Hwk #7 Solution Notebook

Morin 5.9

If a particle moves in one dimension under the influence of a force F(x) = -V'(x), then at any place where the force drops to zero
(i.e. any x0 such that F(x0)=0) it is a possible "motion" for the particle to stay put (i.e x(t) = x0). If the particle is displaced a
small amount from x0, though, what happens?

Expanding F(x) in a Taylor series near x0: F(x) = F(x0) + F'(x0)(x-x0) + ... =0 + F'(x0)(x-x0) + ...

We obtain the force law of a spring with equilibrium point x0 and spring constant -F'(x0).

So a very common question to be asked is: given V(x) where are its minima (i.e. find the x0 such that V'(x0)=0), and for each
minimum what is the frequency of small oscillations about that minimum

(i.e. what is k_eff = VV"(x0), and then w=Sqrt[k_eff/m]).

Here we are asked these questions for
)= VIX_1 = - CX™nEXp[-aX]
oufi= -Ce™X*x"
First let's plot this thing:
me= P = {C->1,n->3, a-» 1}
ouz: {C->1,n->3, a->1}

3= plotv = Plot[V[X] /. p, {X, 0, 10}]

-02f
~04f
-0.6]
Out[3]=
-08f
-10f

-12f

Next locate the minimum:
4= eqn0 = V*[X] ==
oua -Ce X nx T iCe™*x"a =0

= soln0 = Solve[egnO, X]

n

o {{x> 7))

a

And compute the 2nd derivative there:



2| 261-09hwk7.nb

mel= V*T[X] /. solnO[[1]]

-2+n
+2Ce™™n

n n

o

ny-1+n
7) a-Ce™"
(o8

n

o

ouel= ~Ce™ (-1+n)n o?

7= keff = Simplify[%]

-1+n
(04

n

ouf7]= Ce™

So to answer the question posed, the (angular) frequency of small oscillations is

ingl= w0 = Sqrt[keff / m]

And the period would then be
= TO0 = 27 / w0

27
Out[9]=
ny-1n

C e’"(

a

m

So let's choose parameters and actually find the motion. First atttempt:

o= P = {C->1,n-3, a->1, m-> 1}

oufio {C->1,Nn->3, a->1, m-> 1}

1= eqnFma = mx""[t] = -V " [X[t]]

oufj= MX”[t] = Ce Xt nx[t] 1" - Ce Xt o x[t]"

In[12}= eqnFma /. p

ouffizl= X’ [t] = 3 e Xt x[t]2 - e X[t x[t]3

Wait as long as you like for this one to come back, then hit Alt-plus to abort the calculation:
DSolve[{egnFma /. p}, xX[t], t]

$Aborted

Even when the differential equation is too hard for Mathematica, we can get a numerical solution.
Let's launch the motion from the equilibrium point with some choice of initial velocity:

3= X0 = x /. solnO[[1]] /- p

out13]= 3

inf141:= SN = NDSolve[{egnFma /. p, X[0] == x0, x"[0] = .1}, x[t], {t, O, 2TO /. p}]
ouf14]= {{X[t] - InterpolatingFunction[{{0., 18.7729}}, <>][t]}}

inf1s)= XL[€_] = X[t] /. sN[[1]]

ouwjisj= InterpolatingFunction[{{0., 18.7729}}, <>][t]
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n[16):= Plot[x1[t], {t, O, 2TO /. p}]

315}
3.10F
3.05}

out[16]= 300

5 10 15

So for a "small" velocity (.1) this looks pretty much like a sine.
Let's find the exact period and compare

n171= FindRoot[x1[t] = X0, {t, 9}]

ou17)= {t - 9.40053}

infig}= TO /. p// N

out18]= 9.38643

For larger energies, the motion will not look so much like a sine:

n19l= SN2 = NDSolve[{eqnFma /. p, X[0] =x0, x"[0] =1}, x[t], {t, 0, 2TO /. p}]
oui9l= {{X[t] - InterpolatingFunction[{{0., 18.7729}}, <>][t]}}

In2oj= X2[t_] = x[t] /. sN2[[1]]

out20)= InterpolatingFunction[{{0., 18.7729}}, <>] [t]

in21:= Plot[x2[t], {t, 0, 2TO /. p}]

5.0
45f
40

35
Out[21]= t
3.0f

25}

Let's animate the 1D motion on top of the graph of the potential.
For maximum artistry, let's choose to draw this motion at the appropriate energy level:

infz2)= EO = (V[X0] + (1/2) mx2"[0]) /- p
out22]= -0.844251
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In[23]:= pIOtEO = PIOt[EO, {X, 1, 9}]
I I I
4 6 8
_0.5 [
Out[23]=
_1'0 [
-15

in24]:= Animate [Show[plotV, plotEO, ListPlot[{{x2[t], EO}}, PlotStyle » {Red, PointSize[.02]}]],
{t, 0, 2T0 /. p}]

t —— DEEIE

-02}
-041
Out[24]= I

-08}

-10F

-12}

Morin 5.15 and 5.16

Between time t and time t+At a snowball of mass Am==¢*At moving at velocity u collides with a car of mass M moving at v(t).
In the car frame the speed of the incoming snowball is u-v. Assuming the collision is elastic (not so realistic for a snowhball),
the outgoing speed is (v-u) in the car frame, and therefore 2v - u in the ground frame. Conservation of momentum then reads:

n2sl= Ap = (M (V+Av) + Aam (2Vv -u)) - (MV +Amu)
outzsl= -Mv-uam+ (-u+2Vv) Am+M (V+ AV)
nz6= S = Solve[ap = 0, Av][[1]]

2 (uAm-vAm)
out[26]= {AV - T}
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Next divide by At to get the equation of motion:

7= AV /At /. S
2 (uAm-v.Am)

Out[27]=
M At
nesl= eqn = VT[t] = (AvV/At /. s /. {Am> (o (Uu-V[t]) /u) At, v Vv[t]} // Simplify)

20 (u-v[t])?
outleg]= V' [t] = —mM8M8m
Mu

And now we can ask for the general solution:
in2o;:= DSolve[eqn, v[t], t]

-Mu+2tuoc+Mu2Cl1]

oulzer {{V[t] - 2to+MuC[l] }}

And specifically if we start from rest at time t=0 here is the velocity:
ino;= svl = DSolve[{egn, v[0] == 0}, v[t], €][[1]]

2tuo
Out[30]= {V[t} - m}
+ o

And position:
1= X1[tF_]1 = Integrate[v[t] /. svl, {t, O, tf}, Assumptions » {M >0, tf >0, o> 0}]

M
MuLog { M+2tfo}
ouzy= tFu+ —— ——

20
Choosing numerical parameters we can plot:
nE2l= p= {u->1,M->1, c-> 1}

ouz2)= {(U->1,M->1, oc->1}

in33):= Plot[v[t] /. svl /. p, {t, 0, 3}]

0.8

out[33= 0.4}

0.2

0.5 1.0 15 2.0 25 3.0
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in[34]:= Plot[x1[t] /. p, {t, O, 3}]

20+
15}
out[z4= 1.0

05+

0.5 1.0 15 2.0 25 3.0

In problem 5.16 we open the window and let the snowballs accumulate.
n@s= Ap = (M (V+AV) + Am (V)) - (MV +Amu)

Out3s)= —MV - UAM +VAM + M (V + AV)

in3e):= S = Solvel[ap == 0, Av] [[1]]
uAm-vAm

R

n@E7]= eqnv = VT [t] = (AV/At /. S /. {Am> (o (U-V[t]) /u) At, V> V[t], m->m[t]} // Simplify)

out[36]= {Av -

o(u-vit])?2
ou371= V' [t] = ——M88
um(t]

Now the mass is a function of time, which obeys the differential equation:

3= eqnm = m"[€] = o (u-Vv[t]) /u

o (Uu-v[t])
out3gl= M [€] = ——M—
u

Solving for M[t] and v[t] together:

inol= soln = Simplify[DSolve[{eqnv, eqnm, m[0] == M, v[O] = 0}, {v[t], m[t]}, t], Assumptions -» u > 0]

U(M+2to+ M (M+2to) )

out[39]= Hm[t] > -A/M(M+2to) , Vv[t] » Vot },
+ o

u(M+2to— M (M+2to) )

{m[t} SAM(M+2to) , v[t] >

Plainly we are interested in the solution with positive mass. To get the position,

2t i

inj40):= sv2 = soln[[2]]

u (M+2t0— MM+2to) )

out[40}= {m[t} SA/M (M+2to) , vt] >

M+2to }
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in41]:= Pos = Integrate[v[t] /. sv2, t]

M(M+2to)
oua1]= U |t -
o

Starting from x=0 at t=0:
Inf42)= X2[t_] = pos - (pos /. t - 0)

M2 u M (M+2to)
+ult- ——
o o

out[42]=

And finally plotting both 5.15 and 5.16 together, we see that for the same parameters, the superballs make a better propellant:

n43:= Plot[Evaluate[{Vv[t] /. svl, Vv[t] /. sv2} /. pl,
{t, 0, 3}, PlotStyle » {Red, Blue}, PlotRange -» {0, 1}]

10

0.6 -
out[43]=

0.4+

0.2+

0.0 0.5 1.0 15 2.0 25 3.0

Let's take a look at the velocity *difference*, and note it has a max a some finite time:

in241:= Plot[Evaluate[ ((v[t] /- svl) - (V[t] /. sv2)) /. p], {t, 0, 10}]

025+

0.20

Out[44]=

0.15
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Falling Chain (Morin 5.28)

A chain of length L and mass density o is held vertically with the bottom end attached to a support.
The upper end is then released and the chain falls. First let's animate the motion. Each link is assumed
just to fall at g until it reaches its resting place, so at time t a length (1/4) g t*2 is at rest:

Here R is a parameter to control the size of the semicircular loop. A fancy version would stop drawing
this bit at the end of the motion, but we aren't fancy.

6= p = {L->1,9-1,0->1,R-> .02}
oufs6= {L->1,9->1, 0->1, R->0.02}
7= tF = t /. Solve[(1/4) gt"2 =L, t]1[[2]]

2L

'l

Out[47]=

Here y(t) is the length which is currently dangling:
nagl= YIt_]l = (1/74) gtn2

gt?

Oout[48]= ———
inao)= draw[t_] := Show[ParametricPlot[ (R {Cos[a], Sin[a]} + {0, -y[t]}) /- p,
{a, 0, -7}, Axes -» False, PlotRange - Evaluate[{-L, L} /. p1], Graphics[
{Line[{{R, O}, {R, -y[t]}} /- p], Line[Evaluate[{{-R, L-2y[t]}, {-R, -y[t]}} /- p11}]]



ins01:= Animate[draw[t], {t, O, tF /. p}]

: 3 DIEEIE]

Out[50]=

The homework question is to find the force on the chain applied at the fixed support.

Obviously part of this is the force needed to hold up a chain of length y(t), namely oy g.

The other part is the impulsive force needed to stop the next little bit of chain.
Between time t and t+At a length

n[s1):= Ay = y"[t] At
gtat

Out[51]=

comes to rest. Since it was moving at speed g*t, the momentum change is:

nB2l= Ap = oAy gt
1
out[52]= 5 g’ t’ato

And the impusive force is

in[s3):= FImp[t_] = Ap /At

ousa- — g2t o
2

261-09hwk7.nb |9
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which makes the total force:

ins4):= F[t_] = Piecewise[{{Fimp[t] +oy[t] g, t<=1fF}, {oLg, t > tF}}]

% g?t2o t=< 2VL
Jo
out[54]= glo t- 2L
Ja
0 True

inss):= Plot[F[t] /. p, {t, 0, 1+tF /. p}]

30F
25}
20F

outssj= 19T

10}

05}

25 3.0

Speedy Travel (Morin 5.63)

Take an idealized spherical planet of uniform mass density p. Drill a straight tube through and make it frictionless.
Drop a mass down the tube. Describe the motion, and find out how long you have to wait for the mass to come back.

Soln: Let's use {x,y} coordinate system and orient our tube at constant y(t) = y0. Our goal is then to find x(t),
starting from rest at x0=sqrt[R*2-y0”2]. Note that the problem statement didn't specify y0 or R---they had
better not matter in the end, or the problem was not well-posed.

We'll find it useful along the way to introduce these two functions of x: r = Sqrt[x*2+y0"2] and 8 = ArcSin[x/r]
There are two forces acting on our mass: gravity and a normal force which enforces the constraint y=y0.

The y-component of F=ma tells us what N needs to be, while the x-component reads:

mx*""[t] = - FgSine
Here Fg is the magnitude of the gravity force when the mass is at location x, i.e. at radius r. To nail that down,
recall Gauss's law for gravity, in particular that for a hollow spherical shell of radius R the gravitional field on the

exterior is the same as that from a point mass, while the field inside vanishes. Building our uniform sphere out of
a collection of hollow spheres, we see that the gravity force at radius r is that due to a point mass of size

6= M[r_1 = p(4/3) nr™3
ousel= — T p

3
inis71= FQIr_] = GM[rlm /r”2

4
ous7= —Gmarp
3
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Since sin(6) = x/r, our equation of motion is:

8= eqn = mx""[t] = - Fg[r] xX[t]l/r
4
outs8l= MX"[€] = - 5 GmrpX[t]

which we regcognize as good old simple harmonic motion:

ins91= DSolveleqn, x[t], t]

out[59]= Hx[t] - C[1)] 005{2\/3 g tﬁ

+C[2] Sin[zx/E g t\/?H}

with frequency

neoj= w0 = Sqre[(4/3) nGp]

JT
out[60]= 2 5 A\/Gp

and thefore period

1= T = 27 / w0

s

Out[61]=
VGp

Note that indeed the period doesn't depend on the details such as the planet's radius, or even where we drill the tube.
Numerically,

ine2):= Needs["PhysicalConstants™ "]
3= p0 = EarthMass / ( (4 /3) nEarthRadius”3)

5496.79 Kilogram

out[63]= oter?
eter

4= T /. {G - GravitationalConstant, p -» o0} /. {Newton -» Kilogram Meter / Second”2}

5068.49
out[64l: ——

1
Second?

in[es:= Convert[5068.49 Second, Hour]
outesl= 1.40791 Hour
which is indeed a speedy trip to the other side of the world and back.

(We note that the book problem asks for the one-way time, i.e. half of this).
Amusinly, this is the same period one find for a satellite orbiting just above the atmosphere:

ne6l:= eqnFma = - mw”~2R = (-GMm /R"2 /. M > (4/3) mrpR”"3)

4
outesl= -MR w? == —gGman
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ine71:= Solve[egnFma, w]

e {fun -2 [ 5. o027 3 7))

Displaying the motions together. Choose a planet of radius 1 and y0=1/2
ines;:= circle = ParametricPlot[{Cos[a], Sin[a]l}, {a, O, 27}];

neg= y0 = 172

1

out[e9]= —

u 2

inf7op= X0 = Sqrt[l -y0~"2]
V3

out[70]=

in71):= tubel = Graphics[Line[{{Xx0, y0}, {-x0, y0}}11;
inf72]:= tube2 = Graphics[Line[{{x0, yO}, {-x0, -y0}}11;

in[73):= Show[circle, tubel, tube2]

P
an

Out[73]= : [
-1.0 -0.5

-0.5

In[741:= PEL[E_] {x0Cos[t], yO};
pt2[t_] {x0Cos[t], yOCos[t]};
¢ = ArcTan[yO / x0];
pt3[t_] = {Cos[t+¢], Sin[t+¢]};



261-09hwk7.nb |13

Animate [Show[circle, tubel, tube2,
ListPlot[{ptl[t], pt2[t], pt3[t]}, PlotStyle » {Red, PointSize[.02]}]11, {t, O, 2Pi}]

t 3 DIAF]E=]

Morin 5.73

A one dimensional collision: a mass 2m moves to the right at v and a mass m move to the left at v. They collide elastically.
Find the final velocities (a) working in the lab frame and (b) in the CM frame.

Soln: in the lab frame we write the two relations coming from momentum and energy conservation:
nf7el= eqnP = 2mv + m (-v) = mvl + 2mv2

ou78)= MV =mvl +2mv2

in[79:= eqnK

(1/72)2m (V)2 + (1/2)ym(-v)"2 = (1L/2)y mvi™2 + (1/2)2mv2"2

3mvZ  mvi? )
out[79]= = +mv2
2 2

ino;= Solve[{eqnP, eqnK}, {vl, v2}]

out[80]= {{vl 5oV, V2 5 V), {vl N 5?\/ V2 > - g}}
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As always we get two solutions to our quadratic, where here the first solution corresponds to nothing happening,
i.e. the particles sliding right through each other with unchanged velocities. We are interested in the nontrivial 2nd solution.

To work in the center of mass frame we first need to find the velocity of the CM.
Since Ptot = Mtot vem,

n[81= VC€m = (2mv - mv) / (2m+m)

\
Out[8l]= —
3

The initial state CM velocities are then obtained by subtracting off vem

in[g2]:= v2cmlnit = v - vem

2v
Out[82]= ——
3
In[83]:= vicmlnit = -v - vcm
4v
out[g3]= - —
3

As a cross check, note that in the CM frame the total momentum is zero:

in[g4):= mvilemInit + 2mv2eminit

outg4= 0

If the collision is elastic, then the final state consists of both masses just reversing their directions.
To show this the long way, though:

ings):= egqnPcm = mvlcmInit + 2mv2cemlnit == mvlcmFinal + 2 mv2cmFinal

outss)= 0 = mvlcmFinal + 2 mv2cmFinal

insel:= eqnkem = (1/2) m (vicmlnit)”~2 + (1/2) 2m (v2emlnit) 22 =
(1/2) m(vicmFinal)~2 + (1/2) 2m (v2cmFinal) "2

4mv?2  mvlcmFinal?
out[8s]= =
3 2

+mv2cmFinal?

7= S = Solve[{eqnPcm, egnKcm}, {vlicmFinal, v2cmFinal}]

4v 2v 4v 2v
out[87]= HvlcmFinal - - —, v2cmFinal - —} {vlcmFinal - —, v2cmFinal - - —H
3 3 3 3

Which again has the two solutions: pass on through w/o interaction, or bounce off backwards.
Back in the lab frame we then find final velocities:

inse;:= vllabFinal = (vlcmFinal /. sS[[2]]) + vcm

5v
out[88]= ——
3

o= v2labFinal = (v2cmFinal /. s[[2]]) + vcm

\"
Oout[89]= — —
3
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which happily enough agrees with the result above.

= Morin 5.80
A 2D elastic collision: mass m2=2m collides with m1=m, and after the collision the two head off at angles +6 and -6. Find 6..

Soln: write the three conservation law (for px, py and kinetic energy), then solve for the three unkowns (v1, v2 and 6)
nfoo:= eqnpx = 2mv0 = 2mv2Cos[e] + mvl Cos[8]

outj9o}= 2mv0 = mv1lCos[6] + 2mv2 Cos[O]

nE1:= eqnpy = 0 = 2mv2Sin[e] + mvlSin[-6]

outoj= 0 = -mv1Sin[e] +2mv2Sin[o]

nozj= eqnkK = (1/2)2mv0™2 = (1/2)2mv2"2 + (1/2) mvl~n2

mv1?
ou92l= MV0? = — + mv2?
2

ne3)= Solve[{eqnpx, eqgnpy, eqnK}, {vl, v2, 6}]

Solvezifun :
Inverse functions are being used by Solve, so some solutions may not be found; use Reduce for complete solution

information. >

out[93]= {{Vl -0,v2--v0,6~> -1}, {V1 -0, V2~ -v0, 6> n}, {vl-0,Vv2->vVv0, 60},

{Vl%—?,VZ%—?,G%—H}, {Vle—:io,VZA—g,een}, {Vl% 43LO,V2% \/3—0,9%0},
2v0 vO 5 2v0 vO 5
{VJ‘_)_F'VZ%_E’G_)_?}, {Vle—E,VZH—g,Ge ?},
3
2v0 vO b 2v0 vO 7
{Vl—> E,VZ% g,ee—g}, {Vle—,VZe—,ee—}}

v vz e

Note how Mathematica gives us the same physical solution multiple times with differing values of the angles.
But there really are only four physically distinct solutions here: (1) nothing happens (stated 3 times),

(2) particles continue along the x-axis at appropriate speeds (stated 3 times as well),

(3) mass 2 scatters at /6 (stated twice) and (4) mass scatters at -7/6. These last two are the ones we want.

Now repeat, allowing the m2 to be more general:

n[o4}= eqnpx = amv0 = amv2Cos[e] + mvlCos[e]

outfo4l= MVO o == mv1Cos[6] +mVv2 a Cos[O]

inEs):= eqnpy = 0 = amv2Sin[e] + mvlSin[-6]

outesj= 0 = -mv1Sin[e] +mv2aSin[O]

neel= eqnk = (1/2) amvO”2 = (1/2) amv2”"2 + (1/2) mvli~"2

mvi® 1
+—mv22 g

outfosl= — MV0? o =
2



16 | 261-09hwk7.nb

np71:= S = Solve[{eqnpx, eqnpy, eqnK}, {vl, v2, 6}]

Solvezifun :
Inverse functions are being used by Solve, so some solutions may not be found; use Reduce for complete solution

information. >

out[97]= {{Vl -0,v2->-v0,6-> -1}, {V1-50,V2-> -Vv0, 6>}, {V1-50, Vv2->Vv0, 60},

2Vv0 o vO - vO o 2Vv0 a vO - vO o
vl > - , V2 > ,Ge—ﬂ},{vle— ,V2%—,94>7T},
{ 1+a 1l+a 1+a l+a

2Vv0 a -v0 + VO VO o \0) V1+a
{vl—> ,v2—>—,e—>0},{vle——,v2—>—4,ee—ArcCos{——”,

1+ 1+a m 1+a 2
{Vl%—\loia,VZ%—L,Q%AI’CCOS{—%]},

1+a Vi1+a
{1 vO o 5 vO o ArcC [\/1+ot]}
vis ———,v2>5 — 6> -ArcCos| ——— | |,

Vita Vita 2
{Vl%ﬂ,VZAL,QeAI’CCOS[%]}}

1+a V1+a

And we see that the when a exceeds 3 the argument of the ArcCos gets larger than 1 and we have no real solution.
Let's animate!
ines):= X1[t_] = Piecewise[{{0, t <0}, {vitCos[-6], t>0}}]
0 t<0
out[98]= [ tvliCos[e] t>0
0 True
inoo}= Y1[t_] = Piecewise[{{0, t <0}, {vitSin[-6], t>0}}]
0 t<0
out[99]= [tvlSin[e] t>0
0 True
nflo0= X2[t_] = Piecewise[{{vOt, t <0}, {v2tCos[e], t > 0}}]
tvo t<0
Out[100]= [ tv2Cos[o] t>0
0 True
np101):= y2[t_]1 = Piecewise[{{0, t <0}, {v2tSin[e], t > 0}}]
0 t<0
out[101]= [ tv2Sin[e] t>0
0 True
nf102)= P = {VO->1, a-» 1}

ou102)= {VO -1, a -» 1}
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in[103:= Animate [ListPlot[{{x1[t], y1[t]l}, {X2[t], y2[t]}} /. s[[1011 /. p,
PlotStyle » {Red, PointSize[.03]}, PlotRange » {{-2, 2}, {-2, 2}}1, {t, -2, 2}]

t I DEEE -

ListPIot[
{{1.14496 v1 Cos[6], -1.14496 v1Sin[o]}, {1.14496 v2 Cos[e], 1.14496 v2Sin[e]}} /-

22/3 G1/3 (7 ﬁ) " r ol

Hr% . w2/33 }’
2y & et (l)l/SRpl/3 22/3 G1/3 (ﬁ)l/3R 1/3
{r- } {ro ———Jjuor,

PlotStyle - {RGBColor[1, O, O], PointSize[0.03]}, PlotRange - {{-2, 2}, {-2, 2}}

out[103]=

And finally give the parameter « a knob:

inf104:= Manipulate [Animate [Show[ListPlot[{{x1[t], y1[t]}} /- s[[10]] /- {VO~>1, a~>q},
PlotStyle » {Red, PointSize[.03]}, PlotRange » {{-2, 2}, {-2, 2}}]1,
ListPlot[{{x2[t], y2[t]}} /- S[[10]] /- {vO-> 1, a > q}, PlotStyle » {Blue, PointSize[.04]},
PlotRange » {{-2, 2}, {-2, 2}}11, {t, -2, 2}1, {4, O, 3}]

]
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out[104]=

J—DIEFIE]

22/3 g1/3 (_ % R pl/3
2/3 } 1

PlotStyle - {RGBColor[1, O, O], PointSize[0.03]}, PlotRange - {{-2, 2}, {-2, 2}}] .

)1/3

Show[Listplot[{{1.26336v1 Cocicl, 1 633vasin 0 {{r» _
w

22/3 G1/3 (7 g R pl/3 (
2/3 }’ {r o

PlotStyle - {RGBColor[0, 0, 1], PointSize[0.04]}, PlotRange > {{-2, 2}, (-2, 2}}“

)1/3

Listplot[{{1.26336v2 Go= o 1o 2o {{I"e -
w




261-09hwk7.nb |19

= Whirling mass

A couple of weeks ago we found the motion of a mass at the end of an ever-shortening rope:

inf10s}:= r[t_] = rO - vOt

out105)= r0 - tvO

Since the force was purely in the radial direction the & component of F=ma reads:
n[106)= egqne = m(r[tjw"[t] + 2r-"[t] w[t]) =0

outj106]= M (-2VOw[t] + (rO-tv0) w' [t]) =0

which we DSolve, starting with angular speed w0:

7= S = DSolve[{eqne, w[0] = w0}, w[t], TI1[[1]]

2 |5 ro’/Go

}

The radial equation tells us what the the tension has to be:

out[107]= {w[t} - 0 tvo)?
(r0 -tvo)

aogi= T = -=m(r="[t] - rit] w[t]1"2)

ou109)= M (r0 - tv0) w(t]?
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n[110}= T /.S

4G6mnaro*p
Out[110) ——
3 (ro-tvo)®

Notice that these expressions are all written as functions of time, but we can also think of them as functions of the radius:
nf111= w[r_] =w0ron2/r"2
2 \/E ro?\/Gp
Out[111]= 2
In[113):= T =.
inf1141= T[r_] = mr0™4 w0™2/r"3

4Gmnrrotp
out[114]r —————
3r3

Now suppose we reel in the mass from r0 to a smaller r1. The kinetic energy changes from

in[115):= KO (1/72)m ((r*[01)”2 + (r[0] w[r01)"2)

1

2 4 2
outj115)= —m |vO“ + — G r0° p
2 3

to

nf116l= K1 = (1 /2) m ((vO) "2 + (rlw[rl])"2)
1 ) 4Gnro*p

outj116)= —m |vO* + ——— ——
2 3r1?

Notice that the radial velocity is always vO0 in this problem, so that piece of the Kinetic energy is unchanging.
Our job is to compare with the work done by the winch reeling in the rope:

n[117:= work = Integrate[-T[r], {r, rO, rl1}, Assumptions -» {rO > 0, rl1 > 0}]

1

2
oufi17= - — G mrot
3 ro>  r12

Note that relative to the normal positive r directoin the force is -T, and the work done is *positive*.
Is it the same as the change in kinetic energy?

in[11g):= assertion = K1 -KO0 == work

1

4 1 4Gnro*p
oufiigl - —m|vO?+ —Grar0?p|+ —m[vO?+ —
2 3

3r1?
9= Simplify[assertion]

ouf119]= True
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m The Space Elevator (Morin 5.65)

(a) Describing the earth by its radius (R), density (o) and angular frequency (w=2x/day), find the radius of *geosynchronous*
orbit, i.e. that magical *r* at which we "park™ satellites.

More precisely they orbit with with angular frequency precisely w, so they are at rest relative to the spinning Earth.

We are asked to express the answer in terms of a dimensionless number n=r/R.

Well, first let's define the Earth's mass:
np2o= M = (4/3) nR™"3p
ou120= — R3p
3
in terms of which the graviational force is the familiar G M m / r*2. Equating that with m a, where the acceleration is of course a-

vec = (-r w2) r-hat,
Using the relation to express r:

In[121]:= €eqgn = -GMM / r*2 = -mrawn2
4GmaR3p
oufi2l}r - ————— = -Mr w?
3r2

n122):= s = Solveleqn, r]

22/3 G1/3 (7 g) 30 pL/3 (~2)2/3 GL/3 (1) 30 H1/3 22/3 G1/3 (2)1/3 R pl/3

Jofro Jolro J)

out[122]= Hr > - ;

Obviously we want the 3rd of these cube roots (the others are complex).
And then we get our 5 cubed:

np23p= n3 = (r/R)Y"N3 /. s[[3]]

4Grnrp

out[123]=
3 w?

To convert to a number, let's load up all the physical constants:
in[124;:= Needs["PhysicalConstants™ "]

This defines things like

in[125):= GravitationalConstant

6.67428 x 10 Meter2 Newton

Out[125]=
Kilogram?

and
in[126):= EarthRadius

out[126]= 6378 140 Meter

It doesn't define the density, so let's create our own:
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inp127):= PO = EarthMass / ((4 / 3) w EarthRadius”3)

5496.79 Kilogram

Out[127]= Veter3
eter

and then plug them in:

in[12g]:= params = {G - GravitationalConstant, w - (27 / (3600 % 24 Second) ), p -» p0}

6.67428 x 107! Meter?2 Newton 7 5496.79 Ki Iogram}

out[128]= {G - , W » 0=
Ki logram? 43200 Second Meter3

In[129]:= n3 /. params

290.583 Newton Second?

Out[129]= -
Kilogram Meter

Sometimes you have to help Mathematica along:

in130:= NewtonHelp = {Newton - Kilogram Meter / Second”2}
Kilogram Meter}

out[130]= {Newton - 5
Second

n131):= n3 /. params /. NewtonHelp

out131]= 290.583

And our numerical expression for 7 is:

n32i= nl = (%)~ (1/3)
out132]= 6.62354

Next envision a very long rope of uniform mass density (call it A, though they didn't specify it---hopefully we won't need it to
respond to the questions asked).

It extends from radius R to n' R, where our job is to find ". But we'll call our variable, say, a, since Mathematica is fussy about
primes.

First let's get the tension on the structure applied at the contact with Earth.

Viewed as a system, the rope has mass m = A (a-1) R, center of mass located at 1+(a-1)/2 in units of R:

nf33= M = A (a-1) R

ou133= R (-1 +a) X

n[134]= recm = R+R (a-1) /2

1
out[134)= R+ E R(-1+a)

And the total gravitational force on the sytem is the sum of of the bits. This requires a quick little integral,
which provides as good a time as any to introduce the Assumptions option to Integrate---this is where you
can inform Mathematica of extra information it can assume is true.

Without it:



in[135]:= Integrate[GMAX / r~2, {r, R, aR}]

4 -1+a
oufizs): — GaREAp If{Re[oz] >0 || o ¢ Reals, ,
3 R«
1
Integrate[—z, {r, R, Ra}, Assumptions - ! (Re[a] =0 || a ¢ Reals) H
r

With it;
in136)= Fg = Integrate[GMXx / r~2, {r, R, aR}, Assumptions » {a > 0}]

A4GnR%2 (-1+a) Ap
3a

out[136]=

Together, gravity and tension provide the force necessary for circular motion:

in[139:= TO =.
n[1401= €gn = - mw”™2rcm = -Fg - TO

1 4GnR2 (-1+a) Ap
Out[140]= —R[R+—R(—1+oz) (-1+a) Aw? = -TO -

2 3a

So let's solve for the tension:
in[141:= solnTO = (Solve[egn, TO][[1]] // Simplify)

R2X (-8Grn (-1+a) p+3a (-1+a?) w?)

Out[141]= {TO - 6o }

If our elevator rope is to stand up, the tension can never drop below 0 anywhere, including at r=R.

We'll have to check this with the explict T(r) later on, but it seems plausible that if T0>0 the rest will be OK.
So for what value of @ does TO vanish?

Dividing by the various constants, the polynomial whose roots we want is:

nf142)= q = -8Gn (-1+a) p+3a (-1+a2) w?

ou142)= -8Gnm (-1+a) p+3 (—1 + az) w?

Notice this cubic factorizes---the @=1 root is the trivial elevator of zero length:
in[143:= Factor[q]

oufr4z= - (-1+a) (8Grp-3aw?-3a®w?)

Adding in the roots of the quadratic, the list of all solutions is:

in[145):= solna = Solve[q == 0, a]

362 -3 /32600230t ~362+3 \[326mp 0?30
Out[145]= {{a» 11, {a» }, {a» }
6 w? 6 w2

Plainly we are interesting in the positive solution, which numerically is:
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in[146):= numa = a /. solna[[3]] /. params // N

8.39046 x 10°Y  1.9505 x 10713 Newton 1.58655 x 1078
oufi46= 3.15149 x 107 |1.73205 + - Second?
Second* Kilogram Meter Second? Second?

And again we need to give a push:

n47:= a0 = Simplify[numa /. {Newton - Kilogram Meter / Second”~2}, Assumptions -» {Second > 0}]

out147)= 23.6126

(c) We are asked at what radius the tension is maximized. Well at such a radius, it is clear that T'(r) = 0, which means that the
force on a tiny little piece

of string at that location is purely gravitational. If that bit is supposed to keep up with the rest of the elevator, it had better be
located at the geosynchronous radius.

But to fully answer this question, we might as well go ahead and get the full T(r).
To get it, we derive and solve a simple differential equation:
Consider the small bit of rope between r and r+Ar. Its mass is

In[148:= AmM = A Ar

out[148]= Ar X

F = ma for that bit reads:

n[149):= eqn = T[r+ar] - T[r] - GMAm / r*"2 = - amw”™2r
AGrRI0* (-1+a) xp 4GrR3arxp 4GaRr0* (-1+a) Ap
out[149= - - + = -rarxo?
3rd 3r? 3 (r+ar)3

Taking Ar to 0, we get the differential equation

nf1s9)= egqnT = T"[r] = -raw”2 + GMA / r"2
AGrR3Ap
oufisel: T[] = ———— —r A o?
3r2

Solving with the boundary condition that the tension at the Earth end is TO:
inpi61):= soInT = (DSolve[{eqnT, T[R] == (TO /. soInTO)}, T[r], r1[[1]1]) // Simplify

(r-Ra) A (867R?2p-3ra (r+Ra) w?)

out[161]= {T[r} - 6ra }

As a check that we are on the right track, let's get the tension at the far end:
npe2):= T[r] /- soInT /. r- aR

out162]= O

In fact we could have used this condition to find T(r):
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in[163:= solnT = (DSolve[{egnT, T[aR] == 0}, T[rl1, r1[[11]) // Simplify

(I"—Roc))t(BGrrRzp—Srot (r+Ra) (uz)

Out[163]= {T[I’] - oo }

Now let's put in numbers and plot. For plotting define the dimensionless parameter x = r/R:

npe4y= q = (T[r] /. soInT /. a- a0 /. params /. NewtonHelp // Simplify)

1
oufisy- ——————0.00705839 (r - 23.6126 R) (-3.74625x 10" r? - 8.84585 x 10 ° r R + 9.22047 x 10 ° R?) 2
r Second

nesi= F[X_1 = g /- {r->xR, x> 1Kilogram/Meter} /. R » EarthRadius // Simplify

107570. Kilogram Meter (-23.6126 + X) (-1. +X) (24.6126 + X)

Out[165]= -
Second? x

This is the force in Newtons. Let's divide out the units:
npee)= F[X_1 = F[xX] / Newton /. NewtonHelp

107570. (-23.6126 + X) (-1. +X) (24.6126 + X)

out[166]= -
X
IN[167]:= Plot[f[x], {X, 1, a0}]
out[167]=
L L L L L L L L L L L L L
10 15 20

Where is that maximum? Is it in fact at nR?
inf168l= FINdRoot[F"[r] =0, {r, 7}]

outj168)= {r - 6.62354}

Yup.



