o

/Q °, ,Tc IL lw,u'}L“wn fv,e / c‘uh/um/y )('057 B /‘ /

) Ih qL/gt,rc O’r P/Y}C/hqi /(u/rpj

\//f} h Vv, - ;1 /’?/fl/»,—/(—”i/
A ke gl e el ) V/Cv( ol

Vf = v, -y /h /:’_f-»/
“ 9

- Ve Vo - *‘/h/””rﬁ
: \ ~

e '-/_'f_r.‘.;.f@)j
_;7" | Qx/y F B




/?M’h’ef m‘;fnm /‘H ] j"qu’fq]t‘%w) ﬁ‘e’fj @ e @

e

JM£: <) Wy
£
S o> als By qu"f f/re/ gl ffm;,l)},
V‘I\‘*thi
B i if
Eg‘;"f’ / RS
}‘: ~ by /4”;),30/ (:u,/
++dE

o/f . /}/tu’é/ \/f/"’)

= (M\JM/)/\/TOIV) 7z (/h’[y-q) e

: Sl L g e s o et
= m\ /w‘/ f,/c\, — i e
o/z)\,‘/wﬁ
= mdlb = udn !
= mydbe = 8 "’JW
| o = e l”;‘{_'.‘"._
T o) Ji d ¥+ t
d ¢ d ¢ ;
Mol = ‘“"y = "’i[_.'”
d+ [ tw.*i
= oy ! | :
j Mﬁ{\ = Vﬁ‘_"»c"w, ﬁ/(‘p
e Faskyley {/(:aw; e ).( (frﬂl
Mery  dm
o = ~_J_m (>0 ) is (o»/}w'r
dt
L lu/h rqh
Jt: ol — \‘“}JE i MJV+L4JM
-:(_ nﬂ9JM :MAl/-fq/i"“

‘;V ] <_§_ - i )dw

o







1.1 Newton’s laws of motion 3

v+dv
v
m-dm’
m

‘ v-u
mr
()

Fig. 1.1 A rocket moving in interstellar space, free of all external forces. Panel (a): Rocket at time
¢ (mass m, velocity v). Panel (b): Rocket and exhaust at time ¢ + dt (mass m —dm', velocity v +dv;
mass dm’, velocity v — u).

(a)

will have changed its velocity to v+ dv. We will assume that the exhaust gases dm’
exit the rocket with constant velocity, —u, with respect to the rocket, so that with
respect to the fixed inertial frame, the exhaust gases are moving with velocity v —u.
The change in the momentum of the system over the time interval ¢ to ¢ +dt is then

dp=p(t+d)—p(t)
= [(m—dm')(v+dv) +dm (v —u)] —mv
: (1.3)
=mdv—udm
=mdv+udm,

where we ignored the —dm’ dv term (since it is second-order small) to get the third
line, and switched back to dm to get the last line. Since there are no external forces
acting on the system, dp/ds = F = 0, which implies

0=mdv+udm, (1.4)
or, equivalently,
dv=—u d_m : (1.5)
m

This is a separable differential equation, which can be immediately integrated, sub-
ject to the boundary (or initial) condition that v = vo when m = my:

v—vo = —uln(m/my). (1.6)
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