Chapter 13

1. The gravitational force between the two parts is

i<}

r2(mM —m2)

which we differentiate with respect to m and set equal to zero:

d_I::O:E2

(M—-2m) = M =2m.
dm r

This leads to the result m/M = 1/2.

2. The gravitational force between you and the moon at its initial position (directly
opposite of Earth from you) is
_ GM m
’ (RME + RE)2

where M is the mass of the moon, R, is the distance between the moon and the Earth,
and R; is the radius of the Earth. At its final position (directly above you), the
gravitational force between you and the moon is

GM m
1~ 7~ B 12
(RME _RE)

(a) The ratio of the moon’s gravitational pulls at the two different positions is

FE GM,m/(Ry. —R.)’ _(RME +R. jz _(3.82><1o8 m+6.37x10° m

2
R _ - _ —— | =1.06898.
F, GM_m/(R,+R.)> (R, —R 3.82x10° m—6.37x10° m

Therefore, the increase is 0.06898, or approximately 6.9%.

(b) The change of the gravitational pull may be approximated as

_p o OMam__GM,m_ zGMzmm(l+2 Re ]_GMzmm(l_z Re J
(RME - RE) (RME + RE) RME RME ME ME
_4GM_ mR,
Rue
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On the other hand, your weight, as measured on a scale on Earth, is

GM:m

F, =mge :—Ré :

Since the moon pulls you “up,” the percentage decrease of weight is

_ 3 22 6 )\
F-F _4 M. |l Re _4 7.36><1024 kg 6.37><1O8 m) _ 227x107 ~ (2.3x10°°)%.
Me )\ Rye 5.98x10” kg )\ 3.82x10° m

3. THINK The magnitude of gravitational force between two objects depends on their
distance of separation.

EXPRESS The magnitude of the gravitational force of one particle on the other is given
by F = Gmim,/r?, where m; and m, are the masses, r is their separation, and G is the
universal gravitational constant.

ANALYZE Solve for r using the values given, we obtain

6.67x10"N-m?/kg?)(5.2kg ) ( 2.4k
r= /Gmlmz :J( - w9 )( 0)(2:4k9) =19m.
F 2.3x10*N

LEARN The force of gravitation is inversely proportional to r?.

4. We use subscripts s, e, and m for the Sun, Earth and Moon, respectively. Plugging in
the numerical values (say, from Appendix C) we find

F, Gmm_/r2 _m_(r_}z ~ 1.99x10® kg (3.82><108 mjz 016

F, Gmm_/r2 mlr, ) 598x10*kg|1.50x10" m

5. The gravitational force from Earth on you (with mass m) is

GM_m
Fg: RéE =mg

where g =GM,_ /RZ =9.8m/s’. If r is the distance between you and a tiny black hole of
mass M, =1x10" kg that has the same gravitational pull on you as the Earth, then

Combining the two equations, we obtain
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g R? r2 g

GM, [(6.67x10™" m®/kg-s®)(1x10" kg)
= 5 ~ 0.8 m
9.8 m/s

6. The gravitational forces on ms from the two 5.00 g masses m; and m,4 cancel each
other. Contributions to the net force on ms come from the remaining two masses:

B (6.67x10™* N-m’/kg?)(2.50x10™® kg)(3.00x10"° kg —1.00x10"* kg)

" (\/Exlofl m)2

=1.67x10" N.

The force is directed along the diagonal between m, and ms, toward m,. In unit-vector
notation, we have

F . =F_(cos45° +sin45°]) = (1.18x10 ™ N)i + (1.18x10N)]j.

7. We require the magnitude of force (given by Eq. 13-1) exerted by particle C on A be
equal to that exerted by B on A. Thus,

Gma Mc Gma Mg
T

We substitute in mg = 3ma  and mg = 3my, and (after canceling “ma”) solve for r. We
find r = 5d. Thus, particle C is placed on the x axis, to the left of particle A (so it is at a
negative value of x), at x = -5.00d.

8. Using F = GmM/r?, we find that the topmost mass pulls upward on the one at the
origin with 1.9 x 10® N, and the rightmost mass pulls rightward on the one at the origin
with 1.0 x 10 N. Thus, the (x, y) components of the net force, which can be converted to
polar components (here we use magnitude-angle notation), are

F =(1.04x10°°,1.85x10°°) = (2.13x10® £ 60.6°).

(a) The magnitude of the force is 2.13 x 10° N.
(b) The direction of the force relative to the +x axis is 60.6°.

9. THINK Both the Sun and the Earth exert a gravitational pull on the space probe. The
net force can be calculated by using superposition principle.

EXPRESS At the point where the two forces balance, we have GM_m/r” =GM.m/r;,
where Mg is the mass of Earth, Ms is the mass of the Sun, m is the mass of the space
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probe, ry is the distance from the center of Earth to the probe, and r» is the distance from
the center of the Sun to the probe. We substitute r, = d — ry, where d is the distance from
the center of Earth to the center of the Sun, to find

M E MS

2

Ko(d-n)

ANALYZE Using the values for Mg, Ms, and d given in Appendix C, we take the
positive square root of both sides to solve for ry. A little algebra yields

‘o d 3 1.50x10" m
D1 MM 14(1.99x10% kg)/(5.98x10% kg)

LEARN The fact that r, < d indicates that the probe is much closer to the Earth than the
Sun.

=2.60x10% m.

10. Using Eqg. 13-1, we find

> 2GmaZ . o AGMAZ &
Fas =~ b Fac= -3 |

Since the vector sum of all three forces must be zero, we find the third force (using

magnitude-angle notation) is ,

G
Fro =~ (2404 £ -56.39).

This tells us immediately the direction of the vector r (pointing from the origin to
particle D), but to find its magnitude we must solve (with mp = 4my,) the following
equation:

2.404((3&”2’*2) :Gmr"z\mD .

This yields r = 1.29d. In magnitude-angle notation, then, r =(1.29 « -56.3%, with
SI units understood. The “exact” answer without regard to significant figure

considerations is
S 6 6
r=2|——, -3 |—— |.
( \/13\/13 \/13413}

(@) In (x, y) notation, the x coordinate is x = 0.716d.

(b) Similarly, the y coordinate is y = —1.07d.

11. (a) The distance between any of the spheres at the corners and the sphere at the center
IS

r :€/200530°=£/\/§
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where ( is the length of one side of the equilateral triangle. The net (downward)
contribution caused by the two bottom-most spheres (each of mass m) to the total force
on my has magnitude

Gm,m

2F, = 2( : jsin30°:36m“m.

52

r
This must equal the magnitude of the pull from M, so

Gm,m  Gm,m

(B

which readily yields m = M.

(b) Since m4 cancels in that last step, then the amount of mass in the center sphere is not
relevant to the problem. The net force is still zero.

12. (a) We are told the value of the force when particle C is removed (that is, as its
position x goes to infinity), which is a situation in which any force caused by C vanishes
(because Eq. 13-1 has r? in the denominator). Thus, this situation only involves the force
exerted by A on B:

_CMMs _ 17410 N

Foetx = Fas

rAB

Since mg = 1.0 kg and r,; =0.20 m, then this yields

m, = eFas _  (0.20m)°(4.17x10° N)

=0.25kg.
Gm,  (6.67x10" m°/kg-s°)(1.0kg) J

(b) We note (from the graph) that the net force on B is zero when x = 0.40 m. Thus, at
that point, the force exerted by C must have the same magnitude (but opposite direction)
as the force exerted by A (which is the one discussed in part (a)). Therefore

OMeMs _ 417410 N = me =1.00 kg.

(0.40 m)?
13. If the lead sphere were not hollowed the magnitude of the force it exerts on m would
be F1 = GMm/d?. Part of this force is due to material that is removed. We calculate the
force exerted on m by a sphere that just fills the cavity, at the position of the cavity, and
subtract it from the force of the solid sphere.

The cavity has a radius r = R/2. The material that fills it has the same density (mass to
volume ratio) as the solid sphere, that is, Mc/r’= M/R®, where M. is the mass that fills the
cavity. The common factor 41r/3 has been canceled. Thus,
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3 3
M= D m=[ B im =M
R 8R 8

The center of the cavity isd —r = d —R/2 from m, so the force it exerts on m is

- _G(Mg)m
(d-RR2)"

2

The force of the hollowed sphere on m is

F=F-F,=GMm — _ * _|cGMm}, 1 _
d® 8(d-R/2) d 8(1-R/2d)
_ (6.67x107" m®/s? - kg)(2.95 kg)(0.431 kg) L 1
(9.00x107?m)? 8[1—(4x107°m)/(2-9x107*m)]?

=8.31x10°N.

14. All the forces are being evaluated at the origin (since particle A is there), and all
forces (except the net force) are along the location vectors r, which point to particles B

and C. We note that the angle for the location-vector pointing to particle B is 180° —
30.0° = 150° (measured counterclockwise from the +x axis). The component along, say,

RN

the x axis of one of the force vectors F is simply Fx/r in this situation (where F is the

magnitude of l? ). Since the force itself (see Eq. 13-1) is inversely proportional to r?,
then the aforementioned x component would have the form GmMx/r*; similarly for the
other components. With ma = 0.0060 kg, mg = 0.0120 kg, and mc = 0.0080 kg, we
therefore have

Gm,mg X, N Gm,m. X,

Fretx = - - = (2.77 x 10**N)cos(—163.89)
rB rC
and
Frery = aMeYe  SMaMeYe (5 77, 10744 Nsin(-163.89)

g e

where rg = dag = 0.50 m, and (xg, ys) = (rgcos(150°), rgsin(150°)) (with SI units
understood). A fairly quick way to solve for rc is to consider the vector difference
between the net force and the force exerted by A, and then employ the Pythagorean
theorem. This yields rc = 0.40 m.

(a) By solving the above equations, the x coordinate of particle C is xc=-0.20 m.

(b) Similarly, the y coordinate of particle C is yc=-0.35 m.
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15. All the forces are being evaluated at the origin (since particle A is there), and all
forces are along the location vectors r, which point to particles B, C, and D. In three

dimensions, the Pythagorean theorem becomes r = \/x2 +y?+7% . The component along,
—>
say, the x axis of one of the force-vectors F is simply Fx/r in this situation (where F is

the magnitude of E ). Since the force itself (see Eq. 13-1) is inversely proportional to r?
then the aforementioned x component would have the form GmMx/r*; similarly for the
other components. For example, the z component of the force exerted on particle A by
particle B is
Gmamg Zg _ GmA(ZmA)(Zd) _ 4Gmf\
rB3 - ((2d)2 + d2 + (2d)2)3 - —27d2 .

In this way, each component can be written as some multiple of Gma%/d?. For the z
component of the force exerted on particle A by particle C, that multiple is —9\/§1 /196.
For the x components of the forces exerted on particle A by particles B and C, those
multiples are 4/27 and —3\/§1 /196, respectively. And for the y components of the forces
exerted on particle A by particles B and C, those multiples are 2/27 and 3\/ﬂr /98,
respectively. To find the distance r to particle D one method is to solve (using the fact
that the vector add to zero)

43 5 e el

r’ 27 196 27 98 27 196 d? d?

With mp = 4mjp, we obtain

2 1/4
(i} _ 04439 r=( 16 j d=4357d .

r2)  (d?)? 0.4439

The individual values of x, y, and z (locating the particle D) can then be found by
considering each component of the Gmamp/r? force separately.

(@) The x component of r would be

2 2 2
Gmymx _ 4 314 G, _ _5,00008™
r 27 196 ) d d
3 3
which yields x =-0.0009- 4" _ 0,0009 Ma(43574)" _ ; g4
myd (4m,)d

(b) Similarly, y = -3.90d,
(c) and z = 0.489d.

In this way we are able to deduce that (x, y, z) = (1.88d, 3.90d, 0.489d).
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16. Since the rod is an extended object, we cannot apply Equation 13-1 directly to find
the force. Instead, we consider a small differential element of the rod, of mass dm of
thickness dr at a distance r from m, . The gravitational force between dm and m, is

_Gmdm _Gm, (M /L)dr

dF > 5
r r d L

|« >| <« —>|
where we have substituted dm= (M /L)dr O 3 | de |
since mass is uniformly distributed. The m, dF > J—
direction of dF is to the right (see figure). The < " >| dr
total force can be found by integrating over the
entire length of the rod:

F=[dF =m—MIL+dd—! =—Gml—M(i—£j= cmM_
L 4 r L (L+d d/) d(L+d)
Substituting the values given in the problem statement, we obtain
_ GmM _ (6.67x10" m®/kg-s®)(0.67 kg)(5.0kg) 3.0x10° N

S d(L+d) (0.23 m)(3.0 m+0.23 m)

17. (a) The gravitational acceleration at the surface of the Moon is gmeon = 1.67 m/s? (see
Appendix C). The ratio of weights (for a given mass) is the ratio of g-values, so

Winoon = (100 N)(1.67/9.8) = 17 N.

(b) For the force on that object caused by Earth’s gravity to equal 17 N, then the free-fall
acceleration at its location must be ag = 1.67 m/s®. Thus,

a :GmE =r= Gme =15x10"m

r a,

so the object would need to be a distance of r/Rg = 2.4 “radii” from Earth’s center.

18. The free-body diagram of the force acting on the plumb
line is shown to the right. The mass of the sphere is M

M = pV =p(4§ R3j =4?7[(2.6x103 kg/m®)(2.00x10° m)* Q

=8.71x10" kg.

F

—>
mg
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The force between the “spherical” mountain and the plumb line is F = GMm/r?.
Suppose at equilibrium the line makes an angle & with the vertical and the net force
acting on the line is zero. Therefore,

0=YF,,=Tsin0—F =Tsing— M
' r
0=> F,,=Tcos—mg
: . . F GM :
The two equations can be combined to give tan§ =— =——-. The distance the lower
mg gr

end moves toward the sphere is

-11 a3 2 13
X=Itan¢9:|G'\2| _ (050 m) (6.67x10" m°/kg-s )(83.71><210 kg)
gr (9.8)(3x2.00x10° m)
=8.2x10° m.

19. THINK Earth’s gravitational acceleration varies with altitude.

EXPRESS The acceleration due to gravity is given by ag = GM/r?, where M is the mass
of Earth and r is the distance from Earth’s center. We substitute r = R + h, where R is the
radius of Earth and h is the altitude, to obtain

Q= GM __GM .
 rr (R.+h)
ANALY ZE Solving for h, we obtain h= ‘/GM /a, —Rg . From Appendix C, Re = 6.37 x
10° m and M = 5.98 x 10%* kg, so

—6.37x10°m =2.6x10°m.

o (6.67x10m’ /s*-kg)(5.98x10*kg)
- (4.9m/s?)

LEARN We may rewrite ag as

2
. _GM_ GM/RZ _ g el

9T 2 (@+h/R.)? (A+h/R.)? x

where ¢g=9.83m/s* is the gravitational

acceleration on the Surface of the Earth. The plot °* \\
below depicts how ay decreases with increasing e — hIRE
altitude.
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20. We follow the method shown in Sample Problem 13.2 — “Difference in acceleration
at head and feet.” Thus,

a, = GL\QE = da, =—ZG¥|E dr
which implies that the change in weight is
Wtop _Wbottom ~ m(dag )

However, since Wyottom = GMMg/R? (Where R is Earth’s mean radius), we have

3
CMMe e = o, I = —2(600 N) LT M _ 4303
R 6.37x10° m

mdag =2

ottom 1~
R

for the weight change (the minus sign indicating that it is a decrease in W). We are not
including any effects due to the Earth’s rotation (as treated in Eq. 13-13).

21. From Eq. 13-14, we see the extreme case is when “g” becomes zero, and plugging in
EqQ. 13-15 leads to

3 .2
0=M Ror=m=R2
R G
Thus, with R = 20000 m and @ = 2x rad/s, we find M = 4.7 x 10%* kg ~ 5 x 10* kg.

22. (a) Plugging R, = 2GM, /c? into the indicated expression, we find

4 = OMy _ GM, __ ¢

1
" [LOOIR,|  (L.001)’ (26M,/c?)’  (2.002)°G M,

which yields ag = (3.02 x 10* kg-m/s) /M,
(b) Since My is in the denominator of the above result, ag decreases as My, increases.
(c) With My = (1.55 x 10) (1.99 x 10% kg), we obtain a5 = 9.82 m/s®.

(d) This part refers specifically to the very large black hole treated in the previous part.
With that mass for M in Eq. 13-16, and r = 2.002GM/c?, we obtain

6
dag =-2 GM dr=- 2 dr

(2.0026M/c?)’ (2.002)° (GM )’




628 CHAPTER 13

where dr — 1.70 m as in Sample Problem 13.2 — “Difference in acceleration at head and
feet.” This yields (in absolute value) an acceleration difference of 7.30 x 107> m/s%.

(e) The miniscule result of the previous part implies that, in this case, any effects due to
the differences of gravitational forces on the body are negligible.

23. (a) The gravitational acceleration is a, = GRI\Z/I =7.6 m/s®.
: G(5M
(b) Note that the total mass is 5M. Thus, a, = (gR)Z) = 4.2 m/s®,

24. (a) What contributes to the GmM/r? force on m is the (spherically distributed) mass M
contained within r (where r is measured from the center of M). At point A we see that M;
+ My is at a smaller radius than r = a and thus contributes to the force:

G(M,+M,)m
= aZ .

F

onm

(b) In the case r = b, only M is contained within that radius, so the force on m becomes
GMim/b?,

(c) If the particle is at C, then no other mass is at smaller radius and the gravitational
force on it is zero.

25. Using the fact that the volume of a sphere is 4zR%/3, we find the density of the sphere:

_ M total __

$7R° 4z(1.0m)

1.0x10%*kg

3:

2.4x10%kg/m?.

When the particle of mass m (upon which the sphere, or parts of it, are exerting a
gravitational force) is at radius r (measured from the center of the sphere), then whatever
mass M is at a radius less than r must contribute to the magnitude of that force (GMm/r?).

(@) Atr=1.5m, all of My is at a smaller radius and thus all contributes to the force:

F

onm

_ % - m(3.0x107 N/kg).

(b) At r =0.50 m, the portion of the sphere at radius smaller than that is

M = p(%m’sjzl.leOs kg.
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Thus, the force on m has magnitude GMm/r? = m (3.3 x 10" N/kg).

(c) Pursuing the calculation of part (b) algebraically, we find

zgfziéff):nw(67x1o7—ii—}

r kg-m

F

onm

26. (a) Since the volume of a sphere is 47R%3, the density is

p — Mtotal — 3Ivltotal

iR 4zR*

When we test for gravitational acceleration (caused by the sphere, or by parts of it) at
radius r (measured from the center of the sphere), the mass M, which is at radius less than
r, is what contributes to the reading (GM/r?). Since M = p(4nr®/3) for r < R, then we can

write this result as
G(BMW,) 4rr
47R? 3 ) GMgul

r2 R3

when we are considering points on or inside the sphere. Thus, the value ag referred to in
the problem is the case where r = R:
_GM

- total

[¢] R2

and we solve for the case where the acceleration equals ag/3:

GMtotaI :GMtotalr = rzg_

3R? R®

(b) Now we treat the case of an external test point. For points with r > R the acceleration
is GMym/r?, S0 the requirement that it equal ay/3 leads to

GM,. GM,.,
o — % = r=4+/3R.
3R? r?

27. (a) The magnitude of the force on a particle with mass m at the surface of Earth is
given by F = GMm/R?, where M is the total mass of Earth and R is Earth’s radius. The
acceleration due to gravity is
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GM _ (6.67x10 m’/s® -kg)(5.98x10* kg)
2 2
R (6.37x10° m)

=9.83 m/s’.

a—F—
 m

(b) Now a4 = GM/R?, where M is the total mass contained in the core and mantle together
and R is the outer radius of the mantle (6.345 x 10° m, according to the figure). The total
mass is

M = (1.93 x 10** kg + 4.01 x 10** kg ) = 5.94 x 10** k.

The first term is the mass of the core and the second is the mass of the mantle. Thus,

_ (68.67x10™* m?/s* -kg)(5.94x10* kg)

- =9.84 m/s’.
(6.345><1o6 m)

a,

(c) A point 25 km below the surface is at the mantle—crust interface and is on the surface
of a sphere with a radius of R = 6.345 x 10° m. Since the mass is now assumed to be
uniformly distributed, the mass within this sphere can be found by multiplying the mass

per unit volume by the volume of the sphere: M =(R*/R%)M,, where M, is the total
mass of Earth and R is the radius of Earth. Thus,

_(6.345x10° m
M =| 222 T
6.37x10° m

3
j (5.98x10* kg)=5.91x10" kg.

The acceleration due to gravity is

_GM _ (6.67x10™ m¥s*-kg)(5.91x10* kg)

. . . =9.79 m/s?.
R (6.345x106 m)

: 1 .
28. (a) Using Eq. 13-1, we set GmM/r? equal to 5 GmM/R?, and we find r = R \/§ . Thus,

the distance from the surface is (\/E -~ 1R =0.414R.
: . 4
(b) Setting the density p equal to M/V where V = 3 aR>, we use Eq. 13-19:

F = r=R/2.

_4zGmrp 47szr[ M )_ GMmr _ 1 GMm
3 3 \4zR°/3 R® 2 R

29. The equation immediately preceding Eq. 13-28 shows that K = -U (with U evaluated
at the planet’s surface: —5.0 x 10° J) is required to “escape.” Thus, K = 5.0 x 10°J.
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30. The gravitational potential energy is
Gm(M —m
U= _g = _E(Mm_mz)
r r

which we differentiate with respect to m and set equal to zero (in order to minimize).
Thus, we find M — 2m = 0, which leads to the ratio m/M = 1/2 to obtain the least potential
energy.

Note that a second derivative of U with respect to m would lead to a positive result
regardless of the value of m, which means its graph is everywhere concave upward and
thus its extremum is indeed a minimum.

31. THINK Given the mass and diameter of Mars, we can calculate its mean density,
gravitational acceleration and escape speed.

EXPRESS The density of a uniform sphere is given by p = 3M/4nR®, where M is its
mass and R is its radius. On the other hand, the value of gravitational acceleration a4 at
the surface of a planet is given by ag = GM/R2 for a particle of mass m, its escape speed
is given by

1 mM 2GM
“mv=G— = v=,|—r-u.
2 R R

ANALYZE (a) From the definition of density above, we find the ratio of the density of
Mars to the density of Earth to be

P_M:ﬂR_gzo,ll w 3:0.74.
3.45x10° km

(b) The value of gravitational acceleration for Mars is

a., = = . =
' RL Ry Mc RE McRj

2 2 4 2
CM,, _M, R GME—MM&aE:O.ll M (9.8 m/s*)=3.8 m/s’.
’ 3.45x10° km

(c) For Mars, the escape speed is

=5.0x10° m/s.

2GM,, \/2(6.67x10‘“ m?/s? - kg) (0.11)(5.98x10* kg)
3.45x10° m

LEARN The ratio of the escape speeds on Mars and on Earth is

2GM,, /R, :
Vu A _ \/(01) 65><103km _0.455.
Ve JZGM IR, 3.45%10% km
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32. (a) The gravitational potential energy is

6.67x10" m¥/s? kg (5.2 kg)(2.4 k
U —_GMm __ (667 n]:ggx 9)(24K9) _ ) 410
r m

(b) Since the change in potential energy is

AU =—

GMm_(_GMmjz_EQAAXKﬂiQ:zgxurﬂ1
3r r 3

the work done by the gravitational force is W = — AU = —2.9 x 107! J,
(c) The work done by you is W =AU =2.9 x 107 J.

33. The amount of (kinetic) energy needed to escape is the same as the (absolute value of
the) gravitational potential energy at its original position. Thus, an object of mass m on a
planet of mass M and radius R needs K = GmM/R in order to (barely) escape.

(a) Setting up the ratio, we find

using the values found in Appendix C.

(b) Similarly, for the Jupiter escape energy (divided by that for Earth) we obtain

34. (a) The potential energy U at the surface is Us = —5.0 x 10° J according to the graph,
since U is inversely proportional to r (see Eq. 13-21), at an r-value a factor of 5/4 times
what it was at the surface then U must be 4 Uy/5. Thus, at r = 1.25R, U = — 4.0 x 10° J.
Since mechanical energy is assumed to be conserved in this problem, we have

K+U=-20x10%J
at this point. Since U =—4.0 x 10°J here, then K =2.0x10°J at this point.

(b) To reach the point where the mechanical energy equals the potential energy (that is,
where U = — 2.0 x 10°J) means that U must reduce (from its value at r = 1.25R;) by a
factor of 2, which means the r value must increase (relative to r = 1.25Rs) by a
corresponding factor of 2. Thus, the turning point must be at r = 2.5R..
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35. Let m = 0.020 kg and d = 0.600 m (the original edge-length, in terms of which the
final edge-length is d/3). The total initial gravitational potential energy (using Eq. 13-21
and some elementary trigonometry) is

_4Gm* 2Gm°

Since U is inversely proportional to r then reducing the size by 1/3 means increasing the
magnitude of the potential energy by a factor of 3, so

Gm
Us =3U; = Au:2ui:2(4+\/§)(—Tz) = 482x10").

36. Energy conservation for this situation may be expressed as follows:

K +U=K, +U, = K-°mM_, CmM

1 IF2

where M = 5.0 x 102 kg, r; = R = 3.0 x 10° m and m = 10 kg.

(a) If Ky =5.0 x 10" J and r, = 4.0 x 10° m, then the above equation leads to

K, = K, + GmM (1—1]:2.2x107 J
R, n

(b) In this case, we require K, = 0 and r, = 8.0 x 10° m, and solve for Ky:

K, = K, + GmM (1—1j=6.9x107 J.
rl r-2

37. (a) The work done by you in moving the sphere of mass mg equals the change in the
potential energy of the three-sphere system. The initial potential energy is

Gm,m; Gm,m. Gmgm,
d L L-d

U, =-

and the final potential energy is

__Gm,m; Gm,m. Gmym,

f L—d L d

The work done is
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1 1 1 1
w=uU,-U=6Gm,|m,|———|[+m. | — — —
ro B[ A(d L—dj C(L—d dﬂ

~ oo L-ed o2d-L | M —m.) L—2d
Bl M d(L-d)  “d(L-d) BETA (L —d)

0.12 m—2(0.040 m)
(0.040 m)(0.12—0.040 m)

— (6.67 x 10" m* /5% -kg) (0.010 kg)(0.080 kg —0.020 kg)
=+50x10" J.
(b) The work done by the force of gravity is —(U; — U;) = 5.0 x 107 J.

38. (a) The initial gravitational potential energy is

U. = — GM,M; _  (6.67 x 10™ m®/s® -kg) (20 kg) (10 kg)
' r 0.80 m

=-167x10°J~-17x10"°J.

(b) We use conservation of energy (with K; = 0):

_ (6.67 x10™ m*/s* - kg) (20 kg) (10 kg)

U=K+U = -17x10°= K
0.60 m

which yields K = 5.6 x 10°° J. Note that the value of r is the difference between 0.80 m
and 0.20 m.

39. THINK The escape speed on the asteroid is related to the gravitational acceleration at
the surface of the asteroid and its size.

EXPRESS We use the principle of conservation of energy. Initially the particle is at the
surface of the asteroid and has potential energy U; = —GMm/R, where M is the mass of
the asteroid, R is its radius, and m is the mass of the particle being fired upward. The
initial kinetic energy is % mv?. The particle just escapes if its kinetic energy is zero when
it is infinitely far from the asteroid. The final potential and kinetic energies are both zero.
Conservation of energy yields

~GMm/R + ¥%mv® = 0.

We replace GM/R with agR, where aq is the acceleration due to gravity at the surface.
Then, the energy equation becomes —agR + 15v? = 0. Solving for v, we have

v=_.2aR.

[
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ANALYZE (a) Given that R=500kmand a, =3.0 m/s®, we find the escape speed to
be

v =[2a,R = /2(3.0 m/s*) (500 x 10° m) = 1.7 x 10° ms.

(b) Initially the particle is at the surface; the potential energy is U; = —GMm/R and the
kinetic energy is K; = %amv2. Suppose the particle is a distance h above the surface when it
momentarily comes to rest. The final potential energy is Ui = -GMm/(R + h) and the final
kinetic energy is K¢ = 0. Conservation of energy yields

~GMm 1, GMm

R 2 R+h

We replace GM with agR? and cancel m in the energy equation to obtain

a R?
-a,R + 1o &%
2 (R+h)
The solution for h is
2a R2 2 3 2
he . __R- 2(32.0 m/s )(5(;0 x 10° m) (500 10° m)
2a,R —v 2(3.0 m/s?) (500 x 10° m) — (1000 m/s)

= 25x10° m.

(c) Initially the particle is a distance h above the surface and is at rest. Its potential energy
is Ui = —=GMm/(R + h) and its initial kinetic energy is K; = 0. Just before it hits the
asteroid its potential energy is Us = -GMm/R. Write % mv? for the final Kinetic energy.

Conservation of energy yields
GMm GMm 1 .,
- =— + =mv-.
R+h R 2

We substitute agR* for GM and cancel m, obtaining

a R?
=-a,R+ lv2.
2

The solution for v is

2(3.0 m/s*)(500 x 10° m)?
(500 x 10° m) + (1000 x 10° m)

2a,R’ ) \
v=,[2a,R — —— = [2(3.0 m/s*) (500 x 10° m) —
R+h
=1.4 x10° m/s.

LEARN The key idea in this problem is to realize that energy is conserved in the process:
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K +U,=K; +U;, = AK+AU =0.
The decrease in potential energy is equal to the gain in kinetic energy, and vice versa.

40. (a) From Eq. 13-28, we see that v, =JGM /2R: in this problem. Using energy
conservation, we have

1
2 mvo? — GMm/Rg = — GMm/r

which yields r = 4Rg/3. So the multiple of Reis 4/3 or 1.33.

(b) Using the equation in the textbook immediately preceding Eq. 13-28, we see that in
this problem we have K; = GMm/2Rg, and the above manipulation (using energy
conservation) in this case leads to r = 2Rg. So the multiple of Rg is 2.00.

(c) Again referring to the equation in the textbook immediately preceding Eq. 13-28, we
see that the mechanical energy = 0 for the “escape condition.”

41. THINK The two neutron stars are attracted toward each other due to their
gravitational interaction.

EXPRESS The momentum of the two-star system is conserved, and since the stars have
the same mass, their speeds and kinetic energies are the same. We use the principle of
conservation of energy. The initial potential energy is U; = —GM?/r;, where M is the mass
of either star and r; is their initial center-to-center separation. The initial kinetic energy is

zero since the stars are at rest. The final potential energy is U, =-GM?/r,, where the
final separation is r, =r./2. We write Mv? for the final kinetic energy of the system. This
is the sum of two terms, each of which is 2Mv?. Conservation of energy yields

GM? 2GM*?
— =— +
I r

ANALYZE (a) The solution for v is

-11 3 2 30
v pM =J@57xu) sz|@ﬂm kD) _ g 10¢ s,
r 10" m

Mv2.

(b) Now the final separation of the centers is r; = 2R = 2 x 10°> m, where R is the radius of
either of the stars. The final potential energy is given by U; = ~GM?/r; and the energy
equation becomes

~GM?r; = —GM?/rs + MV,

The solution for v is
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= 1.8x10" mfs.

1 1 1 1
v=_[GM | = — = |= [(6.67 x107*m*/s* -kg) (10* k -
\/ {rf r} \/( g ) g)(leos m 10% mJ

LEARN The speed of the stars as a function of

their final separation is plotted below. The 17510°
decrease in gravitational potential energy is ‘-5‘10::
accompanied by an increase in kinetic energy, '**"

so that the total energy of the two-star system 75'0(‘)20 1

remains conserved. s66000 |
250000 L

9 P 10 ’7

2:10°  410° 6107 8107 1-10

42. (a) Applying Eg. 13-21 and the Pythagorean theorem leads to

(GMZ 2GmM j
U= — +
2D y-+D

where M is the mass of particle B (also that of particle C) and m is the mass of particle A.
The value given in the problem statement (for infinitely large y, for which the second
term above vanishes) determines M, since D is given. Thus M = 0.50 kg.

(b) We estimate (from the graph) the y = 0 value to be U, = — 3.5 x 10%J. Using this,
our expression above determines m. We obtain m = 1.5 kg.

43. (a) If r is the radius of the orbit then the magnitude of the gravitational force acting on
the satellite is given by GMm/r?, where M is the mass of Earth and m is the mass of the
satellite. The magnitude of the acceleration of the satellite is given by v?/r, where v is its
speed. Newton’s second law yields GMm/r> = mv#/r. Since the radius of Earth is 6.37 x
10° m, the orbit radius is r = (6.37 x 10° m + 160 x 10° m) = 6.53 x 10° m. The solution
forvis

11 372 24
V= GM _ (6.67 x107" m’/s k%) (5.98 x 10™ kg) =7.82 x 10° m/s.
xf r 6.53 x 10° m

(b) Since the circumference of the circular orbit is 2xr, the period is

27r  27(6.53 x 10° m)

= - =5.25x10’s.
v 7.82 x10° m/s

T=

This is equivalent to 87.5 min.
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44. Kepler’s law of periods, expressed as a ratio, is

3 2 3 2
r, T, 1 T,
_— — — = | — - _— >
r T, 2 1 lunar month

which yields Ts = 0.35 lunar month for the period of the satellite.

45. The period T and orbit radius r are related by the law of periods: T? = (424/GM)r?,
where M is the mass of Mars. The period is 7 h 39 min, which is 2.754 x 10* s. We solve
for M:

2,3 2 6 3
M = 4z r2 _ 47°(9.4 x10° m) =65 10% kg.
GT"  (6.67x10"'m*/s’ -kg)(2.754 x 10"s)

46. From Eq. 13-37, we obtain v = /GM /r for the speed of an object in circular orbit
(of radius r) around a planet of mass M. In this case, M = 5.98 x 10** kg and

r = (700 + 6370)m = 7070 km = 7.07 x 10° m.

The speed is found to be v = 7.51 x 10 m/s. After multiplying by 3600 s/h and dividing
by 1000 m/km this becomes v = 2.7 x 10* km/h.

(a) For a head-on collision, the relative speed of the two objects must be 2v = 5.4 x 10*
km/h.

(b) A perpendicular collision is possible if one satellite is, say, orbiting above the equator
and the other is following a longitudinal line. In this case, the relative speed is given by

the Pythagorean theorem: /v +v? = 3.8 x 10* km/h.

47. THINK The centripetal force on the Sun is due to the gravitational attraction between
the Sun and the stars at the center of the Galaxy.

EXPRESS Let N be the number of stars in the galaxy, M be the mass of the Sun, and r be
the radius of the galaxy. The total mass in the galaxy is N M and the magnitude of the
gravitational force acting on the Sun is

GM(NM) GNM?
Fg: R2 = RZ

The force, pointing toward the galactic center, is the centripetal force on the Sun. Thus,

2 2
F=F = MF;’ =G'\FL';/' .
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The magnitude of the Sun’s acceleration is a = V?/R, where v is its speed. If T is the
period of the Sun’s motion around the galactic center then v = 2zR/T and a = 47°R/T?
Newton’s second law yields
GNM?/R* = 4n°MRIT?.
The solution for N is
B Ar*R®
S GTM

ANALYZE The period is 2.5 x 10% y, which is 7.88 x 10"° 5, so

472 (2.2 x 102 m)?

N = =5.1x 10",
(6.67 x 10" m*/s* -kg) (7.88 x 10" s)* (2.0 x 10* kg)

LEARN The number of stars in the Milky Way is between 10™to 4x10"". Our
simplified model provides a reasonable estimate.

48. Kepler’s law of periods, expressed as a ratio, is

3 T 2 T 2

Sw | flw| a2 =|

CE Te 1y
where we have substituted the mean-distance (from Sun) ratio for the semi-major axis
ratio. This yields Ty = 1.87 y. The value in Appendix C (1.88 y) is quite close, and the
small apparent discrepancy is not significant, since a more precise value for the semi-
major axis ratio is ay/ag = 1.523, which does lead to Ty, = 1.88 y using Kepler’s law. A
question can be raised regarding the use of a ratio of mean distances for the ratio of semi-

major axes, but this requires a more lengthy discussion of what is meant by a ”mean
distance” than is appropriate here.

49. (a) The period of the comet is 1420 years (and one month), which we convertto T =
4.48 x 10" s. Since the mass of the Sun is 1.99 x 10% kg, then Kepler’s law of periods
gives

4r°
(6.67x107" m®/kg-s*)(1.99 x 10% kg)

(4.48 x 10" 5)? =[ ] a’ = a=189x10" m.

(b) Since the distance from the focus (of an ellipse) to its center is ea and the distance
from center to the aphelion is a, then the comet is at a distance of

ea+a=(09932+1) (L8Ix10™ m)=3.767x10" m

when it is farthest from the Sun. To express this in terms of Pluto’s orbital radius (found
in Appendix C), we set up a ratio:
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3.767 x 10%
5.9 x 10*

j R, ~ 6,4R..

50. To “hover” above Earth (Mg = 5.98 x 10%* kg) means that it has a period of 24 hours
(86400 s). By Kepler’s law of periods,

4r?

(86400)% = [GM

j r’ =r=4.225x10" m.

E

Its altitude is therefore r — Re (where Re = 6.37 x 10° m), which yields 3.58 x 10’ m.

51. THINK The satellite moves in an elliptical orbit about Earth. An elliptical orbit can
be characterized by its semi-major axis and eccentricity.

EXPRESS The greatest distance between the satellite and Earth’s center (the apogee
distance) and the least distance (perigee distance) are, respectively,

Ra=Re+da=6.37 x 10°m + 360 x 10°m = 6.73 x 10° m
Rp = Re + dyp = 6.37 x 10° m + 180 x 10° m = 6.55 x 10° m.

Here Re = 6.37 x 10° m is the radius of Earth.

ANALYZE The semi-major axis is given by

R, +R, 6.73x10° m + 6.55x10° m
2 2

a = 6.64 x 10° m.

(b) The apogee and perigee distances are related to the eccentricity e by R, = a(1 + €) and
Rp = a(1 —e). Add to obtain R, + R, = 2a and a = (Ra + R)/2. Subtract to obtain R, — R,
= 2ae. Thus,

R,-R, R -R, 673x10° m-6.55x10° m
2a R, +R, 6.73x10°m+6.55x10° m

e= = 0.0136.

LEARN Since e is very small, the orbit is nearly circular. On the other hand, if e is close
to unity, then the orbit would be a long, thin ellipse.

52. (a) The distance from the center of an ellipse to a focus is ae where a is the semi-
major axis and e is the eccentricity. Thus, the separation of the foci (in the case of Earth’s
orbit) is

2ae = 2(1.50 x 10" m) (0.0167) = 5.01x 10° m.

(b) To express this in terms of solar radii (see Appendix C), we set up a ratio:
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5.01 x10° m

—— =1.20.
6.96 x 10° m

53. From Kepler’s law of periods (where T = (2.4 h)(3600 s/h) = 8640 s), we find the
planet’s mass M:

(86405)° :(

47’
GM

j(8.0><106 m)® = M = 4.06 x 10** kg.

However, we also know a; = GM/R® = 8.0 m/s® so that we are able to solve for the
planet’s radius:

-11 3 2 24
n_ fGM :\/(6.67><10 m’/kg-s*)(4.06x10" kg) ;o 105
a
9

8.0 m/s?

54. The two stars are in circular orbits, not about each other, but about the two-star
system’s center of mass (denoted as O), which lies along the line connecting the centers
of the two stars. The gravitational force between the stars provides the centripetal force
necessary to keep their orbits circular. Thus, for the visible, Newton’s second law gives

where r is the distance between the centers of the stars. To find the relation between r
and r,, we locate the center of mass relative to m, . Using Equation 9-1, we obtain

r_ml(O)+m2r_ m,r - r—ml+m2r
1= - - 1
m, +m, m, +m, m,

On the other hand, since the orbital speed of m, is v=2zr /T, then r, =vT /2z and the
expression for r can be rewritten as
P MM, VT
m, 2r

Substituting r and r, into the force equation, we obtain

Az°Gmm;,  2zmyv

B (m, +m,)*vT? T

or
my VT (2.7x10° m/s)*(1.70 days)(86400 s/day)
(m +m,))?* 22G 27(6.67x107" m/kg-s?)
=3.467M_,

—~6.90x10% kg
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where M_ =1.99x10% kg is the mass of the sun. With m, =6M_, we write m, =aM,

and solve the following cubic equation for « :

3
(24

(6+a)’

-3.467=0.

The equation has one real solution: o =9.3, which implies m,/ M, =9.

55. (a) If we take the logarithm of Kepler’s law of periods, we obtain
2 2 1 2
2log(T)=log (47°/GM) + 3 log (a) = log (a) = 3 log (T) — 3 log (47°/GM)

where we are ignoring an important subtlety about units (the arguments of logarithms
cannot have units, since they are transcendental functions). Although the problem can be
continued in this way, we prefer to set it up without units, which requires taking a ratio. If
we divide Kepler’s law (applied to the Jupiter—moon system, where M is mass of Jupiter)
by the law applied to Earth orbiting the Sun (of mass M,), we obtain

2 _ (M, 23
o= 2]

where Tg = 365.25 days is Earth’s orbital period and rg = 1.50 x 10 m is its mean
distance from the Sun. In this case, it is perfectly legitimate to take logarithms and obtain

log (r—Ej :g log (T—Ej +1 log (M"j
a 3 T 3 M

(written to make each term positive), which is the way we plot the data (log (rg/a) on the
vertical axis and log (Tg/T) on the horizontal axis).

log(r /a)

2.6

(b) When we perform a least-squares fit to the data, we obtain
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log (re/a) = 0.666 log (Te/T) +1.01,
which confirms the expectation of slope = 2/3 based on the above equation.
(c) And the 1.01 intercept corresponds to the term 1/3 log (My/M), which implies

M ggeo o Mo
M 1.07 x 10

Plugging in M, = 1.99 x 10% kg (see Appendix C), we obtain M = 1.86 x 10%" kg for
Jupiter’s mass. This is reasonably consistent with the value 1.90 x 10%” kg found in
Appendix C.

56. (a) The period is T = 27(3600) = 97200 s, and we are asked to assume that the orbit is
circular (of radius r = 100000 m). Kepler’s law of periods provides us with an
approximation to the asteroid’s mass:

4r?

(97200)° = (GM

j (100000)" = M = 6.3 x 10" kg.

(b) Dividing the mass M by the given volume yields an average density equal to
p= (6.3 x 10" kg)/(1.41 x 10" m®) = 4.4 x 10° kg/m®,
which is about 20% less dense than Earth.

57. In our system, we have m; = m, = M (the mass of our Sun, 1.99 x 10% kg). With r =
2ry in this system (so r; is one-half the Earth-to-Sun distance r), and v = ar/T for the
speed, we have
rT) 2p3
Gmlzm2=m1(7[/ ) Ly |z
r r/2 GM

With r = 1.5 x 10™ m, we obtain T = 2.2 x 10" s. We can express this in terms of Earth-
years, by setting up a ratio:

T 22x10" s
T=|—|Ay)=|=—=""""" |(1y)=0.71y.
(1y]( ) [3.156><107 s]( ) y

58. (a) We make use of
m; VT
(m, +m,)>  2zG

where m; = 0.9Mg,, is the estimated mass of the star. With v =70 m/s and T = 1500 days
(or 1500 x 86400 = 1.3 x 10%s), we find
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m;

~1.06 x10% kg .

(0.9M,, +m,)?

Sun

Since Msun = 2.0 x 10* kg, we find m, =~ 7.0 x 10?” kg. Dividing by the mass of Jupiter
(see Appendix C), we obtain m =~ 3.7m;.

(b) Since v = 2xrry/T is the speed of the star, we find

_ VT _ (70m/s)(1.3x10%s)

L =1.4x10°m
27 27

for the star’s orbital radius. If r is the distance between the star and the planet, then r, =r
—ry is the orbital radius of the planet, and is given by

- E(M—lj ™ _37x10"m.
m, >

Dividing this by 1.5 x 10™ m (Earth’s orbital radius, re) gives r = 2.5re.

59. Each star is attracted toward each of the other two by a force of magnitude GM?%/L?,
along the line that joins the stars. The net force on each star has magnitude 2(GM?/L?) cos
30° and is directed toward the center of the triangle. This is a centripetal force and keeps
the stars on the same circular orbit if their speeds are appropriate. If R is the radius of the
orbit, Newton’s second law yields (GM%L?) cos 30° = MV?/R.

The stars rotate about their center of mass (marked by a circled dot on the diagram above)
at the intersection of the perpendicular bisectors of the triangle sides, and the radius of the
orbit is the distance from a star to the center of mass of the three-star system. We take the
coordinate system to be as shown in the diagram, with its origin at the left-most star. The

altitude of an equilateral triangle is (\/5/2) L, so the stars are located at x =0,y = 0; x =
L,y =0; and x = L/2, y=x/§L/2. The x coordinate of the center of mass is x. = (L +
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L/2)/3 = L/2 and the y coordinate is y, =(\/§L/2)/3: L/24/3. The distance from a star
to the center of mass is

R=¢ +yZ = [(L}/4)+(L 112) = L/,

Once the substitution for R is made, Newton’s second law then becomes
(ZGMZ/LZ)COS30°:\/§MV2/L. This can be simplified further by recognizing that

cos 30° =+/3/2. Divide the equation by M then gives GM/L? = V?/L, or v=+/GM /L .

60. (a) From Eq. 13-40, we see that the energy of each satellite is -GMgm/2r. The total
energy of the two satellites is twice that result:

E_E +E __GM.m _ (6.67x10™ m’/kg-s®)(5.98x10*kg)(125 kg)
AR e 7.87x10° m

=-6.33x10°J.

(b) We note that the speed of the wreckage will be zero (immediately after the collision),
so it has no kinetic energy at that moment. Replacing m with 2m in the potential energy
expression, we therefore find the total energy of the wreckage at that instant is

-11 3 2 24
E:_GME(Zm) __(6.67x10"" m'/kg-s )(5.9§><10 kg)2(125 kg) _ _6.33x10°1.
2r 2(7.87x10° m)

(c) An object with zero speed at that distance from Earth will simply fall toward the
Earth, its trajectory being toward the center of the planet.

61. The energy required to raise a satellite of mass m to an altitude h (at rest) is given by

E, =AU =GM m 11 ,
Re R:+h

and the energy required to put it in circular orbit once it is there is

1 ., GM:m
E, == =t
2 = Mem 2(Re +h)

Consequently, the energy difference is

AE=E,—E =GMm|—-—3 |
R. 2(R. +h)

(a) Solving the above equation, the height hy at which AE =0 is given by
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3 R

2 -0 = h=—E=319x10°m.
2(Re + ) 2

1
I:\)E
(b) For greater height h>h,, AE>0, implying E, >E,. Thus, the energy of lifting is

greater.

62. Although altitudes are given, it is the orbital radii that enter the equations. Thus, ra =
(6370 + 6370) km = 12740 km, and rg = (19110 + 6370) km = 25480 km.

(a) The ratio of potential energies is

U, -GmM/r, —r, 1

U, -GmM/r, r, 2
(b) Using Eq. 13-38, the ratio of kinetic energies is

Kg _GmM/2r, 1, 1

K, GmM/2r, r, 2

(c) From Eq. 13-40, it is clear that the satellite with the largest value of r has the smallest
value of |E| (since r is in the denominator). And since the values of E are negative, then
the smallest value of |E| corresponds to the largest energy E. Thus, satellite B has the
largest energy.

(d) The difference is

Being careful to convert the r values to meters, we obtain AE = 1.1 x 10% J. The mass M
of Earth is found in Appendix C.

63. THINK We apply Kepler’s laws to analyze the motion of the asteroid.

EXPRESS We use the law of periods: T? = (47*/GM)r®, where M is the mass of the Sun
(1.99 x 10% kg) and r is the radius of the orbit. On the other hand, the kinetic energy of
any asteroid or planet in a circular orbit of radius r is given by K = GMm/2r, where m is
the mass of the asteroid or planet. We note that it is proportional to m and inversely
proportional to r.

ANALYZE (a) The radius of the orbit is twice the radius of Earth’s orbit: r = 2rgg =
2(150 x 10° m) = 300 x 10° m. Thus, the period of the asteroid is



647

2,3 2 9 3
T - \/4” r_ r (B00-10M)° ___ _gg,107s,
GM  \(6.67 x 10 m’ /52 -kg) (1.99 x 10°kg)

Dividing by (365 d/y) (24 h/d) (60 min/h) (60 s/min), we obtain T =2.8y.
(b) The ratio of the kinetic energy of the asteroid to the kinetic energy of Earth is

K __GMm/@r) _ m .@_E:(z.oxlo“)(ij:l.oxlo“.
K GMM_./(2r) Mg r 2

LEARN An alternative way to calculate the ratio of Kinetic energies is to use
K =mv?/2 and note that v=27r/T . This gives

K_m?/2 m lz_m r/T 2_m L_T_EZ

Ko MvZi/2 Movg M\ I /T Mo\ T
_(2.0x10)[ 2.1:0¥

2.8y

2
j =1.0x10""

in agreement with what we found in (b).

64. (a) Circular motion requires that the force in Newton’s second law provide the
necessary centripetal acceleration:
GmM Vv’

r? r

Since the left-hand side of this equation is the force given as 80 N, then we can solve for
the combination mv? by multiplying both sides by r = 2.0 x 10’ m. Thus, mv® = (2.0 x 10’
m) (80 N) = 1.6 x 10° J. Therefore,

K = Zmy? =1(1.6><109J)=8.ox108J.
2 2

(b) Since the gravitational force is inversely proportional to the square of the radius, then

Thus, F = (80 N) (2/3)* =36 N.
65. (a) From Kepler’s law of periods, we see that T is proportional to r¥?.

(b) Equation 13-38 shows that K is inversely proportional to r.
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(c) and (d) From the previous part, knowing that K is proportional to v?, we find that v is
proportional to 1/+r . Thus, by Eq. 13-31, the angular momentum (which depends on the
product rv) is proportional to r/r = r.

66. (@) The pellets will have the same speed v but opposite direction of motion, so the
relative speed between the pellets and satellite is 2v. Replacing v with 2v in Eq. 13-38 is
equivalent to multiplying it by a factor of 4. Thus,

« _a[GMm 2(6.67 x 10" m* /kg-s?) (5.98 x 10** kg)(0.0040 kg)
o ( 2r j - (6370 + 500) x 10° m
= 4.6 x10° J.

(b) We set up the ratio of kinetic energies:

5
Ka _ 4.6 x 10° J 10’

Kowr ~ £(0.0040kg) (950 m/s)’

67. (a) The force acting on the satellite has magnitude GMm/r®, where M is the mass of
Earth, m is the mass of the satellite, and r is the radius of the orbit. The force points
toward the center of the orbit. Since the acceleration of the satellite is v?/r, where v is its
speed, Newton’s second law yields GMm/r> = mv¥/r and the speed is given by v =

JGM /r . The radius of the orbit is the sum of Earth’s radius and the altitude of the
satellite:

r = (6.37 x 10° + 640 x 10*) m = 7.01 x 10° m.
Thus,

= 7.54 x 10° m/s.

7.01x10° m

GM J(6.67 x 10 m*/s? -kg) (5.98 x 10% kg)
V = =
r

(b) The period is
T = 2nriv = 2r(7.01 x 108 m)/(7.54 x 10° m/s) = 5.84 x 10> s ~ 97 min.

(c) If Eq is the initial energy then the energy after n orbits is E = Eo — nC, where C = 1.4 x
10° J/orbit. For a circular orbit the energy and orbit radius are related by E = -GMm/2r,
so the radius after n orbits is given by r = -GMm/2E.

The initial energy is

6.67 x 10 m?/s?-kg) (5.98 x 10** kg )(220 k
E, ! 9 { - 9 9) =—6.26 x 10° J,
2(7.01x 10° m)

the energy after 1500 orbits is
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E = E, — nC = —6.26 x 10° J — (1500 orbit)(1.4 x 10° J/orbit) = —6.47 x 10° J,
and the orbit radius after 1500 orbits is

(6.67 x 10" m*/s” -kg) (5.98 x 10** kg)(220 kg)

. — 6.78x10°m.
2(-6.47 x 10° J)

r =

The altitude is
h=r—R=(6.78 x 10° m — 6.37 x 10° m) = 4.1 x 10°> m.

Here R is the radius of Earth. This torque is internal to the satellite—Earth system, so the
angular momentum of that system is conserved.

(d) The speed is

6.67 x10™" m?/s? -kg) (5.98 x 10* k
V= /GM = ( g)s( g) = 7.67 x10°m/s~7.7 km/s.
r 6.78 x10° m

(e) The period is
271 27(6.78 x 10° m)

67 < 10° 0 =5.6 x 10° s~ 93 min.
v .67 x10% m/s

T =

(f) Let F be the magnitude of the average force and s be the distance traveled by the
satellite. Then, the work done by the force is W = —Fs. This is the change in energy: —Fs
= AE. Thus, F = —AE/s. We evaluate this expression for the first orbit. For a complete
orbit s = 27r = 2n(7.01 x 10° m) = 4.40 x 10" m, and AE = —1.4 x 10° J. Thus,

_AE 14x10°)

== 3.2x10° N.
S 440 x10" m

F=

(9) The resistive force exerts a torque on the satellite, so its angular momentum is not
conserved.

(h) The satellite—Earth system is essentially isolated, so its momentum is very nearly
conserved.

68. The orbital radius is r = R. +h=6370 km+400 km = 6770 km =6.77x10° m.

(a) Using Kepler’s law given in Eq. 13-34, we find the period of the ships to be
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2.3 2 6 3
T, :\/4” A n OT7Tx10M)° 554, 10° s~92.3min.
GM (6.67 x 107"m"/s” -kg) (5.98 x 10°°kQ)

(b) The speed of the ships is
v = 2zr  27(6.77x10° m)

A — =7.68x10° m/s”.
T, 5.54x10% s

(c) The new kinetic energy is
K= % mv® = % m(0.99v,)* = % (2000 kg)(0.99)*(7.68x10° m/s)* =5.78x10" J.

(d) Immediately after the burst, the potential energy is the same as it was before the burst.
Therefore,

-11 .3 2 24
U—- GMm _ (6.67 x10""m"/s"-kg) (5.968 x107kg)(2000 kg) _ _118x10" J.
r 6.77 x10°m

(e) In the new elliptical orbit, the total energy is
E=K+U =5.78x10" J+(-1.18x10" J) = —6.02x10" J.

(f) For elliptical orbit, the total energy can be written as (see Eq. 13-42) E=-GMm/2a,
where a is the semi-major axis. Thus,

-11 ~-3 2 24
Ao GMm _ (6.67 x10"m"/s”-kg) (5.9?0>< 10™kg)(2000 kg) _ 6.63 x 10° m.
2E 2(—6.02x10 J)

(9) To find the period, we use Eq. 13-34 but replace r with a. The result is

2,3 2 6 3
T =\/4” a - A (063x10°M)____ _537,10° s~89.5 min.
GM (6.67 x107"m”/s"-Kkg) (5.98 x 10°"kQg)

(h) The orbital period T for Picard’s elliptical orbit is shorter than Igor’s by
AT =T, —-T =55405-5370s=170s.
Thus, Picard will arrive back at point P ahead of Igor by 170s—-90s=80s.
69. We define the “effective gravity” in his environment as g = 220/60 = 3.67 m/s.

Thus, using equations from Chapter 2 (and selecting downward as the positive direction),
we find the “fall-time” to be
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1, [2(2.1m)
Ay =Vt +— " =>t=,————= =1.15s
Y=Y 2ge“ 3.67 m/s’

70. (a) The gravitational acceleration ay is defined in Eq. 13-11. The problem is
concerned with the difference between ay evaluated at r = 50R, and ag evaluated at r =
50Ry, + h (where h is the estimate of your height). Assuming h is much smaller than 50Ry,
then we can approximate h as the dr that is present when we consider the differential of
Eq. 13-11:
_2GM 2GM 2GM
ldag| ==z~ dr =~ 53R 3h = 5% cMmic)

3h.

If we approximate |dag| = 10 m/s* and h ~ 1.5 m, we can solve this for M. Giving our
results in terms of the Sun’s mass means dividing our result for M by 2 x 10° kg. Thus,
admitting some tolerance into our estimate of h we find the “critical” black hole mass
should in the range of 105 to 125 solar masses.

(b) Interestingly, this turns out to be lower limit (which will surprise many students) since
the above expression shows |dag| is inversely proportional to M. It should perhaps be
emphasized that a distance of 50R, from a small black hole is much smaller than a
distance of 50R;, from a large black hole.

71. (a) All points on the ring are the same distance (r = \/x2 +R? ) from the particle, so

the gravitational potential energy is simply U = —GMm/\/x2 +R? , from Eq. 13-21. The
corresponding force (by symmetry) is expected to be along the x axis, so we take a
(negative) derivative of U (with respect to x) to obtain it (see Eq. 8-20). The result for the
magnitude of the force is GMmx(x? + R?) 72,

(b) Using our expression for U, the change in potential energy as the particle falls to the

center is
AU :_GMm(L;J
R

Jx2+R?

By conservation of mechanical energy, this must “turn into” kinetic energy,
AK =—-AU =mv?/2. We solve for the speed and obtain

1

1 1 1 1
“mv?=GMm| =————— | = v= [2GM| = ———|.
2 [R \/x2+R2] \/ [R \/X2+R2j

G'Z/I =1.3x10%m/s* .

72. (a) With M =2.0x10® kg and r = 10000 m, we find a, =
.

(b) Although a close answer may be gotten by using the constant acceleration equations
of Chapter 2, we show the more general approach (using energy conservation):
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K, +U, =K +U

where K, = 0, K =%mv?, and U is given by Eq. 13-21. Thus, with r, = 10001 m, we find

V= \/2(3|v| [1 - 1] =1.6 x10°m/s .
r I

0

73. Using energy conservation (and Eq. 13-21) we have

GMm GMm

1 - r — 2= r,

(@) Plugging in two pairs of values (for (Ky,r1) and (K ,r2)) from the graph and using the
value of G and M (for Earth) given in the book, we find m =~ 1.0 x 10% kg.

(b) Similarly, v = (2K/m)™ ~ 1.5 x 10° m/s (at r=1.945 x 10" m).
74. We estimate the planet to have radius r = 10 m. To estimate the mass m of the planet,

we require its density equal that of Earth (and use the fact that the volume of a sphere is
4nr®(3):

3
n; = M3E = m=M, L
Anr° /3 4nRZ/3 Re
which yields (with Mg ~ 6 x 10** kg and Re ~ 6.4 x 10° m) m = 2.3 x 10’ kg.
(a) With the above assumptions, the acceleration due to gravity is

6.7x10™" m®/s®-kg)(2.3x10" k
a, =GT :( o ?Z)( 9) =1.5x10"°m/s* » 2x10° m/s’.
r m

(b) Equation 13-28 gives the escape speed: v = 2Gm ~ 0.02 m/s.
r

75. We use m; for the 20 kg of the sphere at (x1, y1) = (0.5, 1.0) (SI units understood), m;
for the 40 kg of the sphere at (X2, y2) = (1.0, —1.0), and m3 for the 60 kg of the sphere at
(X3, y3) = (0, —0.5). The mass of the 20 kg object at the origin is simply denoted m. We

note that r, =+/1.25, r, =2, and r; = 0.5 (again, with SI units understood). The force F,
that the n™ sphere exerts on m has magnitude Gm m/r’? and is directed from the origin
toward my, so that it is conveniently written as
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F = O 27 2| ST )
r N I

n n n

Consequently, the vector addition to obtain the net force on m becomes

3

3 3 . . A i
Fu =D F = Gm([z Ty Ji +(Zm”—3y“) jj _ (-9.3x10° N)i—(3.2x107 NJj .
n=1

n=1 rn n=1 n

Therefore, we find the net force magnitude is |F,|=3.2x107N.

76. THINK We apply Newton’s law of gravitation to calculate the force between the
meteor and the satellite.

EXPRESS We use F = Gmsmy/r?, where m is the mass of the satellite, my, is the mass of
the meteor, and r is the distance between their centers. The distance between centers is r
=R +d=15m + 3 m =18 m. Here R is the radius of the satellite and d is the distance
from its surface to the center of the meteor.

ANALYZE The gravitational force between the meteor and the satellite is

Gmm, (6.67x10™N-m?/kg’)(20kg)(7.0kg)

. (tom) —2.9x107N.
m

=
r

LEARN The force of gravitation is inversely proportional to r?.

77. We note that ra (the distance from the origin to sphere A, which is the same as the
separation between A and B) is 0.5, rc = 0.8, and rp = 0.4 (with Sl units understood). The

force F, that the k™ sphere exerts on mg has magnitude Gm,m, /r? and is directed from
the origin toward my so that it is conveniently written as

F = %(%?+%]} = %(xﬁ+ yk]).
k k Kk K

Consequently, the vector addition (where k equals A, B, and D) to obtain the net force on
mg becomes

Fre = > F, =Gm, {[Z m:fk ]h(z%m — (3.7x10°N)j.
k k

k k k

78. (a) We note that rc (the distance from the origin to sphere C, which is the same as the
separation between C and B) is 0.8, rp = 0.4, and the separation between spheres C and D
is rcp = 1.2 (with Sl units understood). The total potential energy is therefore
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_GMMc GMgMy GMcMp _ 1o

2 2
rCD

using the mass-values given in the previous problem.

(b) Since any gravitational potential energy term (of the sort considered in this chapter) is
necessarily negative (-GmM/r? where all variables are positive) then having another mass
to include in the computation can only lower the result (that is, make the result more
negative).

(c) The observation in the previous part implies that the work | do in removing sphere A
(to obtain the case considered in part (a)) must lead to an increase in the system energy;
thus, | do positive work.

(d) To put sphere A back in, | do negative work, since | am causing the system energy to
become more negative.

79. THINK Since the orbit is circular, the net gravitational force on the smaller star is
equal to the centripetal force.

EXPRESS The magnitude of the net gravitational force on one of the smaller stars (of
mass m) is

I:=GMm Gmm _ Gm (M mj

r’ +(2r)2 r? 4)

This supplies the centripetal force needed for the motion of the star:

2
G_m(mmj:mv_

r.2

where v=27zr/T . Combining the two expressions allows us to solve for T.

ANALYZE Plugging in for speed v, we arrive at an equation for the period T:

2712
JG(M +m/a)’

LEARN In the limit where m <M, we recover the expected result T = 27

JGm

32

for two

bodies.

80. If the angular velocity were any greater, loose objects on the surface would not go
around with the planet but would travel out into space.
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(a) The magnitude of the gravitational force exerted by the planet on an object of mass m
at its surface is given by F = GmM / R?, where M is the mass of the planet and R is its
radius. According to Newton’s second law this must equal mv? / R, where v is the speed
of the object. Thus,

GM

RZ

V2
_E'

With M =472pR*/3 where p is the density of the planet, and v=27R/T , where T is the
period of revolution, we find

47 47°R
—GpR= .
3 Py
We solve for T and obtain
Ry
Gp

(b) The density is 3.0 x 10% kg/m®. We evaluate the equation for T:

T - 37 — 6.86x10°% =1.9h.
(6.67x10*m°/s*-kg)(3.0x10°kg/m”)

81. THINK In a two-star system, the stars rotate about their common center of mass.

EXPRESS The situation is depicted on the right. The - - ™~
gravitational force between the two stars (each having N
amass M) is / \
_GM? GM? r
O (ar)? ar?

—

The gravitational force between the stars provides the N /

centripetal force necessary to keep their orbits circular. - s

Thus, writing the centripetal acceleration as r&” where @ is the angular speed, we have

2
- GM

_ 2
o . = 2 = Mro”.

ANALYZE (a) Substituting the values given, we find the common angular speed to be

-11 2 2 30
wzl ’GI;/I 1 (6.67x107" N-m /lf? )(C:,.Oxlo kg) 22107 rad/s.
2\r 2 (1.0x10" m)
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(b) To barely escape means to have total energy equal to zero (see discussion prior to Eq.
13-28). If m is the mass of the meteoroid, then

1 ., GmM GmM _

mv 0 = v:‘/4GM =8.9x10*m/s .
2 r r r

LEARN Comparing with Eq. 13-28, we see that the escape speed of the two-star system
is the same as that of a star with mass 2M.

82. The key point here is that angular momentum is conserved:
lp@p = lacs

which leads to @, =(ra/rp)2a)a, but r, = 2a — r, where a is determined by Eq. 13-34
(particularly, see the paragraph after that equation in the textbook). Therefore,

_ ra2 (07
0 = 2(GMT 247%™ — )

5 =9.24 x 107° rad/s .

83. THINK The orbit of the shuttle goes from circular to elliptical after changing its speed by firing the
thrusters.

EXPRESS We first use the law of periods: T? = (47%/GM)r®, where M is the mass of the
planet and r is the radius of the orbit. After the orbit of the shuttle turns elliptical by firing
the thrusters to reduce its speed, the semi-major axis is a=—-GMm/2E , where

E=K+U is the mechanical energy of the shuttle and its new period becomes

T' =4r’a’/IGM .

ANALYZE (a) Using Kepler’s law of periods, we find the period to be

2 2 7 3
T=[27 |p n (420A0°mM) 545,90t
GM (6.67x10 " N-m?/kg?)(9.50x107 kg)

(b) The speed is constant (before she fires the thrusters), so

v - 2zr _ 27(4.20x10"m)

. 2 =1.23x10" m/s.
T 2.15x10"s

(c) A two percent reduction in the previous value gives

v=0.98v, =0.98(1.23x10" m/s) =1.20x10* m/s.
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(d) The Kinetic energy is K =%mv2 =%(3000 kg)(1.20x10* m/s)* =2.17x10" J.

(e) Immediately after the firing, the potential energy is the same as it was before firing
the thruster:

11 21 2 25
U :_GMm :_(6.67><1O N-m*“/kg )(9.5;O><10 kg) (3000 kq) _453%10" ]
r 4.20x10" m

() Adding these two results gives the total mechanical energy:
E=K+U=2.17x10" J+(-4.53x10" J) =-2.35x10" J.
(9) Using Eq. 13-42, we find the semi-major axis to be

11 21 2 25
a:_GMm :_(6.67><10 N-m/kg )(9.5(:1;(10 kg)(3000kg) _4.04x10" m.
2E 2(-2.35x10" J)

(h) Using Kepler’s law of periods for elliptical orbits (using a instead of r) we find the
new period to be

2 2 7 3
T= [ 27 o - A 00 m) ;03,900
GM (6.67x10™™ N-m?/kg?)(9.50x10% kg)

This is smaller than our result for part (a) by T— T = 1.22 x 10°s.
(i) Comparing the results in (a) and (h), we see that elliptical orbit has a smaller period.

LEARN The orbits of the shuttle before and after firing the thruster are shown below.
Point P corresponds to the location where the thruster was fired.

84. The difference between free-fall acceleration g and the gravitational acceleration a,
at the equator of the star is (see Equation 13.14):
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2
a,-g=0R
where
0= 2—” = s =153rad/s
T 0.041s

is the angular speed of the star. The gravitational acceleration at the equator is

o = GM _ (6.67x10™" m’/kg-s°)(1.98x10% kg)

_ 11 2
V= 210 M) —9.17x10" m/s?.

Therefore, the percentage difference is

a,—-9 o’R _(153rad/s)’(1.2x10" m)
a a 9.17 x10™ m/s?

[ g

=3.06x10"* ~ 0.031%.

85. Energy conservation for this situation may be expressed as follows:

1, GmM 1

K, +U, =K, +U, = L MM

n o2 °

where M = 5.98 x 10* kg, r; = R = 6.37 x 10°, m and v; = 10000 m/s. Setting v, = 0 to
find the maximum of its trajectory, we solve the above equation (noting that m cancels in
the process) and obtain r, = 3.2 x 10" m. This implies that its altitude is

h=r,—R=25x10"m.

86. We note that, since v = 2xnr/T, the centripetal acceleration may be written as a =
4m*rIT2. To express the result in terms of g, we divide by 9.8 m/s?.

(a) The acceleration associated with Earth’s spin (T =24 h = 86400 s) is

47° (6.37 x 10° m)

= =3.4x103g .
9 864005 (98misy) 0 9

(b) The acceleration associated with Earth’s motion around the Sun (T =1y = 3.156 x
107 s) is
a=g 47° (1.5 x 10" m)
(3.156 x 10" s)? (9.8 m/s?)

= 6.1x10g .

(c) The acceleration associated with the Solar System’s motion around the galactic center
(T=25x10°y=7.9x10"5s)is
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acg 47° (22x10°m)
(7.9 x10"%s)?(9.8m/s?)

x10™g .

87. (a) It is possible to use v’ =V. +2aAyas we did for free-fall problems in Chapter 2

because the acceleration can be considered approximately constant over this interval.
However, our approach will not assume constant acceleration; we use energy

conservation:
1 , GMm 1 _, GMm 2GM (1, —r)
—mv, — ==—mv‘ — - V= [——M~
2 L 2 r L

which yields v = 1.4 x 10° m/s.

(b) We estimate the height of the apple to be h =7 cm = 0.07 m. We may find the answer
by evaluating Eq. 13-11 at the surface (radius r in part (a)) and at radius r + h, being
careful not to round off, and then taking the difference of the two values, or we may take
the differential of that equation — setting dr equal to h. We illustrate the latter procedure:

GM

r3

GM

dr| ~ 2——h =3 x 10° m/s®.
r

|da, | = ‘—2

88. We apply the work-energy theorem to the object in question. It starts from a point at
the surface of the Earth with zero initial speed and arrives at the center of the Earth with
final speed v. The corresponding increase in its kinetic energy, Yamv¢, is equal to the

work done on it by Earth’s gravity: IF dr = I(—Kr)dr . Thus,
1 5, ¢° (0 1.,
Emvf = IR Fdr = IR (-Kr)dr = EKR

where R is the radius of Earth. Solving for the final speed, we obtain vi = R K /m. We
note that the acceleration of gravity a; =g =9.8 m/s? on the surface of Earth is given by

ay = GM/R? = G(41R%3)p/R?,

where p is Earth’s average density. This permits us to write K/m = 4nGp/3 = g/R.
Consequently,

v, =R\/% =R\/g =JOR =1/(9.8 m/s?) (6.37 x 10° m) = 7.9 x 10° m/s .
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89. THINK To compare the kinetic energy, potential energy, and the speed of the Earth
at aphelion (farthest distance) and perihelion (closest distance), we apply both
conservation of energy and conservation of angular momentum.

EXPRESS As Earth orbits about the Sun, its total energy is conserved:

12 GMM, _1 ., GMM,

2 * R 2 " R

a p

In addition, angular momentum conservation impliesv,R, =V R, .

ANALYZE (a) The total energy is conserved, so there is no difference between its values
at aphelion and perihelion.

(b) The difference in potential energy is

AU =U,-U_ =-GM M, 1 1
R, R,
1 1
=—(6.67x10™ N-m?/kg?)(1.99 x 10* kq)(5.98 x 10* ki -
(667 97)(L.99 < 107 kg)(5.98 g)£1.52x10“m 1.47><10“mj

~1.8x10% J.

(c) Since AK+AU =0, AK =K, -K  =—AU ~-1.8x10* J.

(d) with v,R, =v R, the change in kinetic energy may be written as

1 1 R?

AK=K —K_ ==M (vz—vz):—M v{l——aJ
a p E\"a p E"a 2
2 2 R

from which we find the speed at the aphelion to be

v, = 2(AK2) — =2.95x10* m/s..
M. (1-R%/R?)

Thus, the variation in speed is

11
Av=v,-v, = 1R v, = 1—% (2.95x10* m/s)
R, 1.47x10" m

=-0.99%x10° m/s=-0.99 km/s.

The speed at the aphelion is smaller than that at the perihelion.
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LEARN Since the changes are small, the problem could also be solved by using
differentials:

iU - (GMEMS ) i z(6.67x10*11 N-m?/kg? )(1.99 x 10 kg )(5.98 x 10* kg)(5 A10° m).

re (15x10% m)’

This yields AU =~ 1.8 x 10* J. Similarly, with AK ~ dK = Mgv dv, where v ~ 2rR/T, we
have

2m (1.5x 10" m
1.8 x10% J ~ (5.98 x 10 kg ) ( - )
3.156 x 10" s

which yields a difference of Av ~ 0.99 km/s in Earth’s speed (relative to the Sun) between
aphelion and perihelion.

90. (a) Because it is moving in a circular orbit, F/m must equal the centripetal
acceleration:

8ON V°

50 kg T
However, v = 2rr/T, where T = 21600 s, so we are led to

2

1.6m/s? = ar

T2

r

which yields r = 1.9 x 10" m.

(b) From the above calculation, we infer v* = (1.6 m/s?)r, which leads to v* = 3.0 x 10’
m?2/s?. Thus, K = %amv? = 7.6 x 10% J.

(c) As discussed in Section 13-4, F/m also tells us the gravitational acceleration:

GM

rz’

a, =1.6 m/s® =

We therefore find M = 8.6 x 10* kg.

91. (a) Their initial potential energy is ~Gm?/R; and they started from rest, so energy

conservation leads to

Gm? Gm? Gm?

- Ktotal -~ = Ktotal = 5
R 0.5R,

(b) They have equal mass, and this is being viewed in the center-of-mass frame, so their
speeds are identical and their kinetic energies are the same. Thus,
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1 Gm?
A" Ktotal = .
2 2R.

K=

(c) With K = ¥ mv?, we solve the above equation and find v = ,/Gm/ R .

(d) Their relative speed is 2v =2 ,/Gm/R; . This is the (instantaneous) rate at which the
gap between them is closing.

(e) The premise of this part is that we assume we are not moving (that is, that body A
acquires no kinetic energy in the process). Thus, Kita = Kg, and the logic of part (a) leads
to Kg = szlRi.

(f) And ymv2 =K, yields vg = \/2Gm/R .

(9) The answer to part (f) is incorrect, due to having ignored the accelerated motion of
“our” frame (that of body A). Our computations were therefore carried out in a
noninertial frame of reference, for which the energy equations of Chapter 8 are not
directly applicable.

92. (a) We note that the altitude of the rocket is h=R-R. where R, =6.37x10° m.
With M =5.98x10* kg, Ry =R, +h,=6.57 x 10° m and R = 7.37 x 10° m, we have

Ki+U =K+U :>1m(3.70><103 m/s)’ _GmM _ K _Gm_M,
2 R, R
which yields K = 3.83 x 107 J.
(b) Again, we use energy conservation.
K, +U, =K, +U, :%m (3.70 x 10°) _GmM g G;‘M
f

Therefore, we find R = 7.40 x 10° m. This corresponds to a distance of 1034.9 km ~ 1.03
x 10° km above the Earth’s surface.

93. Energy conservation for this situation may be expressed as follows:

1, GmM 1

K, +U, =K, +U, = ~my; - Lz CMM

noo2
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where M = 7.0 x 10** kg, r, = R = 1.6 x 10° m, and r; = oo (which means that U; = 0). We
are told to assume the meteor starts at rest, so v = 0. Thus, K; + U1 = 0, and the above
equation is rewritten as

lmv,j—GmNI = vzz,/@:ZAxlo“ m/s.
2 r, R

94. The initial distance from each fixed sphere to the ball is ro = o, which implies the
initial gravitational potential energy is zero. The distance from each fixed sphere to the
ball when it is at x =0.30 m is r = 0.50 m, by the Pythagorean theorem.

(a) With M = 20 kg and m = 10 kg, energy conservation leads to

GmM

Ki+U = K+U = 0+0=K-2
r

which yields K = 2GmM/r =5.3 x 107 J.

(b) Since the y-component of each force will cancel, the net force points in the —x
direction, with a magnitude

2F, = 2 (GmM/r?) cos 6,
where 6 = tan™ (4/3) = 53°. Thus, the result is F,,, = (-6.4x107° N)i.

95. The magnitudes of the individual forces (acting on mc, exerted by ma and mg,
respectively) are

Fo =M _27510°N and Fpo = 28 _36x10° N

2
IFAC BC

where rac = 0.20 m and rgc = 0.15 m. With rag = 0.25 m, the angle F, makes with the x

axis can be obtained as

2 2 2
0, =7 +cos™ (mj — 7 +c0s(0.80) = 217°.

rAC I’.AB
Similarly, the angle IfB makes with the x axis can be obtained as

2 2 2
Fag T lec —Mac

2r,.r.

AB'BC

0, =—cos* ( ] =—cos(0.60) =-53°.

The net force acting on m¢ then becomes
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F. =F,.(c0s6, i +sin 6, j)+ Fy. (cOS 6, i +5sin 6, j)
=(F,. cosb, +Fy. cos@B)er(FAc sind, + Fy. sin HB)]
=(~4.4x10"° N)].

96. (a) From Chapter 2, we have v* =V +2aAx, where a may be interpreted as an

average acceleration in cases where the acceleration is not uniform. With vo =0, v =
11000 m/s, and Ax = 220 m, we find a = 2.75 x 10° m/s%. Therefore,

(2,75 x10° m/s’
9.8 m/s®

)g:2.8x104g.

(b) The acceleration is certainly deadly enough to kill the passengers.
(c) Again using v* =V +2aAx, we find

2
a= (7000 m/s)” _ 7000 m/s® = 7149 .
2(3500 m)
(d) Energy conservation gives the craft’s speed v (in the absence of friction and other
dissipative effects) at altitude h = 700 km after being launched from R = 6.37 x 10° m
(the surface of Earth) with speed vo = 7000 m/s. That altitude corresponds to a distance
from Earth’s center of r =R + h = 7.07 x 10° m.

1 VZ_GMm_l , GMm

2 ° R 2 r

With M = 5.98 x 10?* kg (the mass of Earth) we find v = 6.05 x 10° m/s. However, to
orbit at that radius requires (by Eq. 13-37)

v = JGM /r =751 x 10° m/s.

The difference between these two speeds is V' — v = 1.46 x 10 m/s ~1.5x10° m/s, which
presumably is accounted for by the action of the rocket engine.

97. We integrate Eq. 13-1 with respect to r from 3R to 4Rg and obtain the work equal to

W:—AU=—GMEm( 1 1 ]—GMEm.

4R, 3R.) 12R.

98. The gravitational force at a radial distance r inside Earth (e.g., point A in the figure)
IS
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The component of the force along the tunnel is

r R

F = Fg sinez(—GMm ]X Gme

R? -
which can be rewritten as

d? x GM )
a = —X=—0X
a2 R

where @® = GM / R®. The equation is similar to Hooke’s law, in that the force on the train
is proportional to the displacement of the train but oppositely directed. Without exiting
the tunnel, the motion of the train would be periodic would a period given by T =27/ w.
The travel time required from Boston to Washington DC is only half that (one-way):

3 6
I=1=7z\/ R _@3TATM) 9595421 min
2 o (6 67x10"" m*/kg-s°)(5.98 x 10* kg)

At =

Note that the result is independent of the distance between the two cities.
99. The gravitational force exerted on m due to a mass element dM from the thin rod is

dF, - Gm((jM)
R

By symmetry, the force is along the y-

directi i dI=Rd6
irection. Wit ng/ s\
dm :zdlz(ﬂij:Mde mf/
R Vs

VA

X

where A =M /xR is the mass density (mass per unit length), we have

dF, , =dF,sing = %(Mjsin 0= GI\F/;T sin@dé
T T

Integrating over @ gives

=~ GMm
Fa _J.O 7R?

2GMm
7R

sin 0d49—
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Substituting the values given leads to

o 2GMm _ 2(6.67x10™"* m°/kg-s®)(5.0 kg)(3.0x107° kg)

gy 2 = > =151x10"% N
’ 7R 7(0.650 m)

If the rod were a complete circle, by symmetry, the net force on the particle would be
zero.

100. The gravitational acceleration at a distance r from the center of Earth is
_GM

r2
Thus, the weight difference between the two objects is

a,

GMm GMm _ GMm
R*  (R+h)® R

GMm 2h  2GMmh

R R R

Aw=m(g-a,) = [1-@+h/R)* ]~

With M =4 7zR%p, the above expression can be rewritten as

AW

2GMmh  2Gmh (47 _, 870Gmh
= 3 = 3 o —— R p =
R R 3 3

Substituting the values given, we obtain
_8zpGmh _ 87

3 3
=3.07x107 N

AW (5.5x10° kg/m®)(6.67 x10™ m*/kg-s®)(2.00 kg)(0.050 m)

101. Let the distance from Earth to the spaceship be r. Rem = 3.82 x 10° m is the distance
from Earth to the moon. Thus,

GM_m
F=——0 =F
i (Rem_r)2 - r

_GM.m

2 )

where m is the mass of the spaceship. Solving for r, we obtain

8
= e 382>x10m —3.44x10°m.

M, IM, +1[(7.36x107kg) /(5.98x10% kg) +1




