic test.

Review and Practice

This book’s review chapters align with the curriculum for the AP Physics C course. The text of the chapters works from the ground up without assuming extensive knowledge of physics on your part. Therefore, the text is appropriate at any stage of your mastery of AP Physics. You may find it helpful to read the text along with your textbook when you are first learning the material and studying for course exams, or you may choose to read the chapters together as a review after you have completed most of your AP Physics C course. By answering the practice questions that follow each chapter, you will be able test your learning as you progress through the book.

Practice Tests

The final section of the book offers the opportunity to take two full-length practice tests that include all question types found on the actual exam. A comprehensive answer explanation is provided for each question.

Online Practice

In addition to the diagnostic test and two practice tests within this book, there is also a full-length online practice exam. You can take this exam in practice (untimed) mode or in timed mode. All questions include answer explanations.









    

Introduction

How to Review for the AP Physics Exam

Solving physics problems is like mastering any sport or musical instrument: If you want to do it well, you have to practice. Do not expect to understand everything immediately, and do not be frustrated by the effort required to master some concepts and techniques. Contrary to popular conceptions of a vast divide between physics geniuses who can immediately solve problems and other people who simply cannot, learning physics requires hard work. However, a mastery of calculus-based physics will teach you analytical and mathematical skills that will prove extremely useful in a broad range of other disciplines.

Revisions to the 2025 Exam

The College Board has announced the following changes to the AP Physics C exam beginning with the 2025 exam:


	40 multiple-choice questions (increased from 35).

	Section I (multiple-choice) time changed from 45 minutes to 80 minutes.

	All multiple-choice questions decreased from 5 choices to 4 choices.
 
	4 free-response questions (increased from 3).

	Section II (free-response) time changed from 45 minutes to 100 minutes.

	All free-response questions are new question types:

	Mathematical routines question

	Translation between representations question

	Experimental design question

	Qualitative/quantitative translation question





Guide to This Review Book

Text

The text of the chapters works from the ground up without assuming extensive knowledge of physics on your part. Therefore, the text is appropriate at any stage of your mastery of AP Physics. You may find it helpful to read the text along with your textbook when you are first learning the material and studying for course exams, or you may choose to read the chapters together as a review after you have completed most of your AP Physics course.

Questions

Because of space limitations, it is impossible for the questions to work from the ground up (i.e., start with very easy questions and progress to more difficult ones). Therefore, the questions are generally near the AP level and assume that you have some problem-solving experience. The questions are designed to raise you from a competent problem solver to an expert with extensive experience in solving AP problems. If you have difficulty with the questions, you may want to go back and solve some problems in your introductory physics textbook or AP Physics textbook, as well as consider the advice in the next paragraph.

Difficulty of the Questions

The problems in this review book are generally slightly more difficult than actual AP exam questions. In order to maximize the amount that you learn from this book and your degree of comfort with AP Physics questions, we have designed the questions to cover the material and problem-solving techniques of the AP Physics exam while being more challenging than questions you are actually likely to encounter on the exam. For example, our problems generally have more parts than standard AP problems in order to exhaustively explore various hypothetical situations. Therefore, we strongly urge you not to become discouraged if you are not able to solve all the problems on your first attempt. Instead, the best approach is to make your best effort at the problems, read (and study) the solutions of problems you got wrong, and later return to these problems and try them again. Because we have attempted to include all the common problem types that appear on the AP exam, after you have worked through all the problems in this guide correctly (even if not on your first or second attempt), you will probably be in excellent shape. Another approach that you might find useful for multistep problems is to do each part individually and check the answer before proceeding to the next part. This allows you to avoid wasting time by making a mistake in one part and then propagating it through the rest of the problem.

The advantage to this difficulty level is that after you obtain experience solving the problems in this book, you will be comfortable solving the problems on the AP exam.

Distribution of the Questions

Not all AP topics are created equal. Some topics (such as Gauss’s and Faraday’s laws) are tested extensively and are frequently the subject of entire free-response questions. Other topics (such as circuit analysis) are central to solving a range of questions but are generally not the sole topic of a free-response question. Finally, some topics (such as Maxwell’s equations) are not tested very extensively.

The distribution of questions in this review book is based on a careful review of decades of AP examinations. Topics that have been tested frequently in the past are reviewed thoroughly, and topics tested infrequently are not reviewed as extensively. Additionally, more attention is paid to topics requiring more practice than others. (For example, although rotational kinematics is frequently tested, extensive practice with rotational kinematics is not crucial because of its similarity to linear kinematics.) We appreciate that the time you have to review for this exam is limited, so we have worked hard to provide you with exactly the material and questions you need to do well on the AP exam.

Derivations

From introductory physics courses, you may have received the impression that derivations aren’t very important but rather that only the final results are relevant. This is not the case in Physics C, where the level of sophistication is high enough to require the derivation of most of the important equations. Since these derivations illustrate important principles and problem-solving approaches, we have included them here and urge you to make sure you understand them.

Problem-Solving Strategies to Watch For

As multiple-choice and free-response questions are presented and explained, we have tried to show, often in multiple approaches to the same problem, how various strategies can be applied. A quick way to answer a multiple-choice question, for example, often involves elimination of incorrect choices based on such considerations as dimensional analysis, behavior at extreme values of the system parameters, results of eliminating certain parameters, and the absence of parameters that by the nature of the problem must be included. In the free-response questions, results from previous parts frequently are used in later, more involved, parts; thus, notice how you can get valuable clues as to how to approach part (d) by rereading (and probably using results from) parts (a), (b), and (c). Remember the value of getting a good grasp of the situation described in a problem; using sketches, diagrams, and graphs; thinking of the relationships between given quantities; and relating situations to concepts that might be more familiar (as in rotational and linear motion, in electrical and gravitational fields, and in conservation of elastic and gravitational energy). As you carefully study our solutions, be sure to watch for these and the many other approaches that will improve your abilities to analyze and to understand physics problems and to develop your “physics intuition.”

Graphical Analysis of Data

The free-response section of the exam includes one question involving a lab experiment and data analysis. Here are some general tips for successfully solving these questions.


	You will usually be asked to plot a relationship between quantities that is expected to be linear. You may need to evaluate a suitable function of one of the quantities in order to obtain a linear relation. For an example, see “Mechanics III” of the diagnostic test (page 16).

	If you are asked to plot quantity A as a function of quantity B, then A is on the vertical axis and B is on the horizontal axis. On the other hand, the problem may simply say to plot the data to test a linear relationship. In that case, it is your choice as to which quantity goes on which axis.

	You will need to examine the range of data points to determine the correct scale on the axes. Your data points should cover at least half of the grid. Your scale must be uniform along the axis; i.e., if neighboring major gridlines differ by 4 units, then this must be true of all neighboring major gridlines.
 
	Label the axes with the quantity plotted, and be sure to include the units.

	If you are asked to fit the data to a linear relationship, draw a straight line that best follows the trend of the data. Your line need not (and, in general, won’t be able to) pass through all of the data points. Do not draw a jagged line that connects neighboring points! Your goal is to draw a single straight line that best approximates the data.



Description of the AP Physics C Exam

You are probably familiar with the concept of AP testing, which provides the opportunity to receive recognition for college-level coursework. While each college and university interprets AP scores (graded from a low of 1 to a high of 5) differently, good scores generally translate into college credits and advanced placement. (Note that you can miss many questions and still earn a score of 5.) Commonly, matriculation into many college courses without having had the experience of studying for the appropriate AP exam may place you at a severe disadvantage. Furthermore, college admissions committees tend to value applicants who have completed AP testing or have scheduled AP courses with the intention of taking the exam. (Note that it is permissable to take an AP exam after studying for it individually, even if your school system does not offer a corresponding course labeled AP.)


No Harm in Guessing!

There is no penalty for wrong answers on the multiple-choice section, so you should answer all multiple-choice questions. Even if you have no idea of the correct answer, you should try to eliminate any obvious incorrect choices, and then guess!



The Physics C exam is somewhat different from others you may have encountered. It is divided into two separate three hour sections—one on mechanics, the other on electricity and magnetism. These two sections are graded independently, and each is often considered the equivalent of a semester course in college. Although we have difficulty imagining how anyone could resist the beauty of either section, you have the option of taking either the mechanics or the electromagnetism test alone. This organization is reflected in this book, which is similarly divided between the two topics. Each half of the book includes the many examples you will need of both question types, the multiple choice and the free-response, as well as three complete model tests that mirror the question types and the distribution of topics likely to be encountered. Once the basic material is understood, careful study of the questions and solutions in this book will leave you well prepared for any questions on the actual exam.

Each of these two exams is divided evenly, by time and by contribution to grading, between a multiple-choice section and a free-response section. The 45–50 question multiple-choice section often lends itself to intuitive understanding, symbolic manipulation, and estimation by orders of magnitude. Both sections of the exams include a table of information indicating numerical values of physical constants and conversion factors. Both sections permit the use of calculators and do not require that memories be erased. An included equation table (reproduced at the end of this guide) can be used throughout the exam. While this reference information provides a handy memory check and a source of ideas for solutions, we do not recommend that you rely on it: Many equations are omitted, finding needed equations uses valuable time, and lack of mastery of the basics will hamper your thinking. Concepts from many areas of physics are often involved in each question. Carefully recording your work within the booklet (including the general laws and equations being used) is crucial for full or partial credit, as is the inclusion of units in final answers.

The topics covered on the Physics C exam and the percentage goals listed by the College Board are as follows:



Further information about the AP Physics C exam can be found at the College Board website, which includes recent tests and an extensive guide to the exam containing sample questions.

Other Uses of This Book

Despite our careful modeling of this book to reflect the Physics C exam, it is also an invaluable aid for anyone taking courses in calculus-based mechanics or electromagnetism. Solving physics problems is what physics courses are generally about, and solving physics problems is what this book will teach you. Since it is hard to imagine any college physics exam that doesn’t involve some combination of multiple-choice questions and more extensive problems, many test-taking strategies discussed in this guide should apply as well.

What Do You Think?

I am continually striving to improve this review book, so I welcome any questions or comments you might have, particularly those concerning errors or deficiencies in this edition. Please feel free to contact me either by ordinary mail or electronically. Your thoughts are greatly appreciated.

Robert A. Pelcovits

Department of Physics

Box 1843

Brown University

Providence, RI 02912

Robert_Pelcovits@brown.edu

Good luck!


Diagnostic Test

Multiple-Choice Questions


DIRECTIONS: Each multiple-choice question is followed by four answer choices. For each question, choose the best answer and fill in the corresponding circle on the answer sheet. You may refer to the formula sheet in the Appendix (pages 508–511).



Mechanics


	A block lies on an inclined plane with angle of elevation θ, as shown in the figure. The inclined plane is frictionless, and the plane is accelerated to the left such that the block’s height remains constant. What is the net force on the block?
(A)  mg cot θ

(B)  mg tan θ

(C)  mg cos θ

(D)  zero









	Consider the Atwood machine shown in the figure, which consists of two masses connected to a pulley. If the pulley’s mass is not negligible, which of the following is true of the acceleration a of each mass?
(A)  

(B)  

(C)  

(D)  









	Consider the velocity and acceleration vectors shown in the figure for some object. In which would the object experience the greatest increase in speed over similar time intervals?
(A)  

(B)  

(C)  

(D)  


	The moment of inertia (rotational inertia),  is the rotational analog of
(A)  displacement

(B)  velocity

(C)  mass

(D)  force


	A mass m connected to a spring with spring constant k oscillates at a frequency f. If the mass is increased by a factor of 4 and the spring constant is increased by a factor of 2, the new frequency will be
(A)  2f

(B)  8f

(C)  

(D)  




Questions 6–8 refer to the figure below, which shows two masses connected by a massless pulley. Assume the incline is frictionless.






	When the speed of each object is v, what is the total momentum of the system of two masses, m1 and m2? (Assume that the x-axis is horizontal and the y-axis is vertical.)
(A)  

(B)  

(C)  

(D)  


	When m2 has fallen a distance d, what is the change in the total kinetic energy of the system?
(A)  g(m2d + m1d sin θ)

(B)  g(m2d − m1d sin θ)

(C)  g(m2d − m1d cos θ)

(D)  Total kinetic energy is conserved.


	Now consider that the inclined plane, which has mass M and rests on a frictionless surface, can move as well. When both small masses start from rest, which of the following quantities evaluated for the system of the three masses is conserved?
(A)  gravitational potential energy

(B)  kinetic energy

(C)  x-momentum

(D)  None of the above are conserved for this system.


	Two objects with equal masses and speeds as shown collide and stick together. What is the final speed of the combined mass?
(A)  v/2

(B)  

(C)  v

(D)  









	An object moving with constant acceleration can have how many of the following path types?
I. a linear path

II. a circular path

III. a parabolic path

IV. an elliptical path

V. a spiral path

(A)  none

(B)  one

(C)  two

(D)  three


	A mass is pulled up a frictionless incline by a force applied parallel to the incline. The change in the object’s kinetic energy is equal to which of the following?
(A)  the negative of the change in potential energy

(B)  the work done by gravity

(C)  the work done by the applied force

(D)  the work done by the applied force plus the work done by gravity


	Which of the following changes does not affect the period of a horizontal mass-spring system undergoing simple harmonic motion?
(A)  attaching an identical spring in parallel (as in the figure)

(B)  attaching an identical spring in series (as in the figure)

(C)  the presence of friction between the block and the horizontal surface

(D)  any manipulation of the masses and springs that does not affect the ratio of the maximum amplitude to the maximum velocity









	As a block moves up an incline at constant speed, the frictional force performs −5 J of work on the block. As the block moves down the same incline at constant speed over the same distance, how much work does the frictional force perform on the block?
(A)  0 J

(B)  +5 J

(C)  It depends on the angle of elevation of the incline.

(D)  It depends on whether the applied force is the same in both situations.


	The velocity as a function of time for an object undergoing simple harmonic motion is shown. Which of the following graphs shows the potential energy as a function of time?

(A)  

(B)  

(C)  

(D)  


	Consider the two concentric cylinders in the figure, which are fastened to each other and suspended by a pin through their center, which exerts a force of F1. Two additional forces, F2 and F3, act on the cylinders as shown. Which of the following equations is a necessary condition for the two-cylinder system to remain in static equilibrium?
(A)  

(B)  

(C)  

(D)  








Questions 16–18 refer to the figure below, which shows a mass m connected to a spring (of spring constant k) rotating in a circle on a frictionless table at constant speed.






	If x is the extension of the spring from its unstretched length, v is the speed of the mass, and r is the radius of the circular path, which of the following equations is valid?
(A)  kx = mv2/2

(B)  kx2/2 = mv2/2

(C)  kx2/2 = mv2/r

(D)  kx = mv2/r


	In terms of the mass m, the spring constant k, the extension of the spring x, and the radius of the circle r, what is the rate at which the spring does work on the mass?
(A)  

(B)  kx(kxr/m)

(C)  kx(m/kxr)

(D)  zero


	Imagine that the spring in the figure is suddenly cut, causing the mass to continue along a path tangential to its motion at the instant the spring is cut. What is the change in the total energy of the system of the mass and spring caused by cutting the spring? (Express your answer in terms of the quantities given in question 16 and neglect the mass of the spring.)
(A)  

(B)  

(C)  

(D)  


	Consider a disk that has uniform density and a hole as shown. Where is the center of mass of this disk located?
(A)  point A

(B)  point B

(C)  point C

(D)  point D









	A mass m is suspended by two ropes as shown. What is the tension in each of the ropes?
(A)  

(B)  

(C)  

(D)  









	What is the maximum speed of a simple pendulum with length l whose maximum angle of displacement from the vertical is θ?
(A)  

(B)  

(C)  

(D)  


	A ball released from rest at height h rolls down a curved incline without slipping, as shown. What fraction of its final angular speed ωf does the ball have at point P?
(A)  

(B)  

(C)  

(D)  









	Which of the following is true of the potential and kinetic energies in a system undergoing SHM?
(A)  The total energy is maximized at the equilibrium point.

(B)  The total energy is maximized at the turning points.

(C)  The kinetic energy is maximized when the acceleration is maximized.

(D)  The maximum potential energy equals the maximum kinetic energy.


	Consider a planet in an elliptical orbit around the sun as shown. Which of the following is the correct ratio of the magnitudes of the planet’s acceleration at points A and B?
(A)  

(B)  

(C)  

(D)  









	If an object’s position is given by the equation x = vt, the object’s kinetic energy is given by the equation
(A)  

(B)  

(C)  

(D) 


	In order to swim directly across a stream with water moving with speed vstream with respect to the ground as shown, which of the following is required of the magnitude of the swimmer’s speed with respect to the water, vswimmer?
(A)  vswimmer = vstream

(B)  vswimmer > vstream

(C)  

(D)  









	What is the effective spring constant of two identical springs (each of spring constant k) attached in series (end-to-end—see question 12)?
(A)  k/2

(B)  

(C)  k

(D)  


	If the angular velocity of a disk is given in rads by the equation ω(t) = 9 + 3t, what is the disk’s angular displacement between t = 0 and t = 1 s?
(A)  0.75 rad

(B)  8.25 rad

(C)  9 rad

(D)  10.5 rad


	You open a 1.0 m-wide door by pushing on the edge farthest from the hinge. You apply a force of 2.0 N at right angles to the front of the door. If you rotate the door 0.5 radians in 0.5 s, at what rate have you done work on the door?
(A)  −2.0 J/s

(B)  0.25 J/s

(C)  0.5 J/s

(D)  2.0 J/s


	A projectile is launched vertically upward into the air. When is the rate of work done by gravity on the projectile maximized?
(A)  at the top of the trajectory

(B)  right after the particle is launched

(C)  right before the particle hits the ground

(D)  The rate is constant.


	A planet moves in an elliptical orbit around the sun (which is assumed to be stationary) as shown. What is the planet’s speed v2 at the point of closest approach to the sun?
(A)  v2 = v1

(B)  v2 = v1r2/r1

(C)  v2 = (v1r1 sin θ)/r2

(D)  v2 = (v1r1 cos θ)/v2









	The potential function for an object in a region of space where there are no nonconservative forces is U(x) = −ax2 + bx − c. What is the force on the object in this region?
(A)  F(x) = 2ax − b

(B)  F(x) = −2ax + b

(C)  F(x) = m(2ax − b)

(D)  F(x) = m(−2ax + b)


	If an object’s position is given by the equation  (where position is in meters and time is in seconds), what is the magnitude of the object’s velocity at time t = 1?
(A)  1 m/s

(B)  2 m/s

(C)  3 m/s

(D)  4 m/s


	Two particles are launched from the top of a building at the same time with the same initial speed. One particle is launched with an initial velocity pointing θ degrees above the horizontal, while the other particle is launched with an initial velocity pointing θ degrees below the horizontal, as shown. Discounting air resistance, which of the following is true?
(A)  Both particles spend the same amount of time in the air.

(B)  Both particles hit the ground the same distance from the building.

(C)  At any particular instant in time, both particles have the same potential energy.

(D)  Both particles hit the ground at the same angle of impact (i.e., when they hit the ground, their velocities are parallel).









	A figure skater is spinning without friction when he extends his arms, moving his hands farther from his axis of rotation and decreasing his angular velocity by a factor of 2. Which of the following statements is true?
(A)  Both his angular momentum and kinetic energy are constant.

(B)  His angular momentum decreases by a factor of 2, while his kinetic energy remains constant.

(C)  His angular momentum remains constant, while his kinetic energy decreases by a factor of 4.

(D)  His angular momentum remains constant, while his kinetic energy decreases by a factor of 2.


	An object initially at rest at position x = 0 starts moving with constant acceleration. After 1 s, the object is located at x = 2. What is the object’s velocity at t = 2 s?
(A)  0.5 m/s

(B)  1 m/s

(C)  2 m/s

(D)  8 m/s


	A piece of metal breaks off the top of a truck and falls in a linear path with respect to the truck as shown in the figure below. Which of the following is true?








(A)  The truck is accelerating to the right with constant acceleration g cot(θ).

(B)  The truck is accelerating to the left with constant acceleration g cot(θ).

(C)  The truck is accelerating to the right with constant acceleration g tan(θ).

(D)  The truck is accelerating to the left with constant acceleration g tan(θ).




	A mass is launched off a cliff of height h with an initial speed of v and an angle of elevation of θ above the horizontal. How long is the mass in the air?
(A)  

(B)  

(C)  

(D)  


	Consider what happens when you jump up in the air. Which of the following is true?
(A)  The upward force exerted by the ground pushes you up, but this force can never exceed your weight.

(B)  You are able to spring up because the Earth exerts a force upward on you that is stronger than the downward force you exert on the Earth.

(C)  Since the ground is stationary, it cannot exert the upward force necessary to propel you into the air. Instead, the internal forces of your muscles acting on your body itself are propelling your body into the air.

(D)  When you push down on the Earth with a force greater than your weight, the Earth will push back with the same magnitude force and will thus propel you into the air.


	A 2.0 kg ball is attached to a light rod that is 1.2 m long. The other end of the rod is attached to a frictionless pivot, allowing the rod to rotate in a vertical plane. The rod is raised until it is inverted, with the ball above the pivot. The rod is released, and the ball moves in a vertical circle. The tension in the rod as the ball moves through the bottom of the circle is

(A)  0 N

(B)  4.9 N

(C)  19.6 N

(D)  98.0 N




Free-Response Questions


DIRECTIONS: Use separate sheets of paper to write down your answers to the free-response questions. You may refer to the formula sheet in the Appendix (pages 508–511).



Mechanics

Mechanics I

A pulley consists of two cylinders of radii r and 2r (seefigure) with a total rotational inertia of I. Mass m2 is sliding along a frictionless incline with an angle of elevation of θ. Assume that both m1 and m2 have the same mass m.






	(a)  Given that the angular acceleration of the pulley is zero (and assuming that the rope rolls without slipping over the pulley), what is the angle of elevation of the inclined plane?

	(b)  If the mass on the inclined plane is sliding down the ramp with a speed of v2, what is the speed of the hanging mass?



Then the rope attaching m2 to the pulley is cut, causing the hanging mass to accelerate.


	(c)  What is the acceleration of the hanging mass, m1, under these conditions?

	(d)  What is the rate at which the kinetic energy of the pulley and m1 is changing? (Your answer can include the angular speed of the pulley, ω.)



Mechanics II

A roller coaster (mass m), starting from rest at a height h, goes around a circular loop of radius r as shown.






	(a)  If the normal force exerted on the roller coaster by the track at the top of the loop is zero, what is the roller coaster’s speed at this point?

	(b)  Assuming that the track is frictionless, at what height h must the roller coaster have started?

	(c)  Draw a free-body diagram for the roller coaster as it passes point A.

	(d)  What is the object’s speed as it passes through point A?



Mechanics III

A horizontal force F acts on a mass m sliding along an inclined plane with a coefficient of kinetic friction μk, as shown.






	(a)  Draw a free-body diagram indicating all the forces acting on the mass.

	(b)  Assuming that the mass slides downward along the incline, what is its acceleration?

	(c)  What is the maximum force F that can be applied without causing the block to lift off the incline?

	(d)  An experiment is carried out to check the prediction of part (c) for a mass of 1 kg. The angle of the incline is varied, and the value of the maximum force F that can be applied without causing the block to lift is measured using a spring scale. The following data are obtained:



	θ (degrees)
	20
	30
	45
	60



	F (N)
	26.5
	17
	10
	5.7









Which quantities should be plotted on the grid below to yield a straight line according to part (c)?


	(e)  Plot the data, fit the points as well as possible to a straight line, and check your prediction from part (c).







Mechanics IV

A rock is thrown from the roof of a building with a velocity v0 at angle θ above the horizontal. The building has height h.


	(a)  How high will the rock rise?

	(b)  When will the rock strike the ground?

	(c)  Calculate the magnitude of the velocity of the rock just before it strikes the ground using the laws of kinematics.

	(d)  Are you surprised that your answer to part (c) is independent of angle θ? (Hint: Use a principle of physics that follows from Newton’s laws.)



Multiple-Choice Questions


DIRECTIONS: Each multiple-choice question is followed by four answer choices. For each question, choose the best answer and fill in the corresponding circle on the answer sheet. You may refer to the formula sheet in the Appendix (pages 508–511).



Electricity and Magnetism


	Two metal spheres with radii r1 and r2 carrying positive charges Q1 and Q2 are separated by a very large distance. Suppose that a very thin wire connects the two spheres. Under what conditions will positive charge flow from sphere 1 to sphere 2?
(A)  

(B)  

(C)  

(D)  


	A charged particle is launched into a region of uniform magnetic field. Given that the particle’s initial velocity has components parallel and perpendicular to the magnetic field, describe the particle’s path qualitatively.
(A)  a straight line

(B)  a circle

(C)  a helical (corkscrew) path

(D)  a parabolic path


	A point charge +Q is located at a fixed distance from a sphere. Compare the magnitude of the attractive force on the sphere if the sphere is (1) metal with net charge −Q, (2) metal with no net charge, (3) an insulator with net charge −Q, or (4) an insulator with no net charge.
(A)  charged metal = charged insulator > uncharged metal = uncharged insulator

(B)  charged metal > charged insulator > uncharged metal > uncharged insulator

(C)  charged insulator > charged metal > uncharged insulator > uncharged metal

(D)  charged insulator > charged metal > uncharged metal = uncharged insulator


	A bar moves to the right through a magnetic field as shown (the magnetic field points into the page). What is the potential difference between points A and B after equilibrium is established in the bar?
(A)  The difference is v2Bd, with A at higher potential.

(B)  The difference is v2Bd, with B at higher potential.

(C)  The difference is vBd, with A at higher potential.

(D)  The difference is vBd, with B at higher potential.









	Suppose that the electric potential in a region of space is a constant. What can you conclude about the magnitude of the electric field in this region?
(A)  It is a nonzero constant.

(B)  It is zero.

(C)  It is proportional to the distance from the origin.

(D)  It is given by 




Questions 6–8 refer to a circular region of radius a with a uniform magnetic field pointing into the page that is increasing at a constant rate as shown. A circular loop of wire of radius r is centered on the middle of the region.






(A)  

(B)  

(C)  

(D)  




	Which of the graphs plots the induced EMF in the circular loop of wire shown as a function of its radius r?



	Given that the resistance of the loop is proportional to the loop’s circumference, which of the graphs seen in question 6 shows the induced current as a function of the radius of the loop?

	Suppose that, instead of a magnetic field of increasing magnitude pointing into the page, a constant current of uniform current density flows into the page through a wire of radius a. Which graph seen in question 6 shows the magnitude of the magnetic field as a function of the radius, B(r)?

	The magnitude of the electric field inside a uniformly charged spherical shell
(A)  depends on the charge of the shell

(B)  depends on the radius of the shell

(C)  depends on the distance from the center of the sphere, r

(D)  is equal to the integral  where  is a unit vector pointing from the differential charge dQ to the point in space (within the sphere) where the electric field is being measured


	If a battery requires an amount of time t to charge a capacitor to 60% of its final charge, what is the time constant of the circuit?
(A)  

(B)  

(C)  

(D)  


	Which of the following statements is true of the integral 
(A)  It is equal to the potential at point B minus the potential at point A.

(B)  It is always independent of the path taken from point A to point B.

(C)  It is the work per unit charge that the electric field performs as a charge moves from point A to point B.

(D)  It is the work per unit charge that an external force performs to move a charge from point A to point B.


	A wire loop lies partially in a region where the magnetic field points out of the page, as shown. If the magnetic field is increasing in magnitude, what is the direction of the force on the loop?
(A)  to the right

(B)  to the left

(C)  out of the page

(D)  toward the top of the page









	Suppose that, rather than an electron orbiting a proton as in atoms, an electron and a positron (a particle with the same mass as an electron and of opposite charge) orbit each other as shown. In terms of the magnitude of the charge on an electron e and the radius of the orbit r, what is the total kinetic energy of the system?
(A)  

(B)  

(C)  

(D)  









	Which one of Maxwell’s equations states the experimental result that physicists have been unable to discover a magnetic monopole?
(A)  

(B)  

(C)  

(D)  


	Two resistors with different resistances are connected in parallel. Which of the following statements is correct about this resistor network?
(A)  The equivalent resistance is greater than the resistance of either of the resistors alone.

(B)  The equivalent resistance is in between the resistance of either of the resistors alone.

(C)  The equivalent resistance is smaller than the resistance of either of the resistors alone.

(D)  The same amount of current passes through both resistors.


	The uniform electric field established between the parallel plates of a capacitor has magnitude E. A particle with a charge of magnitude q is released (initially at rest) somewhere between the plates and allowed to move a distance d under the influence of the capacitor’s electric field. What is the change in the particle’s electrostatic potential energy?
(A)  

(B)  

(C)  

(D)  


	An isolated solid metal sphere contains a net charge of +Q. The magnitude of the electric field outside the sphere a distance d from the center of the sphere
(A)  cannot be calculated because there isn’t
appropriate symmetry to apply Gauss’s law

(B)  is equal to 

(C)  is equal to 

(D)  is equal to 


	Point P is located within a cylindrical wire that carries current into the page with uniform current density as shown. What is the direction of the magnetic field at point P ?
(A)  The magnetic field is zero because of symmetry.

(B)  toward the top of the page

(C)  toward the bottom of the page

(D)  into the page









	A point charge +q lies at the origin. Which of the following charge distributions could yield a zero net electric field (due to the +q charge and the charge distribution) at the point (0, 1)?
I. a single charge −Q with a smaller magnitude than +q, lying at some point along the x-axis

II. a single charge −q with a magnitude equal to +q, lying at some point along the x-axis

III. a single charge −Q with a larger magnitude than +q, lying at some point along the x-axis

IV. two charges both with charge −Q and with larger magnitudes than +q, lying at points along the x-axis

(A)  III

(B)  IV

(C)  I and III

(D)  II and IV


	After closing the switch in the figure, the current I passing through the inductor increases from zero. What is the Kirchhoff’s loop equation describing this situation?
(A)  

(B)  

(C)  

(D)  









	A battery has an EMF of 9 V and an internal resistance of 20 Ω. For what value of current will the terminal voltage across the battery be 7 V?
(A)  0.1 A

(B)  0.2 A

(C)  5 A

(D)  10 A


	Consider a parallel plate vacuum capacitor. If the plate area and the separation distance are doubled and a dielectric with dielectric constant kD = 2 is inserted between the plates, completely filling the space, the capacitance will
(A)  increase by a factor of 4

(B)  increase by a factor of 2

(C)  remain the same

(D)  decrease by a factor of 2


	How much work is done by the electric field on a point charge of magnitude q moved from infinity into the center of a hollow spherical shell of radius R that has a uniform charge density and a net charge of +Q? (Assume there is a very small hole in the shell that allows the point charge to enter but does not disturb the spherical symmetry of the charge distribution.)
(A)  

(B)  

(C)  

(D)  The work is undefined.


	Which unit is equal to one ohm divided by one henry?
(A)  coulomb

(B)  joule

(C)  second

(D)  second−1


	Suppose that when a charge is moved through a region of space with an electric field (which is produced by stationary charges), the field does no net work on the charge. Which of the following statements must be true?
(A)  The electric force is nonconservative.

(B)  The charge’s path begins and ends along the same electric field line.

(C)  The charge is moved along an equipotential line.

(D)  The charge’s path begins and ends on an equipotential line of the same value.


	Consider a long solenoid with length l, radius r, and n turns per length. What effect will doubling the radius (while holding l and n constant) have on the inductance of the solenoid?
(A)  Inductance will decrease by a factor of 2.

(B)  Inductance will not change.

(C)  Inductance will increase by a factor of 2.

(D)  Inductance will increase by a factor of 4.


	In the circuit shown, if the potential at point A is chosen to be zero, what is the potential at point B?
(A)  4 V

(B)  2.5 V

(C)  −2.5 V

(D)  −4 V









	What is the power dissipated in the resistors in the circuit introduced in question 27?
(A)  1 W

(B)  2 W

(C)  4 W

(D)  8 W




Questions 29–31 refer to the circuits shown in the figure, in which all the batteries are identical.


(A)  

(B)  

(C)  

(D)  




	In which circuit is the equivalent resistance the greatest?

	In which of the five circuits is the total power dissipated by all the resistors the greatest?

	Of all of the circuits shown, which one contains the resistor with the smallest potential difference across it?

	Which of the following statements is a necessary condition for the electric flux through a gaussian surface to be zero?
(A)  The electric field is zero along the entire gaussian surface.

(B)  The component of the field perpendicular to the gaussian surface is zero along the entire gaussian surface.

(C)  There is no charge enclosed within the gaussian surface.

(D)  There is no net charge enclosed within the gaussian surface.


	Two moving particles of equal mass enter a region of uniform magnetic field pointing out of the page, causing them to move as shown. Which of the following is true about the charges on these particles?
(A)  

(B)  

(C)  

(D)  









	Given the electric field vector at a point in space, which of the following can be determined?
I. the direction of the electric force on any charged particle (of unspecified charge) at that point

II. the magnitude of the electric force on a particle with a charge of magnitude Q at that point

III. the rate of change of the potential with respect to position in the direction parallel to the field

IV. the rate of change of the potential with respect to position in the direction perpendicular to the field

(A)  I and II

(B)  III and IV

(C)  I, III, and IV

(D)  II, III, and IV


	In which of the situations shown is the force on the loop of wire greatest? (Assume that the dimensions of the figures and the strengths of the magnets are the same in all cases and that the magnet lies along the axis of the loop.)
(A)  

(B)  

(C)  

(D)  


	In how many of the charge distributions shown in the figure below is the potential zero at the center of the distribution?








(A)  1

(B)  2

(C)  3

(D)  4




	In which of the distributions shown in the figure below is the magnitude of the net electric field at the center of the distribution the greatest?








(A)  distribution (a)

(B)  distribution (b)

(C)  distribution (c)

(D)  distribution (d)




	An ammeter and a voltmeter connected in series
(A)  could correctly measure current through a circuit element if inserted in series with the element

(B)  could correctly measure current through a circuit element if inserted in parallel with the element

(C)  could correctly measure the voltage across a circuit element if inserted in parallel with the element

(D)  could correctly measure the current through a circuit element if inserted in parallel with the element


	Which of the following functions of time have the same general form when both charging and discharging a capacitor?
I. U(t), the energy stored in the capacitor

II. I(t), the current through the circuit

III. Q(t), the charge on the capacitor

(A)  I

(B)  II

(C)  III

(D)  I and II


	In the figure below, three hollow concentric spherical conductors have the following charges: +Q on the innermost sphere, −2Q on the middle sphere, and −Q on the outer sphere. What is the charge on the outer surface of the middle sphere?
 







(A)  0

(B)  −Q

(C)  +Q

(D)  +2Q



Free-Response Questions


DIRECTIONS: Use separate sheets of paper to write down your answers to the free-response questions. You may refer to the formula sheet in the Appendix (pages 508–511).



Electricity and Magnetism

Electricity and Magnetism I

A charge of +Q and mass m is accelerated by a parallel plate capacitor (at voltage V1) and propelled into a second parallel plate capacitor (at voltage V2 and plate separation distance d) as shown. The charge follows the indicated path, coming infinitesimally close to plate 2, yet never touching it.






	(a)  What is the charge’s initial velocity v0 as it enters the second capacitor?

	(b)  Describe the mathematical form of the charge’s trajectory in the second capacitor.

	(c)  Calculate the charge’s velocity vector at point C.

	(d)  Calculate the charge’s velocity vector at point B. Use this vector to express V2 in terms of V1 and the angle θ.



Electricity and Magnetism II

An infinitely long cylinder of radius a contains a volume charge density given by the function ρ = b/r, where b is a constant with units of coulombs · meters−2 (see figure).






	(a)  Calculate the electric field in the following regions:




	(i) r < a


	(ii) r > a


	(iii) r = a




	(b)  Think of the cylinder as a combination of two semi-infinite identical cylinders, one above the xz-plane and one below the xz-plane, which are joined at the xz-plane. Discuss how the electric field vectors, because of these cylinders, add up to produce the net electric field at a point P along the x-axis.



Now imagine that the cylinder below the xz-plane is removed so that only the cylinder above the xz-plane remains.


	(c)  Based on the insight gained from parts (a) and (b), describe the x-component of the field due to this new charge distribution (quantitatively, if possible).



Now consider a cylinder in which above the xz-plane the charge density is given by ρ = b/r, and below the xz-plane the charge density is given by ρ = −b/r.


	(d)  Describe the x-component of the field at point P (quantitatively, if possible).

	(e)  Taking the potential to be zero at (∞, 0), what is the potential along the x-axis, V(x)?



Electricity and Magnetism III

Consider the circuit shown. The capacitor is initially uncharged when the switch S is closed at t = 0.






	(a)  What are the initial currents through each of the three resistors?

	(b)  Once the circuit has reached equilibrium, what are the final currents through each of the three resistors?

	(c)  At equilibrium, what is the voltage across the capacitor?



Then switch S is opened.


	(d)  Calculate the initial current through each of the resistors.

	(e)  The voltage across the capacitor is measured as a function of time, assuming that t = 0 when the switch is opened. To determine the time constant of the circuit, which two quantities would you plot to obtain a straight line?

	(f)  What is the predicted value of the time constant?



Electricity and Magnetism IV

Two identical capacitors are connected in parallel and to a battery of voltage V0. Once fully charged, each capacitor has a charge Q0. The battery is then removed, and a dielectric with dielectric constant kD is then inserted between the plates of one capacitor, completely filling the space between the plates.


	(a)  Find the charge on each capacitor after the dielectric has been inserted.

	(b)  Find the voltage now on each capacitor. Express your answer in terms of V0 and kD.
 
	(c)  Has the voltage decreased or increased due to the addition of the dielectric? Justify your answer.

	(d)  What is the total energy now stored in the capacitors? Express your answer in terms of C1, V0, and kD, where C1 is the capacitance of the capacitor with no dielectric.

	(e)  Compare the energy you found in part (c) to the total energy stored in the capacitors before the dielectric was introduced. Did the insertion of the dielectric raise or lower the total energy? Explain your answer.







Mechanics Diagnostic Table

See the appropriate chapter for additional explanations and practice.




	Question
	Chapter
	Question
	Chapter





	1.
	3
	23.
	8



	2.
	3
	24.
	9



	3.
	2
	25.
	4



	4.
	7
	26.
	2



	5.
	8
	27.
	8



	6.
	5
	28.
	6



	7.
	4
	29.
	6



	8.
	5
	30.
	2, 4



	9.
	5
	31.
	7



	10.
	2
	32.
	4



	11.
	4
	33.
	1



	12.
	8
	34.
	4



	13.
	3, 4
	35.
	7



	14.
	8
	36.
	2



	15.
	7
	37.
	3



	16.
	2
	38.
	2



	17.
	4
	39.
	3



	18.
	4
	40.
	3, 4



	19.
	5
	Free-response I
	3, 4



	20.
	3
	Free-response II
	3, 4



	21.
	4
	Free-response III
	3



	22.
	4, 6
	Free-response IV
	2





Answer Explanations

Multiple-Choice

Mechanics


	(B) Consider the figure. Because the block accelerates horizontally, we choose horizontal (x) and vertical (y) coordinates rather than the usual tilted coordinates of inclined plane problems. The y-component of the normal force must balance gravity for the block’s height to remain constant:











Because the force in the y-direction is zero, the force in the x-direction is equal to the net force. Based on the diagram, this force is





For more practice with this type of problem, see Chapter 3.


	(D) Consider the situation when the pulley is massless. In this case, the tension throughout the rope is constant, and a free-body diagram can be drawn as shown. Applying Newton’s second law yields











Adding these equations and dividing by m1 + m2 yields





Then, intuitively, if the pulley has mass, it has rotational inertia, slowing the rate of acceleration. Therefore, choice (D) is correct.

For more practice with this type of problem, see Chapter 3 (particularly Example 3.5 concerning the Atwood machine).


	(D) The magnitude of the rate of change of an object’s speed is equal to the magnitude of the component of the acceleration parallel to the velocity. When this component of acceleration is parallel to the velocity, the speed increases, whereas when the component is antiparallel to the object’s velocity, the speed decreases. Because in choice (D) the acceleration has the greatest component in the same direction as the velocity, it experiences the greatest increase in speed.



For more information on this topic, see Chapter 2 (particularly Example 2.11).


	(C) Mass is a measure of linear inertia. (For more information, see the definition of rotational inertia and the table comparing linear and angular quantities in Chapter 7.)

	(D) According to the equation , quadrupling the mass and doubling the spring constant causes the frequency to decrease by a factor of . For more information about oscillating spring systems, see Chapter 8.

	(B) Defining downward as negative, the momentum of the hanging mass is







and the momentum of the sliding mass is





Summing these two vectors to obtain the net momentum yields choice (B). For a review of momentum, see Chapter 5.


	(B) The change in the potential energy is







Because of conservation of energy, the change in the kinetic energy must have the opposite sign of this change in the potential energy. More information about kinetic energy can be found in Chapter 4.


	(C) As shown in question 6, the potential and kinetic energy both change, so choices (A) and (B) are not correct. There are no external forces acting in the x-direction, so the momentum in this direction must be conserved. There are external forces acting in the y-direction (gravity and the normal force exerted on the incline by the horizontal surface), so y-momentum is not conserved. Conservation of momentum is discussed in Chapter 5.

	(B) This is an inelastic collision in two dimensions such that momentum (but not energy) is conserved. Thus, in the horizontal (x) direction we have the equation mv + m(0) = (2m)v; similarly, in the vertical (y) direction we have m(0) + mv = (2m)v. Therefore, the final velocity has components in both directions that are equal to v/2, so that the final velocity has a magnitude of







Collision problems are discussed in Chapter 5.


	(C) An object with constant acceleration can have a linear path (e.g., a projectile thrown directly upward) or a parabolic path (e.g., a projectile launched at an angle). Moving in circular, elliptical, or spiral paths all require centripetal forces that change in direction. Motion in multiple dimensions with a constant acceleration is essentially identical to projectile motion, which is discussed in Chapter 2.

	(D) The kinetic energy is not equal to the negative of the change in the potential energy due to the presence of the external force. (Imagine, for example, that the force F accelerates the mass as it moves up the incline; certainly energy is not being conserved in this situation.)



The change in kinetic energy is equal to the net work done on the object, which in turn is equal to the sum of the work done by each of the forces, as stated in the work-energy theorem. (The normal force of the incline does zero work.)

The work-energy theorem is derived and discussed in Chapter 4.


	(D) The period is given by the equation . Therefore, doubling the mass, adding a spring in parallel (which doubles the effective spring constant), or adding a spring in series (which halves the effective spring constant) all affect the period. Adding friction complicates the motion such that it is no longer simple harmonic motion, and the period changes. Based on conservation of energy,  Therefore, any change in the parameters of the system that does not affect the ratio A/vmax does not affect the ratio m/k and thus does not affect the period. For further information on mass-spring systems, see Chapter 8.

	(D) The fact that the net force is zero does not constrain the frictional force to a single value. Instead, the frictional force depends on the nature of the applied force and the resulting normal force. Consider, for example, the two cases in the figure that show two different ways to push a mass up an incline. In case 1, assume that the applied force exactly cancels the gravitational force; thus, both the normal and frictional forces are zero. In case 2, on the other hand, there are nonzero normal and frictional forces. (The component of the applied force parallel to the direction of motion cancels the frictional force such that the net force is zero.)







Note: If the normal force were the same on the way up and on the way down, the frictional force would perform −5 J of work on the way down. The kinetic frictional force always opposes the motion and always performs negative work.

The friction force is discussed further in Chapter 3; work is discussed in Chapter 4.


	(D) According to energy conservation, the potential energy plus the kinetic energy must equal a constant. Therefore, when the kinetic energy is minimized (when the velocity is zero), the potential energy must be maximized. The only graph that has maxima at all three points where the velocity is zero is choice (D).



For more information about how the velocity and potential energy of a system in simple harmonic motion change with time, see Chapter 8.


	(D) The following equations are required for static equilibrium.



The net force in the x-direction must be zero:





The net force in the y-direction must be zero:





The net torque about their centers must be zero:





Inspection reveals that the only valid choice is (D), which is the negative of the torque condition above.

For further information about the static equilibrium of extended objects (objects that can rotate), see Chapter 7.


	(D) The spring force provides the centripetal force, so it must equal the centripetal force.



The centripetal force is discussed in the section on uniform circular motion in Chapter 2.


	(D) The rate of doing work is power, P = F · v. Because the force is perpendicular to the velocity, the power is zero. Power is discussed further in Chapter 4.

	(A) The kinetic energy of the mass remains constant throughout the entire action (before, during, and after the spring is cut). However, the potential energy of the spring is lost (the spring reverts to its equilibrium state), and this decrease is equal to  (Since we are neglecting the mass of the spring, we can ignore the kinetic energy imparted to the spring.)

	(B) There is more mass to the left of point C than to the right of point C, so the center of mass must lie to the left of point C. Because all the mass lies to the right of point A, point A cannot be the center of mass. Thus, by elimination, the center of mass must be point B. Note that the center of mass must lie on the horizontal line AE because of symmetry.



Further information about calculating the center of mass of this object can be found in Example 5.10.


	(D) Because of symmetry, the two tension forces will be equal in magnitude. Therefore, to keep the mass in static equilibrium requires Fnet,y = 0 = 2FTcos θ − mg. Solving this equation for the tension force gives choice (D).



More information about the static equilibrium of point masses can be found in Chapter 3 (particularly Example 3.3).


	(D) At the maximum height of the pendulum, all the energy is gravitational potential energy. At the minimum height of the pendulum, all this potential energy has been converted to kinetic energy. Energy conservation between these extreme points yields







(y is set equal to zero at the bottom of the pendulum’s arc; see Example 8.1 for the geometry of the height difference.) Solving for velocity yields choice (D).

Further information about the conservation of energy can be found in Chapter 4.


	(D) Because the ball rolls without slipping, the relationship between the velocity of its center of mass and its angular velocity is v = rω. Therefore, the total kinetic energy of the ball is equal to







so that the kinetic energy is proportional to ω2. The kinetic energy at the bottom of the incline is twice the kinetic energy at point P (because half of the gravitational potential energy has been converted to kinetic energy at point P). Therefore, the angular velocity is smaller by a factor of  at point P.

Gravitational potential energy is discussed in Chapter 4, while rotational kinetic energy is covered in Chapter 6.


	(D) Choices (A), and (B) are false because the total energy is constant. Choice (C) is false because the kinetic energy is maximized at the equilibrium point, where the acceleration is zero. Choice (D) is correct because the maximum potential energy equals the maximum kinetic energy, which equals the total energy.

	(D) The acceleration is equal to the net force divided by the mass, and the net force at either of the points is equal to the gravitational force due to the sun. Therefore,  and . Finding the ratio of these two accelerations yields choice (D). Further information about universal gravitation can be found in Chapter 9.

	(C) If the position is given by x = vt, then the object is moving at constant velocity v, and the kinetic energy is given by  choice (C).

	(B) The relative velocity vectors are shown in the figure accompanying the question. The velocity of the swimmer with respect to the ground is equal to the velocity of the swimmer with respect to the water (vswimmer) plus the velocity of the water with respect to the ground (vstream). In order for the sum of these velocities to point directly across the stream, the swimmer’s velocity vswimmer must (1) cancel the velocity of the current vstream and (2) provide a perpendicular component across the stream. For vswimmer to have a y-component equal in magnitude to vstream and a nonzero x-component, its magnitude must be greater than vstream.



Imagine what would happen if vswimmer = vstream. If the swimmer swam in the direction opposite the current, the swimmer would remain stationary with respect to the shore. If the swimmer tried to cross the stream, the y-component of vswimmer would be less than vstream, and the swimmer would be swept downstream. Although it would be possible to cross the stream, it would be impossible to cross the stream along a path perpendicular to the banks of the stream.

Further information about relative velocity can be found in Chapter 2 (in particular, see Example 2.9).


	(A) Because the springs are identical, they are stretched the same amount. (This is required in order for the tension force to be constant throughout the two springs. If the tension in the springs were not equal, there would be a net force on the point where the springs were connected together, causing the extension of the springs to change until the two tension forces were equal.) Therefore, when a mass attached to the two springs is moved a distance Δx, each spring is displaced by an amount Δx/2 such that the tension force within each spring is F = −k (Δx/2). This tension force is equal to the force the springs exert on the mass so that the effective spring constant is keffective = −F/Δx = k/2.

	(D) The angular velocity is proportional to t, thus the angular acceleration is constant. The angular displacement then obeys (see Chapter 6)







with ω0 = 9 and α = 3. Thus, the angular displacement is (9)(1 − 0) + 0.5(3)(1) = 10.5 rad.


	(D) You exert a constant torque of (1.0 m)(2.0 N) sin 90° on the door. The rate at which you do work is given (for constant torque) by







choice (D).


	(C) P = F · v. The force is the constant downward gravitational force, so the power is maximized when the downward velocity is maximized. This occurs just before the particle hits the ground, when it is moving with its maximum speed in the downward direction.



Projectile motion is discussed in Chapter 2, and power is discussed in Chapter 4.


	(C) The angular momentum around the sun is constant. Therefore, using the equation



. Solving for v2 yields choice (C).


	(A) Using , we see that choice (A) is correct.

	(C) Velocity is the time derivative of position, and taking the derivative yields v(t) = 4 − t. Substituting t = 1 yields choice (C).

	(D) Conservation of energy requires that both particles have the same kinetic energy when they strike the ground. Because (on impact) they have the same x-component of velocity (their x-components of velocity are initially equal and remain unchanged) and the same initial speeds, they must have the same y-components of velocity (recall that ). Therefore, they have the same velocity vector on impact and must also share the same angle of impact.

	(D) The ice exerts no torque on the skater. (The normal force acts essentially at the axis of rotation and exerts zero torque.) Therefore, the skater’s angular momentum, L = Iω, must remain constant (such that if the angular velocity decreases by a factor of 2, the moment of inertia must increase by a factor of 2). Given these changes, the kinetic energy, , decreases by a factor of 2.

	(D) For constant acceleration, the position as a function of time is given by  Substituting x = 2 at t = 1, we find that the acceleration is 4 m/s2. The velocity as a function of time is then given by the equation . Substituting into this equation, we find that the object’s velocity at t = 2 s is 8 m/s.

	(C) The motion of the metal relative to the truck is parallel to the net acceleration vector of the metal relative to the truck. The acceleration of the metal with respect to the truck is equal to the vector sum of the acceleration of the metal with respect to the ground and the acceleration of the ground with respect to the truck, as shown in the figure below.







Vector geometry indicates that . Solving this equation for the acceleration of the ground with respect to the truck yields  to the left. Since we are in the ground frame of reference, what we commonly call “the acceleration of the truck” is the acceleration of the truck relative to the ground, which is the negative of the acceleration of the ground with respect to the truck. Therefore, from our perspective the truck accelerates to the right with magnitude g tan θ.


	(C) Designating y = 0 at the base of the cliff, the y-position of the projectile is given by the equation







Setting this equation equal to zero (the position at which the mass will hit the ground) and solving using the quadratic equation formula yields





Selecting the positive solution yields choice (C).


	(D) The ground exerts an upward normal force on you whether you are standing still or about to jump up in the air. As long as there is contact between you and the ground, there will be an upward normal force. If you accelerate upward, there must be a net upward force acting on you from external sources. In this case, the ground exerts an upward normal force and the Earth exerts a downward (toward the center of the Earth) gravitational force on you. Internal forces, choice (C), of your muscles do not enter Newton’s second law for your motion. When you stand motionless, the normal force has the same magnitude as the gravitational force but is opposite in direction. The normal force must exceed the gravitational force if you are to jump; thus, choice (A) is wrong. The ground exerts a normal force on you. By Newton’s third law, you exert an equal and opposite normal force on the ground. Thus, choice (B) is wrong. Choice (D) is correct using both Newton’s second and third laws.

	(D) The speed of the ball at the bottom can be obtained from energy conservation:  where  is the length of the rod and the radius of the circle that the ball follows. At the bottom of the circle, the forces on the ball are tension T upward and gravity downward. The net force must equal the centripetal force; i.e.,  Eliminating v we find that 



Free-Response

Mechanics I


	(a)  If the angular acceleration is zero, the acceleration of the two masses m1 and m2 must be zero (assuming that there’s no slippage of the rope so that the masses cannot accelerate while the pulley rotates at a constant angular speed). This means that the net forces on these objects must be zero, which requires that T1 = mg and T2 = mg sin θ. Note that m1 = m2 = m.



Because the angular acceleration is zero, the net torque must also be zero. Designating counterclockwise torque as positive (and using the tension forces just calculated), we find that the net torque on the pulley is given by





This part involves Newton’s laws (Chapter 3) and their application to rotational motion.


	(b)  For both m1 and m2, the equation v = rω (i.e., rolling without slipping of the rope) holds:








	(c)  Applying Newton’s second law to the hanging mass (and designating downward acceleration as positive) yields







Applying Newton’s second law to the pulley (and designating counterclockwise acceleration as positive such that both the linear and angular accelerations are positive),





The final equation relates the linear acceleration of m1 and the angular acceleration of the pulley (expressing the fact that the pulley rolls without slipping on the rope connecting it to m1): a = rα. Solving these three equations with three unknown variables for a yields






	(d)  Because of conservation of energy, the rate at which the kinetic energy is changing is equal to the rate at which the potential energy is decreasing. Because the gravitational force is converting potential energy to kinetic energy, this rate is equal to the power exerted by gravity, given by the formula . When the pulley is rotating with a speed of ω, the speed of the falling mass is v = rω (downward, parallel to gravity), so the power is 



For further discussion of work, power, and translational KE, see Chapter 4.

Mechanics II


	(a)  The normal force at the top of the loop is zero, so the radial force is equal to the gravitational force, which must equal the centripetal force:







Solving for the speed,






	(b)  Applying conservation of energy between the initial position of the roller coaster and the top of the loop (and using the previous result for the speed at the top of the loop),








	(c)  The forces are shown in the figure (the construction of free-body diagrams is discussed in Chapter 3).








	(d)  Using energy conservation again [comparing the initial position of the roller coaster at height 2.5r with point A at height r(1 − sin θ)],







Mechanics III


	(a)  The free-body diagram is shown.








	(b)  Because the block remains on the incline, the acceleration and the net force in the y-direction are zero:







The acceleration is parallel to the x-direction:





This yields two equations with three variables. The final equation is Ffr = μkFN. Solving these equations for the acceleration yields






	(c)  The block leaves the incline when it has a net force in the y-direction (and thus a net acceleration in the y-direction). Recall the equation for the net force in the y-direction:







Imagine increasing F from zero. As the applied force F increases, the normal force decreases such that the net force in the y-direction is zero and the block remains on the incline. However, the normal force cannot decrease indefinitely because it can never be negative. The maximum force that can be applied without causing the block to leave the incline occurs when the normal force is equal to zero:





Solving for F yields F = mg cot θ. Any force greater than this would produce a positive acceleration in the y-direction, causing the block to accelerate away from the incline.

For further information on the construction of free-body diagrams and solutions to inclined plane problems, see Chapter 3.


	(d)  According to part (c), the maximum force is given by F = mg cot θ. Thus, plot F on one axis and cot θ on the other.

	(e)  The figure shows the plot and the straight-line fit. The slope of the line is given approximately by:







The answer to part (c) predicts that this value should be mg = (1)(9.8) N = 9.8 N.





Mechanics IV


	(a)  The rock rises until  Thus,  and the height at that point, measured relative to the ground, is given by








	(b)  The rock strikes the ground when y = 0. Thus,







Solving for the positive root we find






	(c)  The magnitude of the velocity is given by
 






where the result of part (b) has been used to eliminate the time t.


	(d)  If we use conservation of energy, the answer to part (c) is quickly obtained and we understand why the angle doesn’t matter. The gravitational potential energy at the top of the roof has been converted into additional kinetic energy, and the angle of the launch is irrelevant.
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Answer Explanations

Multiple-Choice

Electricity and Magnetism


	(C) The potential of an isolated metal sphere with radius r and charge Q is . Why? According to Gauss’s law, the field outside the surface of the sphere depends only on the magnitude of the enclosed charge, so the field is the same as the field that would be produced if all of charge Q were concentrated at the center of the sphere. Therefore, the electric field outside the sphere is the same as the electric field due to a point charge . The magnitude of the potential at the surface of the sphere is then the integral of this electric field from infinity to the surface of the sphere, assuming the potential is zero at infinity. Because the electric field has the same form as the electric field of a point charge, the potential also has the same form as the potential of a point charge, .



For more information on Gauss’s law and integrating an electric field to obtain potential, see Chapter 11. Positive charges move from higher potential to lower potential since the electric field points in the direction of decreasing potential, as discussed in Chapter 10.


	(C) See the discussion of the motion of particles within magnetic fields in Chapter 14.

	(B) This is a question about electrostatic induction. When a positive point charge is placed near a metal sphere (charged or uncharged), it attracts mobile electrons in the metal, causing the metal to become polarized such that more negative charge is on the side closer to the positive point charge and more positive charge is on the side farther away from the positive point charge. Because this charge redistribution results in moving negative charge closer to the positive point charge and moving positive charge farther away from the positive point charge, it increases the attractive force between the metal sphere and the positive point charge. Therefore, compared to an insulating sphere with the same net charge, a metal sphere always experiences a greater attractive force (such that charged metal > charged insulator and uncharged metal > uncharged insulator). Because this inductive effect is small compared to the effect of actually putting net charge −Q on the sphere, charged insulator > uncharged metal.

	(C) The charges within the bar are moving in a magnetic field, so they feel a magnetic force. Using the conventional-current description, positive charges feel an upward force, causing positive charge to accumulate at the top end of the bar (leaving negative charge on the bottom end of the bar). This charge continues to accumulate until the electric force created by the charge imbalance cancels the magnetic force, mathematically qE = qvB. The magnitude of the potential difference between points A and B is then . The electric field points down (producing a force that opposes the magnetic force), and recalling that electric fields point from high to low potential, we see that point A is at the higher potential.



Further information about motional EMF can be found in Example 15.6.


	(B) The electric field is the negative derivative (with respect to the spatial coordinate) of the potential. Thus, with a constant potential the electric field must be zero.

	(C) The induced EMF depends on the change in the enclosed flux. Because the magnetic field is uniform, and changing at a constant rate,







Therefore, the induced EMF depends only on the area of the loop through which magnetic field lines pass. For r < a, the area within the loop exposed to the magnetic field is simply the entire area of the loop, which is a quadratic function, . For r > a, increasing r does not increase the area exposed to the magnetic field (because the magnetic field through the additional area is zero).

Therefore, for r > a the induced EMF is constant. The only graph that is quadratic for small r and then constant is choice (C).

Calculating the induced EMF due to a magnetic field via Faraday’s law is discussed in Chapter 15.


	(A) The current is given by I = V/R. The resistance is proportional to the circumference of the loop, 2πr. Therefore, for r < a, V is proportional to r2 (as discussed in question 6), and 1/R is proportional to 1/r, so the product I = V/R is proportional to r (and thus its graph is a line passing through the origin).



For r > a, V is constant and 1/R is proportional to 1/r, so the product I = V/R is inversely proportional to r. The only graph that satisfies these conditions is choice (A).


	(A) According to Ampere’s law,  Using circular Amperian paths shows that the magnitude of the magnetic field can be found from the equation  Compare this equation to the previous one, I = V/R, in question 7. The factor of 1/2πr in the equation for B is analogous to the factor 1/R in question 7 (both current and magnetic field are always inversely proportional to r), and Ienclosed is analogous to V in question 7. (Both increase as a quadratic function for r < a because they are proportional to area and then remain constant.) Therefore, qualitatively the behavior of the ratio  in this problem is the same as the behavior of the ratio I = V/R in question 7, and the shape of the graph is the same.

	(D) According to Gauss’s law (Chapter 11), the electric field inside a hollow sphere is zero because there is no enclosed charge. Therefore, the electric field is independent of the charge of the shell, the radius of the shell, the radial coordinate, and the permittivity of free space; it is zero inside the sphere independent of any of these factors.



Note that the electric field is always given by the equation in choice (D).


	(C) Setting the equation for Q(t) equal to 60% of its final value yields







Solving for τ then yields choice (C). Further information about RC circuits can be found in Chapter 13.


	(C) Choice (A) is false: The potential at point B minus the potential at point A is given by . Choice (B) is false: The integral is path independent only if there is no time-dependent magnetic field present. A time-dependent magnetic field produces a nonconservative electric force with no associated potential function. Choice (C) is true: The work per charge is the opposite of the change in potential energy per charge, which is equal to  because of conservation of energy. Choice (D) is false: The work done by an arbitrary external force does not necessarily have any relationship with the electric field.
 
	(A) The current induced in the loop moves in a clockwise direction to oppose the increasing outward flux through the loop according to Lenz’s law. The movement of this current through the top and bottom of the loop creates opposing forces that cancel each other, while the current flowing through the left side of the loop produces a force to the right, which equals the net force on the loop.

	(D) Without doing a lot of work, we can eliminate most of the choices. First, kinetic energy is always positive, so choice (C) is incorrect. Second, recall the formula for the potential energy of two point charges separated by a distance r (ignoring signs for now):







Comparing the form of this expression with our choices allows us to eliminate choices (A), (B), and (C) simply on the basis of dimensional analysis. This leaves us only choice (D), which a detailed calculation shows is the correct answer.


	(C) see Chapter 15 for a further explanation of Gauss’s law for magnetism.

	(C) The equivalent resistance is given by







Because the denominator is greater than 1/R1 or 1/R2 alone, the entire fraction must be smaller than R1 or R2 alone. Choice (D) is incorrect: The voltage across the resistors must be the same because they are arranged in parallel. Therefore, the current through either resistor is given by the equation I = V/R. Because the resistors have different resistances, different amounts of current flow through them.


	(D) First, what is the sign of the change in energy? This is a tricky question because the actual sign of the charge and the direction of the electric field are not given. Recall that . Thus, a particle always feels a force pushing it in a direction that decreases the particle’s potential energy. Therefore, whether the particle’s charge is positive or negative, it always moves in such a way as to decrease its potential energy, so ΔU < 0. This eliminates choices (A) and (C).



What, then, is the magnitude of the decrease in potential energy? The key equation here is  (based on the definition of potential). Because the particle moves parallel or antiparallel to the electric field (depending on the sign of its charge), . Therefore, the magnitude of the change in potential energy is , so choice (D) is correct.


	(B) Based on Gauss’s law, the enclosed charge term, qenclosed, depends only on the magnitude of the charge and the symmetry properties of its distribution. Therefore, the field produced outside a charged sphere is the same as the field that would be produced if all the charge of the sphere were concentrated at a point at the sphere’s center (which is easily calculated using Coulomb’s law). Note that a charge placed on an isolated conducting sphere distributes itself uniformly across the surface of the sphere. Further information about Gauss’s law and the distribution of a stationary charge along conductors is given in Chapter 11.

	(C) According to Ampere’s law and the symmetry of the situation, the only current that determines the magnetic field at point P is the current enclosed within the amperian path shown. (Thus, the current in region B has no effect on the magnetic field at point P.) The magnetic field produced at P due to the enclosed current is the same as the field produced by a thin wire along the axis of the cylinder, carrying the same current (since the magnetic field depends on only the enclosed current as long as it has cylindrical symmetry). The right-hand rule indicates that this imaginary current-carrying wire would produce a downward magnetic field at point P, so the same downward magnetic field must be produced by the entire cylinder of current featured in this problem. For further information about calculating magnetic fields using Ampere’s law, see Chapter 14.








	(D) Distribution I will not be able to cancel the electric field due to +q because it will never be able to achieve a high enough magnitude. Distribution II will work: Simply locate the charge −q at the origin, and it will exactly cancel out the field due to +q over all space. Distribution III will never be able to have an equal magnitude and opposite direction compared to the field due to +q; in order to have an opposite direction the negative charge must be located at the origin, but at this point it will produce a stronger magnitude field than the field due to +q. Distribution IV will definitely work. The charges must be located equal distances from the origin in order for the field due to both of the negative charges to be in the direction opposite the field due to +q. By moving the charges as far away from the origin as is necessary, the magnitude of the field can be adjusted so as to exactly equal the magnitude of the field due to +q.

	(D) Tracing the loop in the counterclockwise direction: (1) The sign of the potential jump of the battery is positive because we are going from the negative terminal to the positive terminal. (2) The sign of the potential jump across the resistor is negative because we are going in the same direction as the current. (3) The sign of the potential jump across the inductor is negative. Why? The inductor opposes the increase in the current, so its potential jump must be of the opposite sign compared to that of the battery (which has a positive potential jump). Because current is increasing, dI/dt > 0, we must add a negative sign to the term −L(dI/dt) in order for it to have an overall negative value as required.

	(A) When the terminal voltage is 7 V, that means that there is a 2 V potential drop across the internal resistance. Applying Ohm’s law to the internal resistance yields 

	(B) This problem relies on manipulation of the equation for the capacitance of a parallel plate capacitor with a dielectric, . Increasing A, d, and kD by factors of 2 results in a net increase of capacitance by a factor of 2.

	(C) The potential at the surface of the sphere is the same as if all of the charge were concentrated at the center of the sphere, that is,  as discussed in question 1. The electric field inside the sphere is zero, so the potential at the center is the same as its value at the surface. The work done by the electric field to move the charge from infinity to this point is the negative of the change in the charge’s potential energy: .

	(D) The time constant of an RL circuit is τ = L/R. Because the time constant has units of time, R/L has the units of inverse time.



Alternative solution: Recall that the voltage drop across an inductor is V = L(dI/dt) and the voltage drop across a resistor is V = IR. Equating the units of voltage in these two formulas, . Manipulating this formula in terms of units yields . (Note that dt has the units of time and dI has the units of current.)


	(D) Choice (C) would indeed result in no net work being done (no work is required to move a charge along an equipotential line). However, this is not required for zero net work to be done: It is possible that the field might perform negative work along part of the charge’s path and positive work along the remainder of the path such that the net work is zero. The only condition that is required for zero net work to be done is for the charge to begin and end at the same voltage (so that the change in potential energy is zero, based on the definition of voltage), so choice (D) is correct. Choice (B) won’t generally satisfy the requirement that no net work be done, except in the special case that the path begins and ends at the same point on the field line. In fact, any path that begins and ends at different points along an electric field line must have involved the electric field performing net work because electric field lines are parallel to the electric field and such movement causes a change in voltage. Choice (A) is false: Stationary charges always produce conservative electric forces.

	(D) Based on the formula for the magnetic field within a solenoid (which can be quickly derived using Ampere’s law), . Because the radius of the solenoid does not enter this equation, changing the radius will not affect the strength of the magnetic field within the solenoid. However, because increasing the radius will increase the area of each loop of the solenoid by a factor of 4 (because A = πr2), it will increase the magnetic flux through each loop by a factor of 4 and thus increase the inductance by a factor of 4.

	(C) First, constructing and solving a Kirchhoff’s loop equation indicates that the current is 0.5 A flowing in a clockwise direction. More specifically, one valid loop equation is (choosing to designate positive current in the clockwise direction and traversing the loop in the clockwise direction):







(Alternatively, you could realize that the circuit has an equivalent resistance of 4 Ω and an equivalent voltage of 2 V, so applying Ohm’s law indicates that the current is 0.5 A.)

Then, to calculate the potential at point B, begin at point A and sum potential jumps as you move to point B. (Use either of the possible two pathways. If the current is solved correctly, you should obtain the same answer either way.) For example, moving along the bottom of the circuit yields






	(A) The power dissipated by a resistor is P = I2R, and because the resistors are in series, they share a common current. Therefore, the power dissipated by all the resistors is  (Note that this is equivalent to realizing that the equivalent resistance of the circuit is 4 Ω and plugging this value into the formula P = I2R.)

	(B) Application of the equivalent resistance formulas reveals that the equivalent resistance of circuits (A) through (D) are 3 Ω, 6 Ω, 4 Ω, and 2 Ω.
 
	(D) The most useful formula to use here for power is P = V2/R. The circuit with the lowest equivalent resistance dissipates the greatest total power. (Remember, the voltage is the same for all circuits.)

	(B) Elements in parallel have the same voltage, so the resistors in choices (A) and (D) all have a potential drop equal to the voltage of the battery, V. What are the potential drops across the resistors in circuit (C)? Because two identical resistors in series carry the same current and thus have the same potential drop, a Kirchhoff’s loop rule quickly shows that all the resistors in this circuit have a potential drop of half the battery’s voltage, V/2. The most complicated circuit is choice (B). Because the circuit has an equivalent resistance of 6 Ω, the current through the circuit is I = V/6 Ω. This current splits evenly between the two 8 Ω resistors such that their voltage is 



Comparison reveals that circuit (B) has the resistor (R = 2 Ω) with the lowest potential drop, V/3. (For information about applying Kirchhoff’s and Ohm’s laws to calculate potential drops, see Chapter 13.)


	(D) According to Gauss’s law, the electric flux is proportional to the net enclosed charge, so if the flux is zero, the net enclosed charge must be zero. The conditions in choices (A) and (B) would cause the local flux at any point on the gaussian surface to be zero, which would indeed cause the net flux to be zero. However, these are not required for the net flux to be zero: It is possible that positive flux through part of the gaussian surface cancels negative flux through another part of the gaussian surface such that the net flux is zero. Like choices (A) and (B), choice (C) would indeed result in the flux through the gaussian surface being zero. However, again this is not required for the net flux to be zero. It would be possible for a surface to enclose equal amounts of positive and negative charge such that the net enclosed charge and flux are zero.



Further discussion of Gauss’s law can be found in Chapter 11.


	(D) The magnetic field provides the centripetal force for the circular motion shown, according to the equation qvB = mv2/r. Because v, m, and B are fixed and shared by both particles, q is inversely proportional to r. Therefore, particle B, which follows a path of smaller radius, must have a greater magnitude of charge. The sign of the charge on particle A can be determined by the right-hand rule to be negative. (Remember that the centripetal force must always point toward the center of the arc.)

	(D) I is false: The direction of the force depends on the sign of the charge on the particle, so it cannot be known for any charged particle. II is true: The magnitude of the electric force is simply |F| = QE. III is true: The rate of change in voltage with respect to position in the direction parallel to the field is simply E, with potential decreasing in the direction of the field. IV is true: The rate of change in potential with respect to position in the direction perpendicular to the field is always equal to zero.

	(C) The loop feels a magnetic force caused by the external magnetic field if an induced current runs through the loop. (The magnetic field has no effect on stationary charges.) Because all the situations shown have the same geometry, the magnitude of the magnetic field and the length of current-carrying wire is the same in all cases, and the magnitude of the force depends only on the current. (A greater magnitude current produces a greater magnitude force.)



The magnitude of the current depends on the rate at which the flux through the loop is changing, which depends on the relative velocity of the loop with respect to the magnet. In the frame of reference of the magnet, the velocities of the loops are +1 m/s, −4 m/s, +10 m/s, −8 m/s, and 0 m/s, respectively. Because the relative velocity of the loop in choice (C) is the greatest, this loop experiences the greatest induced current and thus the greatest magnetic force.

For further information about induced currents and the forces they produce, see Chapter 15.


	(B) Recall the formula for the potential due to a set of point charges:
 






In this situation, because all the charges are an equal distance ri from the center of the square,





Therefore, for the potential to be zero, the sum of all the charges must equal zero. This is the case for only two of the distributions, distributions (a) and (b).


	(A) In distributions (b) and (d), the electric field is zero at the center of the distribution. Therefore, we must choose between only distributions (a) and (c).
 


Each charge will produce an electric field of equal magnitude at the center of the distribution. It is useful to designate the magnitude of this field due to a single charge as E and then calculate the field in terms of E.

In distribution (c), the upper left and lower right charges cancel each other’s electric field, while the electric field due to the upper right and lower left charges are parallel. Therefore, the magnitude of the net field is 2E.

In distribution (a), due to symmetry the net field will point downward. Because of the vector geometry of the situation, each of the four charges will contribute a downward magnitude of E cos (45°). Therefore, the magnitude of the net field will be





Because , the magnitude of the net field due to distribution (a) is greater than the magnitude due to distribution (c).


	(C) Recall the way voltmeters and ammeters work:	Voltmeters are attached in parallel to the element they are measuring. They have a very high resistance so that they do not draw too much current from the circuit. Thus, voltmeters do not perturb the circuit they are measuring.
 
	Ammeters are attached in series to the element they are measuring. They have a very small resistance so that they produce a negligible voltage drop in the circuit. Thus, ammeters do not perturb the circuit they are measuring.





A voltmeter attached in series to an ammeter has a large resistance (the small resistance of the ammeter plus the large resistance of the voltmeter). Therefore, inserting a combination voltmeter-ammeter in series into the circuit will insert a large resistance into the circuit, significantly disturbing the circuit. (In particular, it will reduce the current dramatically.) This will make any sort of simple measurement impossible. Alternatively, what will happen if the voltmeter-ammeter is connected to the circuit in parallel? The combination has a large equivalent resistance like a voltmeter, so it will not draw significant current from the circuit and thus won’t disturb the circuit. Since the ammeter has a very small resistance, it will act like a piece of wire and won’t affect the voltmeter’s ability to measure the voltage, making (C) correct. (The ammeter will measure the very tiny current running in series through the ammeter and the voltmeter.)


	(B) The current function, I(t), exponentially decays toward zero when both charging and discharging a capacitor. Q(t) and U(t) behave similarly because they are related via the equation . Both quantities exponentially decay toward zero when discharging a capacitor but exponentially approach their final values when charging a capacitor.
 
	(B) Imagine drawing a gaussian sphere that passes through the interior of the middle sphere. There must be zero flux through the surface of this sphere because in a conductor, assuming a static situation, the electric field is zero. Gauss’s law then tells us that the enclosed charge is zero. Because the inner sphere has charge +Q, the inner surface of the middle sphere must have charge −Q. However, we’ve been asked for the charge on the outer surface of the middle sphere. We find that using charge conservation. The middle sphere has net charge −2Q, which must reside on the surfaces of the middle sphere because it’s a conductor. So with the inner surface having charge −Q, the outer surface must also have charge −Q.



Free-Response

Electricity and Magnetism I


	(a)  Conservation of energy gives us the magnitude of velocity (electrical potential energy is converted to kinetic energy). Based on the definition of voltage, the potential energy of the point charge is simply the value of the charge multiplied by the voltage across the capacitor.







Now, we know that the velocity has an angle of elevation of θ, so we can express its velocity vector in terms of  and  using vector geometry:






	(b)  The particle experiences a constant force in the −y-direction. Mathematically, this is analogous to gravity near the Earth’s surface, such that the charge moves like a projectile. Therefore, the form of the trajectory is a parabola (as proven in Example 2.4).

	(c)  Because of the symmetry of parabolas (or energy conservation, if you prefer), the particle has the same speed at point C as at point A. The x-component of the velocity remains unchanged (because there is no force in the x-direction), so in order for the speed to remain the same, the magnitude of the y-component of the velocity must be the same (although clearly the y-component of velocity changes sign). Again, this is entirely analogous to a projectile under the influence of gravity.








	(d)  We will use energy conservation here. Because we wish to express our answer in terms of V1, we invoke energy conservation starting with the initial position of the charge in capacitor 1. There are two key points to note:




	At the peak of its trajectory, when the charge is very close to B, the y-component of velocity is zero and the x-component of velocity has the same value as it had at point A (again, this can be understood in terms of an analogy with projectile motion).

	The electric potential energy at point B equals the potential drop across the second capacitor multiplied by +Q [as in part (a)].



We begin by equating the charge’s energy before the trajectory begins (when the charge is stationary at the positive plate of capacitor 1) to the charge’s energy at point B.





The charge cancels:





Solving for V2,





Electricity and Magnetism II


	(a)  (i) This is a standard application of Gauss’s law with cylindrical symmetry (see Chapter 11). The only tricky part is that, because of the varying charge density, we must integrate to obtain the enclosed charge. To mirror the cylindrical symmetry, we select a cylindrical gaussian surface (length l, radius r) and integrate using cylindrical shells (length l, radius r, thickness dr).







Units check: Because b has units of C/m2, the above equation [of the form b (length2)] has the correct unit, coulombs.

Apply Gauss’s law (the electric field points perpendicularly away from the center of the cylinder), so  (for the curved sides).





Solving for the electric field,





Units check: b has the same units as surface charge density (C/m2). Therefore, this equation has the same dimensions as the field because of an infinitely large sheet of charge, .

(ii) Again, we need to integrate to obtain the enclosed charge. (This time our gaussian surface encloses a cylinder of charge with radius a.)





(iii) Evaluating either of the above equations yields E = b/ε0. Because the volume charge density is never infinite (i.e., there are no surface or point charges), the electric field is continuous.


	(b)  The x-components of the electric fields add together and directly contribute to the net electric field in the x-direction. The y-components of the electric field cancel, causing the net field in the y-direction to be zero. (This is an example of the second type of understanding symmetry.)

	(c)  In the infinitely long cylinder, both halves contribute equally to the field in the x-direction without any cancellation. Therefore, Ex due to half a cylinder is simply half of Ex due to a complete cylinder.



On the interval r < a:





On the interval r > a:






	(d)  Here we can use the superposition of electric fields. In part (c), we calculated the field due to a semi-infinite cylinder. To calculate the field due to two such cylinders, we can simply superpose the fields due to each. Because the two semi-infinite cylinders produce fields of equal magnitude and opposite direction along the x-axis (because they are oppositely charged), the net field in the x-direction at point P is zero.

	(e)  Recall that 



From part (d), the x-component of the electric field is zero everywhere along the x-axis, so this integral is zero and the potential is zero everywhere along the x-axis.

Electricity and Magnetism III


	(a)  Initially the capacitor acts as a short circuit, so the current through the 5 Ω and 20 Ω resistors is zero. The entire potential jump is across the 10 Ω resistor, causing a current of 

	(b)  At equilibrium, the capacitor acts as an open circuit. Therefore, the equivalent resistance of the entire circuit is







Therefore, the current flowing through the battery and the 10 Ω resistor is





Thus, the potential drop across the 10 Ω resistor is  and the potential drop across the 5 Ω and 20 Ω resistors is 10 V − 7.1 V = 2.9 V. Applying Ohm’s law across the 5 Ω and 20 Ω resistors yields





Answer check: 0.57 A + 0.14 A = 0.71 A, as required by the Kirchhoff node rule. Note that in calculating the currents through the 5 Ω and 20 Ω resistors, we have been careful to keep sufficient numbers of digits (in the voltages) so that our answers are correct to two significant figures.


	(c)  At equilibrium, the capacitor has the same potential jump as the 5 Ω and 20 Ω resistors (because they are in parallel), which is 2.9 V, as calculated in part (b).

	(d)  Initially, the capacitor acts as a battery with 2.9 V. Therefore, as in part (b),







and I10 = 0.


	(e)  The voltage across a discharging capacitor obeys  (see Chapter 13), where V0 is the voltage at t = 0 and R is the equivalent resistance of the circuit. The time constant is given by τ = RC. Thus, if you plot ln V versus t, you expect a straight line whose slope is given by −1/τ.

	(f)  The equivalent resistance of the parallel combination of the two resistors is  and  s. It is not practical to carry out this experiment as stated. You would need to replace at least one of the two resistors with a “megohm” resistor, i.e., a resistor with resistance of the order 106 Ω, which would yield a time constant about 1 second long.



For further information on calculating currents within circuits, see Chapter 13.

Electricity and Magnetism IV


	(a)  The total charge on the capacitors remains 2Q0 because of charge conservation. However, the charge on each will no longer be Q0. We can determine the new charges Q1 and Q2 as follows. The capacitors are in parallel and thus have a common voltage difference V, which we will see in part (b) is not equal to the original V0. We know that
 






We also know due to charge conservation





If we label the capacitor without the dielectric #1,





and





From the equality of the potential differences across the capacitors and charge conservation, we can write





and





Check that if there is no dielectric present, i.e.,  the answers reduce to 


	(b)  The common voltage V can be found from either capacitor:








	(c)  Because  the voltage has decreased as expected with the insertion of a dielectric.

	(d)  The total energy stored is
 







	(e)  The initial total energy is
 






Because  we see that the energy has decreased due to the addition of the dielectric. The dielectric is attracted to the capacitor because of the charge induced on the dielectric, which is attracted to the charges on the plates; see Figure 12.6 in Chapter 12.
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Background


Learning Objectives

In this chapter, you will learn:


 Vectors and scalars

 Addition, subtraction, and multiplication of vectors

 Unit analysis





This chapter is intended to provide you with a review of some background topics that are particularly important to Physics C as well as some general tips on approaching questions on the AP exam. Because of space limitations, it is impossible to review all the math required for the AP exam. Therefore, we urge you to review topics with which you are having difficulty in appropriate math textbooks.

Vectors

Scalars specify magnitude and no direction. For example, speed, which indicates how fast an object is moving but not in what direction, is a scalar. Other scalars include time and mass.

Vectors specify both magnitude and direction. For example, velocity, which indicates both how fast an object is moving and in what direction, is a vector. Other vectors include acceleration and force. Scalars can be equated with scalars, and vectors can be equated with vectors, but scalars can never be equated with vectors.

Graphical Vector Manipulation

A vector is generally represented by an arrow whose direction is in the direction of the vector and whose length is proportional to the vector’s magnitude (Figure 1.1).


	Vector addition (using the tip-to-tail method): For example, to add a + b, the tip of a is placed at the tail of b. Then, a + b is the vector pointing from the tail of a to the tip of b.

	Scalar multiplication: To multiply a vector by a positive scalar, simply multiply the vector’s magnitude by the scalar. (For example, to multiply by 2, simply double the vector’s magnitude.) To multiply a vector by a negative scalar, change the vector’s magnitude and reverse the direction of the vector.

	Vector subtraction: To subtract two vectors, a − b, add the first vector to the negative of the second vector: a − b = a + (−b). The negative of the second vector is obtained by reversing its direction (an example of scalar multiplication), and then the sum of these two vectors is obtained using the tip-to-tail method (vector addition).






Figure 1.1


Polar1 and Cartesian Coordinates

There are generally two ways to write vectors: using polar coordinates and using Cartesian coordinates. For example, consider the vector pointing from the origin to point (3, 4) in Figure 1.2.


	Polar coordinates: We can specify the magnitude and direction of this vector by saying that it has a magnitude of 5 (i.e., a length of 5) and makes an angle of 53.1 degrees with the +x-axis.

	Cartesian coordinates: Unit vectors , , and  are defined as vectors of length 1 that point parallel to the x-, y-, and z-axes, respectively. Therefore, using vector addition (and scalar multiplication), we can specify the magnitude and direction of this vector by saying that it is equal to .






Figure 1.2


Conversions Between Cartesian and Polar Coordinates

Because it is easier to manipulate vectors in Cartesian coordinates, we generally solve problems using Cartesian coordinates. However, we must still be able to convert between polar and Cartesian coordinates.


	Conversion from Cartesian coordinates: The magnitude of the vector can be calculated using the Pythagorean theorem: . The direction of the vector must be obtained using trigonometry. (For example, in Figure 1.2 the angle could be calculated using the formula .)

	Conversion from polar to Cartesian coordinates: This involves using trigonometry. For example, in Figure 1.2, ax = 5 cos53.1° and ay = 5 sin 53.1°.



Algebraic Manipulation of Vectors In Cartesian Coordinates


	Scalar multiplication: Multiply each component of a vector by the scalar. For example, if , then  and .

	Vector addition: Add the x-, y-, and z-components together. For example, if  and , then .

	Vector subtraction: Subtract the x-, y-, and z-components. For example, if  and 



Dot Product

The dot product of two vectors, a · b, is equal to the product of the length of either vector and the length of the component of the other vector parallel to the first vector. We are familiar with resolving vectors into components parallel to the x-, y-, and z-axes when converting vectors in polar coordinates to Cartesian coordinates. Computing the length of the component of a vector parallel to another vector is similar. For example, when calculating the length of the component of b parallel to a in Figure 1.3, we resolve the b vector into components that are parallel (b||) and perpendicular (b┴) to a as shown. When we show the components of a vector on the same diagram as the original vector, we add a squiggly line to the original vector to indicate that we are replacing the vector by its components; otherwise, we will have duplicate information about the vector. The length of the component of b parallel to a, b||, is equal to b cosθ.

Thus, we can restate our definition of the dot product in two ways (Figure 1.4):







Figure 1.3





Figure 1.4


Therefore, if two vectors are perpendicular, their dot product will equal zero [cos(π/2) = 0]; if two vectors are parallel, their dot product will equal the product of their magnitudes (cos0 = 1); and if two vectors are antiparallel, their dot product will be the negative of the product of their magnitudes [cos(π) = −1].

In Cartesian coordinates, the dot product of two vectors  and  is given by the formula a · b = axbx + ayby + azbz. The dot product is also known as the scalar product because the final result is a scalar.

Cross Product

Unlike the dot product, the cross product of two vectors yields a third vector. (Thus, the cross product is also known as the vector product.)

The magnitude of the cross product of two vectors, |a × b|, is equal to the magnitude of either vector multiplied by the length of the component of the second vector perpendicular to the first vector. As in the case of the dot product, we can write the vector product in two equivalent ways:



Therefore, if two vectors are perpendicular, their cross product is equal to the product of their magnitudes [sin(π/2) = 1]; and if two vectors are parallel or antiparallel, their cross product is zero (sin 0 = sin π = 0).

The direction of the cross product is perpendicular to the plane containing vectors a and b. Therefore, in determining the direction, first imagine a plane that contains the two vectors. There are two antiparallel directions perpendicular to this plane, but which one points in the correct direction? To determine this, you must use the right-hand rule. Imagine placing the palm of your right hand along the plane so that your fingers point parallel to a. If your fingers curl in the direction of b, your thumb will indicate the correct perpendicular direction (Figure 1.5).


TIP

Make sure to use your right hand!



An alternative method of finding the direction of the cross product in the special case that a and b are perpendicular is as follows. Point the index finger of your right hand out and extend your middle finger as shown in Figure 1.6. If your index finger points parallel to a and your middle finger points parallel to b, the cross product will point parallel to your thumb.




Figure 1.5





Figure 1.6


Unit Analysis

All measurements and observable quantities have units; otherwise they would be meaningless. For example, to specify a length it is not sufficient to say that it is “4”: Some unit must also be indicated, such as “4 inches” or “4 miles.” Additionally, each quantity must be specified in units of the appropriate dimension: We can specify length in terms of inches, centimeters, or miles, but we cannot say a length is “4 seconds.” This is the key to unit analysis: If an answer has the wrong units, it must be wrong.

Rules of Unit Analysis

The following rules govern the ways in which units combine in formulas and equations.


	Multiplication and division: Units are multiplied and divided just as variables are. For example, if a has units of seconds and b has units of meters, b/a has units of meters/second and b/a2 has units of m/s2.

	Addition and subtraction: The sum or difference of two quantities with the same units has those same units (e.g., 1 m + 3 m = 4 m). It is always incorrect to add or subtract quantities with different units! For example, it is meaningless to say that a certain quantity is equal to 1 meter plus 1 second. Therefore, if your answer to a problem is the sum of two quantities with different units (i.e., it has mixed units), then it must be in correct.

	Exponential functions: The argument x of an exponential function, such as ex, must be dimensionless, such as the ratio of two lengths. For example, e10m is meaningless.

	Trigonometric functions: Arguments of trigonometric functions, such as sinx and tan −1x, also must be dimensionless (generally one that is the ratio of two lengths).



Two Approaches to Unit Analysis

The single best way to check the results of a problem that yields a complicated formula is to analyze its units and make sure they are consistent with the type of quantity specified by the formula. There are two basic strategies for memorizing and manipulating units in order to do this. The first strategy is to memorize how every derived unit is expressed in terms of base units: meters, seconds, and kilograms. (For example, acceleration is m/s2 and force is kg · m/s2.) Then when presented with the answer, you can quickly


TIP





Problem-Solving Techniques

Other Ways to Check Symbolic Answers (Answers that Are Expressions of Variables)


	Make sure each variable is related to the final answer you would expect based on qualitative intuition. For example, you would expect that an object’s speed after falling a certain distance would increase if gravity increased. Therefore, if the answer has g in the denominator, this should be an indication that the answer might be wrong.

	Make sure that the solution is consistent with various limiting situations. For example, in the situation of a falling mass, if you imagine that g becomes infinitely big, the final speed of the mass should approach infinity.




Strategy for Multiple-Choice Questions


Strategy for Free-Response Questions
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