
P❧❛♥♦ ■♥❝❧✐♥❛❞♦ s❡♠ ❆tr✐t♦

✶ ❖❜❥❡t✐✈♦

❊st✉❞❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❛❝❡❧❡r❛çã♦ ❞❡ ✉♠ ❝♦r♣♦ ❡♠ ❢✉♥çã♦ ❞♦ â♥❣✉❧♦ ❞❡ ✐♥❝❧✐♥❛çã♦ ❞❡ ✉♠❛
r❛♠♣❛ ♥❛ ❛✉sê♥❝✐❛ ❞❡ ❢♦rç❛s ❞❡ ❛tr✐t♦ ❡ ✉s❛r ❞♦ r❡s✉❧t❛❞♦ ❞❡ss❡ ❡st✉❞♦ ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛
❛❝❡❧❡r❛çã♦ ❞❛ ❣r❛✈✐❞❛❞❡ ❧♦❝❛❧✳

✷ ■♥tr♦❞✉çã♦ ❚❡ór✐❝❛

◆❡st❡ ❡①♣❡r✐♠❡♥t♦✱ ❝♦♥s✐❞❡r❛✲s❡ ♦ ▼♦✈✐♠❡♥t♦ ❘❡t✐❧í♥❡♦ ❯♥✐❢♦r♠❡♠❡♥t❡ ❆❝❡❧❡r❛❞♦ ❞❡ ✉♠ ❝♦r♣♦ ❞❡
♠❛ss❛ m ❛♦ ❧♦♥❣♦ ❞❡ ✉♠ ♣❧❛♥♦ ✐♥❝❧✐♥❛❞♦ s❡♠ ❛tr✐t♦✱ ❝♦♥❢♦r♠❡ ♠♦str❛ ❛ ❋✐❣✳✶✱ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡
❡st✉❞❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❛❝❡❧❡r❛çã♦ ❡♠ ❢✉♥çã♦ ❞❛ ✐♥❝❧✐♥❛çã♦ ❞♦ ♣❧❛♥♦✳ ◆❡st❛ ✜❣✉r❛✱ é
♠♦str❛❞♦ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❢♦rç❛s q✉❡ ❛t✉❛♠ s♦❜r❡ ♦ ❝♦r♣♦ ❡♠ ♠♦✈✐♠❡♥t♦✳ ❖ ❞✐❛❣r❛♠❛ ❞❡ ❢♦rç❛s é
❢♦r♠❛❞♦ ♣❡❧❛ ❢♦rç❛ ♣❡s♦ ~P ❞♦ ❝♦r♣♦✱ q✉❡ ❛t✉❛ ♥❛ ✈❡rt✐❝❛❧✱ ❡ ❛ ❢♦rç❛ ♥♦r♠❛❧ ~N ✱ q✉❡ ❛t✉❛ ♣❡r♣❡♥❞✐❝✲
✉❧❛r♠❡♥t❡ à s✉♣❡r❢í❝✐❡ ❞♦ ♣❧❛♥♦ ✐♥❝❧✐♥❛❞♦✳

❋✐❣✳ ✶✿ ❈♦r♣♦ ❞❡ ♠❛ss❛ m s♦❜r❡ ✉♠ ♣❧❛♥♦ ✐♥❝❧✐♥❛❞♦ s❡♠ ❛tr✐t♦✳

❈♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❡❧✐♠✐♥❛r ♦ ❛tr✐t♦ ❡♥tr❡ ♦ ❜❧♦❝♦ ❡ ❛ s✉♣❡r❢í❝✐❡ ❞♦ ♣❧❛♥♦ ✐♥❝❧✐♥❛❞♦✱ ♦ tr✐❧❤♦ ❞❡ ❛r
s❡rá ✉t✐❧✐③❛❞♦ ♥❡st❡ ❡①♣❡r✐♠❡♥t♦✳

❉❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❢♦rç❛s q✉❡ ❛t✉❛♠ ♥♦ ❝❛rr✐♥❤♦✱ ♠♦str❛❞♦ ♥❛ ❋✐❣✳✶✱ ❛ ❢♦rç❛ r❡s✉❧t❛♥t❡
Px ♣❛r❛❧❡❧❛ ❛♦ ♣❧❛♥♦ ✐♥❝❧✐♥❛❞♦✱ ❡s❝♦❧❤✐❞❛ ❝♦♠♦ ❛ ❞✐r❡çã♦ ❞♦ ❡✐①♦ x✱ é

Px = P sen θ = mg sen θ

♦♥❞❡ θ é ♦ â♥❣✉❧♦ ❞❡ ✐♥❝❧✐♥❛çã♦ ❞♦ ♣❧❛♥♦ ✐♥❝❧✐♥❛❞♦ ❡ P = mg é ♦ ♠ó❞✉❧♦ ❞❛ ❢♦rç❛ ♣❡s♦ ❞♦ ❝❛rr✐♥❤♦✳
❆ss✐♠✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ s❡❣✉♥❞❛ ❧❡✐ ❞❡ ◆❡✇t♦♥✱ ❛♣❧✐❝❛❞❛ ♥❛ ❞✐r❡çã♦ ❞♦ ♠♦✈✐♠❡♥t♦ ❞♦ ❝❛rr✐♥❤♦✱
t❡♠✲s❡

∑
Fx = max = Px = mg sen θ

♦✉

ax = g sen θ ✭✶✮

✶



■st♦ q✉❡r ❞✐③❡r q✉❡ ♦ ❝❛rr✐♥❤♦✱ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❞❡ s✉❛ ♠❛ss❛✱ ♣❡r❝♦rr❡ ♦ ♣❧❛♥♦ ✐♥❝❧✐♥❛❞♦ ❝♦♠
✉♠❛ ❛❝❡❧❡r❛çã♦ ❝♦♥st❛♥t❡ ❡ ✐❣✉❛❧ ❛ ax = gsenθ✳ ❊ss❡ é ✉♠ r❡s✉❧t❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ ❛ ❝♦♥❝❧✉sã♦
❞♦ ❡①♣❡r✐♠❡♥t♦✳ ❈♦♠♦ ❛ ❛❝❡❧❡r❛çã♦ ❞♦ ❝❛rr✐♥❤♦ é ❝♦♥st❛♥t❡ ❡ ❛t✉❛ ♥❛ ❞✐r❡çã♦ ✉♥✐❞✐♠❡♥s✐♦♥❛❧ ❞♦
❡✐①♦ x✱ ❞❡✈❡✲s❡ ❝♦♥❝❧✉✐r q✉❡ ❡❧❡ s❡ ❞❡s❧♦❝❛ ❝♦♠ ▼♦✈✐♠❡♥t♦ ❘❡t✐❧í♥❡♦ ❯♥✐❢♦r♠❡♠❡♥t❡ ❆❝❡❧❡r❛❞♦ ❝✉❥❛
❞❡s❝r✐çã♦ é ❞❛❞❛ ♣❡❧❛ s❡❣✉✐♥t❡ ❡q✉❛çã♦✿

x = x0 + vx0
t+

1

2
ax t2 ✭✷✮

♦♥❞❡ x é ❛ ♣♦s✐çã♦ ❞♦ ❝❛rr✐♥❤♦ ♣❛r❛ ❝❛❞❛ ✐♥st❛♥t❡ ❞❡ t❡♠♣♦ t✱ x0 é ❛ ♣♦s✐çã♦ ✐♥✐❝✐❛❧✱ vx0
é ❛ ✈❡❧♦❝✐❞❛❞❡

✐♥✐❝✐❛❧ ❡ ax é ♦ ♠ó❞✉❧♦ ❞❛ ❛❝❡❧❡r❛çã♦ ❝♦♥st❛♥t❡✳

♦✉✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❊q✳✶✱

x = x0 + vx0
t+

1

2
g sen θ t2 ✭✸✮

◆❡st❡ ❡①♣❡r✐♠❡♥t♦✱ ❛s ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❞♦ ♠♦✈✐♠❡♥t♦ ❞♦ ❝❛rr✐♥❤♦ s♦❜r❡ ♦ tr✐❧❤♦ ❞❡ ❛r ♣♦❞❡rã♦ s❡r
♠❛♥t✐❞❛s ❝♦♠♦✿ vx0

= 0✳ ❆ss✐♠✱ ♥❡st❡ ❝❛s♦✱ ❛ ❊q✳✸✱ t♦r♥❛✲s❡

∆x = x− x0 =
1

2
g sen θ t2 ✭✹✮

❉❡✈❡✲s❡ ♦❜s❡r✈❛r q✉❡ ❛ ❊q✳✹ t❡♠ ❛ ❢♦r♠❛ ♣♦❧✐♥♦♠✐❛❧ y = kxm✱ ❝♦♠ y = ∆x✱ k =
1

2
ax =

1

2
g sen θ✱

x = t ❡ m = 2✳ ❆ss✐♠✱ é ♣♦ssí✈❡❧ ❝♦♠♣r♦✈❛r q✉❡ ♦ ♠♦✈✐♠❡♥t♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦ ❞♦ ❝❛rr✐♥❤♦ ♥✉♠
♣❧❛♥♦ ✐♥❝❧✐♥❛❞♦ s❡♠ ❛tr✐t♦ é ✉♠ ♠♦✈✐♠❡♥t♦ r❡t✐❧í♥❡♦ ✉♥✐❢♦r♠❡♠❡♥t❡ ❛❝❡❧❡r❛❞♦ ♠❛r❝❛♥❞♦✱ ♥✉♠ ♣❛♣❡❧
❧♦❣❧♦❣✱ ♣♦♥t♦s ❛ss♦❝✐❛❞♦s ❛ ❞❛❞♦s ❞❡ t❡♠♣♦ t ❡ ❞✐stâ♥❝✐❛ ∆x✳ ❈♦♥❢♦r♠❡ ❞✐s❝✉t✐❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱
❝♦♠ ❡ss❛ ❡①♣❡r✐ê♥❝✐❛ é ♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r t❛♠❜é♠ ❛ ❛❝❡❧❡r❛çã♦ ax = g sen θ ❞♦ ❝❛rr✐♥❤♦✱ ❝❛❧❝✉❧❛♥❞♦
♦ ✈❛❧♦r ❞❡ k ❛ ♣❛rt✐r ❞♦ ❝♦❡✜❝✐❡♥t❡ ❛♥❣✉❧❛r m ❡ ❞❡ ✉♠ ♣♦♥t♦ (x, y) ❞❛ r❡t❛ q✉❡ ♠❡❧❤♦r s❡ ❛❥✉st❛ ❛♦s
♣♦♥t♦s ❡①♣❡r✐♠❡♥t❛✐s ❞♦ ❣rá✜❝♦ ♥♦ ♣❛♣❡❧ ❧♦❣❧♦❣✳ ◆ã ✐♥tr♦❞✉çã♦ ❞♦ s❡✉ r❡❧❛tór✐♦✱ ❧✐♥❡❛r✐③❡ ❛ ❡q✉❛çã♦
✹ ❡ ❡♥❝♦♥tr❡ ❡①♣r❡ssõ❡s ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❡ k ❡ m✳

✸ ▼❛t❡r✐❛❧ ◆❡❝❡ssár✐♦

❚r✐❧❤♦ ❞❡ ❛r✱ ❝r♦♥ô♠❡tr♦ ❞✐❣✐t❛❧ ❞❡ ✐♥t❡r❢❛❝❡ ❝♦♠ ❞✐s♣❛r❛❞♦r ❡❧❡trô♥✐❝♦✱ s❡♥s♦r❡s ❢♦t♦❡❧étr✐❝♦s✱ ❝❛r✲
r✐♥❤♦✱ ❛♣♦✐♦ ❞❡ ♠❛❞❡✐r❛✱ ♣❛♣❡❧ ♠✐❧✐♠❡tr❛❞♦✱ ♣❛♣❡❧ ❧♦❣❧♦❣✳ ❚♦❞♦s ♦s ♠❛t❡r✐❛✐s ♥❡❝❡ssár✐♦s ♣❛r❛ ❡ss❛
❡①♣❡r✐ê♥❝✐❛s ❡stã♦ ♠♦str❛❞♦s ♥❛ ❋✐❣✳✷✳

❋✐❣✳ ✷✿ ▼❛t❡r✐❛✐s ♥❡❝❡ssár✐♦s ♣❛r❛ ❛ ❡①♣❡r✐ê♥❝✐❛✳

✷



✹ Pr♦❝❡❞✐♠❡♥t♦ ❊①♣❡r✐♠❡♥t❛❧

✶✳ ❈♦❧♦q✉❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❣❡r❛❞♦r ❞❡ ✢✉①♦ ❞❡ ❛r ♥❛ ♣♦s✐çã♦ 2 ❡ ❧✐❣✉❡✲♦✳ ❆t❡♥çã♦✦ ♥✉♥❝❛

♠♦✈❛ ♦ ❝❛rr✐♥❤♦ s♦❜r❡ ♦ tr✐❧❤♦ ❞❡ ❛r s❡♠ q✉❡ ♦ ✢✉①♦ ❞❡ ❛r ❡st❡❥❛ ❧✐❣❛❞♦✳ ■ss♦

♣♦❞❡ r✐s❝❛r ❡ ❞❛♥✐✜❝❛r ❞❡✜♥✐t✐✈❛♠❡♥t❡ ❛ ❡s❝❛❧❛ ❞♦ tr✐❧❤♦ ❞❡ ❛r ✳ ◆❡st❡ ❡①♣❡r✐♠❡♥t♦✱
❡♠ ✉♠ ❞♦s ❧❛❞♦s ❞♦ ❝❛rr✐♥❤♦ ❞❡✈❡rá s❡r ♠❛♥t✐❞♦ ♦ ✐♠ã ❡ ❞♦ ♦✉tr♦ ❧❛❞♦✱ ❡♠ ❧✉❣❛r ❞❛ ♠♦❧❛✱
s❡rá ✉t✐❧✐③❛❞♦ ✉♠ ❝✐❧✐♥❞r♦ ❞❡ ❢❡rr✐t❛✳ ❆ s✉❜st✐t✉✐çã♦ ❞❡ss❛s ♣❡ç❛s é ♠♦str❛❞❛ ♥❛ ❢♦t♦❣r❛✜❛ ❞❛
❋✐❣✳✸✭❜✮✳ ❈♦♠♦ ♠♦str❛❞♦ ♥❛ ❢♦t♦❣r❛✜❛ ❞❛ ❋✐❣✳✸✭❝✮✱ ✉♠❛ ❡s♣✉♠❛ é ♠❛♥t✐❞❛ ♥♦ ✜♥❛❧ ❞♦ tr✐❧❤♦
❞❡ ❛r ♣❛r❛ ❛❜s♦rçã♦ ❞♦ ✐♠♣❛❝t♦ ❞♦ ❝❛rr✐♥❤♦✳

❋✐❣✳ ✸✿ ❯t✐❧✐③❛çã♦ ❞♦ ❝✐❧✐♥❞r♦ ❞❡ ❢❡rr✐t❛ ❡♠ ✉♠ ❞♦s ❧❛❞♦s ❞♦ ❝❛rr✐♥❤♦✳

✷✳ ❈❛s♦ s❡❥❛ ♥❡❝❡ssár✐♦✱ ✉t✐❧✐③❡ ♦ ♥í✈❡❧ ❞❡ ❜♦❧❤❛ ♣❛r❛ ♥✐✈❡❧❛r ❡ ❛❧✐♥❤❛r ♠❡❝❛♥✐❝❛♠❡♥t❡ ♦ tr✐❧❤♦ ❞❡
❛r✱ ❝♦♠♦ ♠♦str❛♠ ❛s ❢♦t♦❣r❛✜❛s ❞❛s ❋✐❣s✳✹✭❛✮ ❡ ✭❜✮✳ ❋❛ç❛ ♦s ❛❥✉st❡s ♣❛r❛ q✉❡ ♦ ♠❡❞✐❞♦r ❞❡
â♥❣✉❧♦ ✭❣♦♥✐ô♠❡tr♦✮ ✜q✉❡ ♥♦ 00✱ ❝♦♠♦ ♠♦str❛ ❛ ❢♦t♦❣r❛✜❛ ❞❛ ❋✐❣✳✹✭❝✮✳

✸✳ ❋❛ç❛ ❛s ❞❡✈✐❞❛s ❝♦♥❡①õ❡s ❞♦s s❡♥s♦r❡s ❞♦ tr✐❧❤♦ ❞❡ ❛r ❝♦♠ ♦ ❝r♦♥ô♠❡tr♦ ❞✐❣✐t❛❧ ❞❡ ✐♥t❡r❢❛❝❡ ❡ ♦
s✐st❡♠❛ ❞✐s♣❛r❛❞♦r✱ ❝♦♥❢♦r♠❡ ♠♦str❛ ❛s ❢♦t♦❣r❛✜❛s ❞❛ ❋✐❣✳ ✺✭❛✮✱✭❜✮ ❡ ✭❝✮✳ ❖ s✐st❡♠❛ ❞✐s♣❛r❛❞♦r
é ❝♦♠♣♦st♦ ♣♦r ✉♠❛ ❜♦❜✐♥❛ ❞❡ r❡t❡♥çã♦ ❡ ❞✐s♣❛r♦ ❡ ♣♦r ✉♠❛ ❢♦♥t❡✳ ❈♦♠♦ s❡ ♣♦❞❡ ✈❡r ♥❛ ❋✐❣✳
✺✭❝✮✱ ♥❡st❡ ❡①♣❡r✐♠❡♥t♦ s❡rã♦ ✉t✐❧✐③❛❞♦s 5 s❡♥s♦r❡s✱ s✐♠❜♦❧✐③❛❞❛♦s ♣♦r S0✱ S1✱ S2✱ S3 ❡ S4✱
❝♦❧♦❝❛❞♦s ❡♠ 5 ♣♦s✐çõ❡s ❞✐❢❡r❡♥t❡s ♥♦ tr✐❧❤♦ ❞❡ ❛r✱ ♣❛r❛ ♠❡❞✐❞❛s s✐♠✉❧tâ♥❡❛s ❞♦s ✐♥t❡r✈❛❧♦s ❞❡
t❡♠♣♦s ❝♦rr❡s♣♦♥❞❡♥t❡s ❛ 4 ❞✐❢❡r❡♥t❡s ❞❡s❧♦❝❛♠❡♥t♦s ❞♦ ❝❛rr✐♥❤♦✳

✹✳ ❆♦ ❧✐❣❛r ♦ ❝r♦♥ô♠❡tr♦ ❞✐❣✐t❛❧ ❞❡ ✐♥t❡r❢❛❝❡✱ ❡♥❝♦st❡ ♦ ❝❛rr✐♥❤♦✱ ❝♦♠ ♦ ❧❛❞♦ ❞♦ ❝✐❧✐♥❞r♦ ❞❡ ❢❡rr✐t❛✱
♥❛ ❜❛s❡ ❞❛ ❜♦❜✐♥❛ ❞❡ r❡t❡♥çã♦ ❡ ❞✐s♣❛r♦✳ ❖❜s❡r✈❡ q✉❡ ♦ ❝❛rr✐♥❤♦ ♥ã♦ ♣❡r♠❛♥❡❝❡ ❧✐❣❛❞♦ ♠❛❣✲
♥❡t✐❝❛♠❡♥t❡ ♥❛ ❜❛s❡ ❞❛ ❜♦❜✐♥❛✳ ■ss♦ só s❡rá ♣♦ssí✈❡❧ q✉❛♥❞♦ ♦ ❜♦tã♦✱ ❧♦❝❛❧✐③❛❞♦ ♥❛ ❢♦♥t❡ ♣❛r❛ ❛
❜♦❜✐♥❛ ❞❡ r❡t❡♥çã♦ ❡ ❞✐s♣❛r♦✱ ♣❡r♠❛♥❡❝❡r ❛❝✐♦♥❛❞♦✳ ❆♦ s♦❧t❛r ♦ ❜♦tã♦✱ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛
❜♦❜✐♥❛ s❡ ❞❡s❢❛③✱ ❡ ♦ ❝❛rr✐♥❤♦ ✜❝❛ ❧✐✈r❡ ♣❛r❛ s❡ ♠♦✈✐♠❡♥t❛r s❡♠ ✐♠♣✉❧sã♦✳ ❆t❡♥çã♦✿ ◆✉♥❝❛

❞❡✐①❡ ♦ ❜♦tã♦ ❞❛ ❢♦♥t❡ ❞❛ ❜♦❜✐♥❛ ❞❡ r❡t❡♥çã♦ ❡ ❞✐s♣❛r♦ ❛♣❡rt❛❞♦ ♣♦r ♠❛✐s ❞❡ 10 s✱
✐ss♦ ♣♦❞❡ ❞❛♥✐✜❝á✲❧❛ ♣❡r♠❛♥❡♥t❡♠❡♥t❡✳

✺✳ ❆ ❢♦t♦❣r❛✜❛ ♥❛ ❋✐❣✳✻ ♠♦str❛ ♦s ❞❡t❛❧❤❡s ❞❡ ❝♦♠♦ s❡ ♣♦❞❡ ❛❧✐♥❤❛r ♦s s❡♥s♦r❡s S0✱ S1✱ S2✱ S3✱
S4 ❡♠ s✉❛s r❡s♣❡❝t✐✈❛s ♣♦s✐çõ❡s ✜①❛s✳ ❈❛❞❛ s❡♥s♦r é ❝♦♥❡❝t❛❞♦ ♥❛ ❡♥tr❛❞❛ ❝♦rr❡s♣♦♥❞❡♥t❡ ❞♦
❝r♦♥ô♠❡tr♦ ❞✐❣✐t❛❧ ❞❡ ✐♥t❡r❢❛❝❡✳ P❛r❛ q✉❡ vx0

≈ 0✱ é ✐♠♣♦rt❛♥t❡ q✉❡ ♦ ❝❛rr✐♥❤♦ ❡st❡❥❛ ♦ ♠❛✐s
♣ró①✐♠♦ ♣♦ssí✈❡❧ ❞❛ ❜♦❜✐♥❛ ❞❡ r❡t❡♥çã♦ ❡ ❞✐s♣❛r♦ q✉❛♥❞♦ ❛ ♦✉tr❛ ❡①tr❡♠✐❞❛❞❡ ❢♦r ❛❧✐♥❤❛❞❛

✸



❋✐❣✳ ✹✿ ❆❧✐♥❤❛♠❡♥t♦ ♠❡❝â♥✐❝♦ ❞♦ tr✐❧❤♦ ❞❡ ❛r✳

♥❛ ♣♦s✐çã♦ ✐♥✐❝✐❛❧ x0 = 0, 2500 m✳ ❊♠ ❝❛s♦ ❞❡ ❞ú✈✐❞❛ q✉❛♥t♦ ❛♦ ❛❧✐♥❤❛♠❡♥t♦ ❞♦s s❡♥s♦r❡s✱
❝♦♥s✉❧t❡ ✧♠❡❞✐❞❛s ❢ís✐❝❛s ❡ ♦ tr✐❧❤♦ ❞❡ ❛r✧✳

✻✳ ❘❡♣✐t❛ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞♦ ♣❛ss♦ ✺ ♣❛r❛ ❝♦♥❢❡r✐r ♦s ❛❧✐♥❤❛♠❡♥t♦s ❞♦s s❡♥s♦r❡s S1✱ S2✱ S3 ❡ S4

♥❛s ♣♦s✐çõ❡s x1 = 0, 3500 m✱ x2 = 0, 5500 m✱ x3 = 0, 7500 m ❡ x4 = 0, 9500 m✳

✼✳ ❯s❛♥❞♦ ♦ ❛♣♦✐♦ ❞❡ ♠❛❞❡✐r❛✱ ❝♦❧♦q✉❡ ♦ tr✐❧❤♦ ❞❡ ❛r ♥♦s â♥❣✉❧♦ ❞❡ ✐♥❝❧✐♥❛çã♦ θ = 40✱ ❝♦♠♦
♠♦str❛♠ ❛s ❢♦t♦❣r❛✜❛s ❞❛s ❋✐❣✳✼✭❛✮ ❡ ✭❝✮✳

✽✳ P❛r❛ ♠❡❞✐r ❝♦rr❡t❛♠❡♥t❡ ♦s ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦ ❞❡ ♣❡r❝✉rs♦ ❞♦ ❝❛rr✐♥❤♦ ❡♥tr❡ ♦s s❡♥s♦r❡s S0

❡ S1✱ S0 ❡ S2✱ S0 ❡ S3✱ S0 ❡ S4✱ ✉s❛♥❞♦ ♦ ❝r♦♥ô♠❡tr♦ ❞✐❣✐t❛❧ ❞❡ ✐♥t❡r❢❛❝❡✱ s✐❣❛ ♦s ♣❛ss♦s ❛❜❛✐①♦
❝✉✐❞❛❞♦s❛♠❡♥t❡✿

✭❛✮ ◗✉❛♥❞♦ ♦ ❝r♦♥ô♠❡tr♦ ❡stá ❧✐❣❛❞♦✱ ❛♣❛r❡❝❡ ♥❛ t❡❧❛ ❊s❝♦❧❤❛ ❛ ❋✉♥çã♦✱ ❝♦♠♦ ♠♦str❛ ❛
❢♦t♦❣r❛✜❛ ❞❛ ❋✐❣✳✺✭❛✮✳

✭❜✮ ❊s❝♦❧❤❛ ❛ ♦♣çã♦ ❢✉♥çã♦✱ ❝❧✐❝❛♥❞♦ ❛ t❡❝❧❛ ✶✳

✭❝✮ ❊s❝♦❧❤❛ ❛ ♦♣çã♦ ❖❑✱ ❝❧✐❝❛♥❞♦ ❛ t❡❝❧❛ ✷✱ ♣❛r❛ ❞❡✜♥✐r ♦ ♥ú♠❡r♦ ❞❡ s❡♥s♦r❡s ✉t✐❧✐③❛❞♦s ♥❛
❡①♣❡r✐ê♥❝✐❛✳

✭❞✮ ❊s❝♦❧❤❛ ❛ ♦♣çã♦ N o5✱ ❝❧✐❝❛♥❞♦ ❛ t❡❝❧❛ ✸✱ ♣❛r❛ ❞❡✜♥✐r ♦ ✉s♦ ❞❡ ✺ s❡♥s♦r❡s✳ ◆❡ss❡ ♠♦✲

♠❡♥t♦✱ ♠❛♥t❡♥❤❛ ♦ ❝❛rr✐♥❤♦ ❡♥❝♦st❛❞♦ ♥❛ ❜♦❜✐♥❛ ❞❡ r❡t❡♥çã♦ ❡ ❞✐s♣❛r♦✳

✭❡✮ ❆♣❛r❡❝❡ ♥❛ t❡❧❛ ■♥s❡r✐r ❉✐stâ♥❝✐❛✳ ◆♦t❡ q✉❡ ♥♦ ❝r♦♥ô♠❡tr♦ ❞✐❣✐t❛❧ ❛ ❞✐stâ❝✐❛ é s✐♠✲
❜♦❧✐③❛❞❛ ♣❡❧❛ ❧❡tr❛ ❙✳ ❊s❝♦❧❤❛ ❛ ♦♣çã♦ ◆ã♦✱ ❝❧✐❝❛♥❞♦ ❛ t❡❝❧❛ ✶✳ ◆❡ss❡ ♠♦♠❡♥t♦ ♦
❝r♦♥ô♠❡tr♦ ❡stá ♣r❡♣❛r❛❞♦ ♣❛r❛ ♦ ✐♥í❝✐♦ ❞❛ ❡①♣❡r✐ê♥❝✐❛ ✳

✾✳ Pr❡♥❞❛ ♦ ❝❛rr✐♥❤♦ ♥❛ ❜♦❜✐♥❛ ❞❡ r❡t❡♥çã♦ ❡ ❞✐s♣❛r♦ ♠❛♥t❡♥❞♦ ❛❝✐♦♥❛❞♦ ♦ ❜♦tã♦ q✉❡ ❡stá ❧♦✲
❝❛❧✐③❛❞♦ ♥❛ ❢♦♥t❡ ♣❛r❛ ❛ ❜♦❜✐♥❛ ❞❡ r❡t❡♥çã♦ ❡ ❞✐s♣❛r♦ ❡ ✱ ❡♠ s❡❣✉✐❞❛✱ s♦❧t❡✲♦ ♣❛r❛ q✉❡ ♦
❝❛rr✐♥❤♦ ❝♦♠❡ç❡ ❛ s❡ ♠♦✈✐♠❡♥t❛r✳ ◗✉❛♥❞♦ ♦ ❝❛rr✐♥❤♦ ♣❛ss❛r ♣❡❧♦s s❡♥s♦r❡s✱ ❛♣❛r❡❝❡ ♥❛ t❡❧❛ ❞♦
❝r♦♥ô♠❡tr♦ ❊①♣✳ ❋✐♥❛❧✐③❛❞♦✳ ❊s❝♦❧❤❛ ❛ ♦♣çã♦ ❱❡r✱ ❝❧✐❝❛♥❞♦ ❛ t❡❝❧❛ ✶✱ ♣❛r❛ ✈❡r ♦ r❡s✉❧t❛❞♦
❞❛s ♠❡❞✐❞❛s✳ ❆♣❛r❡❝❡ ♥❛ t❡❧❛ ❞♦ ❝r♦♥ô♠❡tr♦ ❘❡s✉❧t❛❞♦s✳ ❊s❝♦❧❤❛ ❛ ♦♣çã♦ t✱ ❝❧✐❝❛♥❞♦ ❛ t❡❝❧❛
✶✱ ♣❛r❛ ✈❡r ❡ ❛♥♦t❛r ♥❛ ❚❛❜✳ ✶ ♦s ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦s t1 q✉❡ ♦ ❝❛rr✐♥❤♦ ❣❛st♦✉ ♣❛r❛ ♣❡r❝♦rr❡r
❛s ❞✐stâ♥❝✐❛s ❡♥tr❡ ♦s s❡♥s♦r❡s S0 ❡ S1✱ S0 ❡ S2✱ S0 ❡ S3✱ S0 ❡ S4✳ ❈♦♠ ❛ ♦♣çã♦ ✧←−✧✱ ❝❧✐❝❛♥❞♦
❛ t❡❝❧❛ ✶✱ ♣♦❞❡✲s❡ s❡❧❡❝✐♦♥❛r q✉❛❧q✉❡r ✉♠ ❞♦s ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦s ♠❡❞✐❞♦s ♣❡❧♦s s❡♥s♦r❡s✳
❊s❝♦❧❤❛ ❛ ♦♣çã♦ ❖❑✱ ❝❧✐❝❛♥❞♦ ❛ t❡❝❧❛ ✷ ❡✱ ❡♠ s❡❣✉✐❞❛✱ ❛ ♦♣çã♦ ❙❛✐r✱ ❝❧✐❝❛♥❞♦ ❛ t❡❝❧❛ ✸✱ ♣❛r❛
r❡t♦r♥❛r ❛♦s r❡❝✉rs♦s ❛♥t❡r✐♦r❡s✳

✹



❋✐❣✳ ✺✿ ❈♦♥❡①õ❡s ♥❡❝❡ssár✐❛s ❞♦ tr✐❧❤♦ ❞❡ ❛r ❝♦♠ ♦s s❡♥s♦r❡s ❡ ❝r♦♥ô♠❡tr♦ ❞✐❣✐t❛❧ ❞❡ ✐♥t❡r❢❛❝❡✳

❋✐❣✳ ✻✿ ❆❧✐♥❤❛♠❡♥t♦ ❞♦s s❡♥s♦r❡s✳ ◆❡ss❛ ♦♣❡r❛çã♦✱ ♠❛♥t❡♥❤❛ ❛ ❜♦❜✐♥❛ ❞❡ r❡t❡♥çã♦ ❡ ❞✐s♣❛r♦ ♥❛
♣♦s✐çã♦ ♦r✐❣✐♥❛❧✱ ♠♦✈❛ s♦♠❡♥t❡ ♦ ❝❛rr✐♥❤♦✳

✶✵✳ ❊s❝♦❧❤❛ ❛ ♦♣çã♦ ❘❡♣❡t✐r✱ ❝❧✐❝❛♥❞♦ ❛ t❡❝❧❛ ✷ ♣❛r❛✱ ♥♦✈❛♠❡♥t❡✱ ❞❛r ✐♥í❝✐♦ ❛ ❡①♣❡r✐ê♥❝✐❛✳ ❘❡♣✐t❛
♦ ♣❛ss♦ ✶✷ ❝✐♥❝♦ ✈❡③❡s ❡ ❛♥♦t❡ t♦❞♦s ♦s ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦ ❝♦rr❡s♣♦♥❞❡♥t❡s t1✱t2✱ t3✱ t4 ❡ t5
♥❛ ❚❛❜✳✶✳ ❆t❡♥çã♦✿ ❈❛s♦ ❛❧❣✉♠❛ ♠❡❞✐❞❛ s❡❥❛ ♠✉✐t♦ ❞✐❢❡r❡♥t❡ ❞❛s ♦✉tr❛s✱ r❡❢❛ç❛✲❛

q✉❛♥t❛s ✈❡③❡s ❢♦r❡♠ ♥❡❝❡ssár✐❛s✳

✶✶✳ ❘❡♣✐t❛ t♦❞❛ ❛ ❡①♣❡r✐ê♥❝✐❛ ♣❛r❛ ♦s â♥❣✉❧♦s ❞❡ ✐♥❝❧✐♥❛çã♦ θ = 60✱ θ = 80✱ θ = 100 ❡ θ = 120✱ ❡
❛♥♦t❡ t♦❞❛s ❛s ♠❡❞✐❞❛s ♥❛s ❚❛❜s✳ ✷✱ ✸✱ ✹✱ ✺✳

✶✷✳ ❈❛❧❝✉❧❡ ♦ ✈❛❧♦r ♠é❞✐♦ 〈t〉 ❞❛s 5 ♠❡❞✐❞❛s ❞❡ t❡♠♣♦ ❡ ♦ ✈❛❧♦r ❞❛ ✐♥❝❡rt❡③❛ t♦t❛❧ δt ❞❡ ❝❛❞❛
♠❡❞✐❞❛✱ ♣❛r❛ t♦❞♦s ♦s ♣❡r❝✉rs♦s ❞♦ ❝❛rr✐♥❤♦ ❧✐st❛❞♦s ♥❛s ❚❛❜s✳ ✶✱ ✷✱ ✸✱ ✹✱ ✺✱ ❡ ❛♥♦t❡ t♦❞♦s ♦s
✈❛❧♦r❡s ❝❛❧❝✉❧❛❞♦s ♥❛s r❡s♣❡❝t✐✈❛s t❛❜❡❧❛s✳ ◆♦ ❝á❧❝✉❧♦ ❞❛ ✐♥❝❡rt❡③❛ t♦t❛❧✱ ❞❡s♣r❡③❡ ❛ ✐♥❝❡rt❡③❛
❞♦ ❝r♦♥ô♠❡tr♦ ❡ ❛❞♠✐t❛ q✉❡ ❛ ✐♥❝❡rt❡③❛ ❛❧❡❛tór✐❛ s❡❥❛ ❞❛❞❛ ♣❡❧♦ ❞❡s✈✐♦ ♣❛❞rã♦ ❞❛ ♠é❞✐❛

σm✳

✶✸✳ ▼❛rq✉❡ ♦s ♣♦♥t♦s ❞❛ ❚❛❜✳✶ r❡❢❡r❡♥t❡s ❛♦ ❞❡s❧♦❝❛♠❡♥t♦ ∆x ❡ ♦ t❡♠♣♦ ♠é❞✐♦ 〈t〉 ♥♦ ♣❛♣❡❧
❧♦❣❧♦❣ ❛♥❡①♦✱ ❝♦❧♦q✉❡ ❜❛rr❛s ❞❡ ❡rr♦ ♥❛ ❤♦r✐③♦♥t❛❧ r❡❢❡r❡♥t❡s ❛s ♠❡❞✐❞❛s ❞♦s t❡♠♣♦s ❡ tr❛❝❡
❛ r❡t❛ q✉❡ ♠❡❧❤♦r s❡ ❛❥✉st❛ ❛♦s ♣♦♥t♦s ❞♦ ❣rá✜❝♦✳

✺



â♥❣✉❧♦ θ = 4 0 ❡ ♣♦s✐çã♦ ✐♥✐❝✐❛❧ x0 = 0, 2500 m

x (m) ∆x (m) t1 (s) t2 (s) t3 (s) t4 (s) t5 (s) (〈t〉 ± δt) (s)
0, 3500 0, 1000
0, 5500 0, 3000
0, 7500 0, 5000
0, 9500 0, 7000

❚❛❜✳ ✶✿ ❉❛❞♦s ❞♦s t❡♠♣♦s ❞♦s ♣❡r❝✉rs♦s ❞♦ ❝❛rr✐♥❤♦ ♣❛r❛ θ = 40✳

â♥❣✉❧♦ θ = 6 0 ❡ ♣♦s✐çã♦ ✐♥✐❝✐❛❧ x0 = 0, 2500 m

x (m) ∆x (m) t1 (s) t2 (s) t3 (s) t4 (s) t5 (s) (〈t〉 ± δt) (s)
0, 3500 0, 1000
0, 5500 0, 3000
0, 7500 0, 5000
0, 9500 0, 7000

❚❛❜✳ ✷✿ ❉❛❞♦s ❞♦s t❡♠♣♦s ❞♦s ♣❡r❝✉rs♦s ❞♦ ❝❛rr✐♥❤♦ ♣❛r❛ θ = 60✳

â♥❣✉❧♦ θ = 8 0 ❡ ♣♦s✐çã♦ ✐♥✐❝✐❛❧ x0 = 0, 2500 m

x (m) ∆x (m) t1 (s) t2 (s) t3 (s) t4 (s) t5 (s) (〈t〉 ± δt) (s)
0, 3500 0, 1000
0, 5500 0, 3000
0, 7500 0, 5000
0, 9500 0, 7000

❚❛❜✳ ✸✿ ❉❛❞♦s ❞♦s t❡♠♣♦s ❞♦s ♣❡r❝✉rs♦s ❞♦ ❝❛rr✐♥❤♦ ♣❛r❛ θ = 80✳

â♥❣✉❧♦ θ = 10 0 ❡ ♣♦s✐çã♦ ✐♥✐❝✐❛❧ x0 = 0, 2500 m

x (m) ∆x (m) t1 (s) t2 (s) t3 (s) t4 (s) t5 (s) (〈t〉 ± δt) (s)
0, 3500 0, 1000
0, 5500 0, 3000
0, 7500 0, 5000
0, 9500 0, 7000

❚❛❜✳ ✹✿ ❉❛❞♦s ❞♦s t❡♠♣♦s ❞♦s ♣❡r❝✉rs♦s ❞♦ ❝❛rr✐♥❤♦ ♣❛r❛ θ = 100✳

â♥❣✉❧♦ θ = 12 0 ❡ ♣♦s✐çã♦ ✐♥✐❝✐❛❧ x0 = 0, 2500 m

x (m) ∆x (m) t1 (s) t2 (s) t3 (s) t4 (s) t5 (s) (〈t〉 ± δt) (s)
0, 3500 0, 1000
0, 5500 0, 3000
0, 7500 0, 5000
0, 9500 0, 7000

❚❛❜✳ ✺✿ ❉❛❞♦s ❞♦s t❡♠♣♦s ❞♦s ♣❡r❝✉rs♦s ❞♦ ❝❛rr✐♥❤♦ ♣❛r❛ θ = 120✳

✻



❋✐❣✳ ✼✿ ❈♦❧♦❝❛çã♦ ❞♦ tr✐❧❤♦ ❞❡ ❛r ♥♦ â♥❣✉❧♦ ❞❡ ✐♥❝❧✐♥❛çã♦ θ = 40✳

θ (0) sen θ ax (m/s2)
4
6
8
10
12

❚❛❜✳ ✻✿ ❉❛❞♦s ❞❛s ❛❝❡❧❡r❛çõ❡s ❞♦ ❝❛rr✐♥❤♦ ♣❛r❛ ❝❛❞❛ â♥❣✉❧♦ θ ❞❡ ✐♥❝❧✐♥❛çã♦✳

✶✹✳ ❈♦♠ ❛ ❧✐♥❡❛r✐③❛çã♦ ❞❛ ❊q✉❛çã♦ ✹✱ ❢❡✐t❛ ♥❛ ✐♥tr♦❞✉çã♦ ❞♦ r❡❧❛tór✐♦✱ ❝❛❧❝✉❧❡ ❛ ✐♥❝❧✐♥❛çã♦ A ❞❛
r❡t❛ ❛❥✉st❛❞❛ ❡s❝♦❧❤❡♥❞♦ ♥❡❧❛ ❞♦✐s ♣♦♥t♦s ❛r❜✐trár✐♦s (x1, y1) ❡ (x2, y2)✳

✶✺✳ ❙✉❜st✐t✉✐♥❞♦ ♦ ✈❛❧♦r ❝❛❧❝✉❧❛❞♦ ❞❡ m ♥❛ ❡q✉❛çã♦ y = kxm✱ ❝❛❧❝✉❧❡ ♦ ✈❛❧♦r ❞❡ k ❡s❝♦❧❤❡♥❞♦ ✉♠
♦✉tr♦ ♣♦♥t♦ ❛r❜✐trár✐♦ (x1, y1) ♥❛ r❡t❛ ❛❥✉st❛❞❛✳

✶✻✳ ❯s❛♥❞♦ ♦ ✈❛❧♦r ❞❡ k✱ ❞❡t❡r♠✐♥❡ ❛ ❛❝❡❧❡r❛çã♦ ax ❞♦ ❝❛rr✐♥❤♦✱ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦ â♥❣✉❧♦ ❞❡
✐♥❝❧✐♥❛çã♦ θ = 40 ❡ ❛♥♦t❡ ♥❛ ❚❛❜✳✻✳ ❈✉✐❞❡ ♣❛r❛ q✉❡ ♦ ♥ú♠❡r♦ ❞❡ ❛❧❣❛r✐s♠♦s s✐❣♥✐✜❝❛t✐✈♦s
✉s❛❞♦ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ❛❝❡❧❡r❛çã♦ s❡❥❛ ❛♣r♦♣r✐❛❞♦✳

✶✼✳ ❘❡♣✐t❛ ♦s ♣❛ss♦s ✶✷✱ ✶✸✱ ✶✹ ❡ ✶✺ ♣❛r❛ ♦s ♣♦♥t♦s ❞❛ ❚❛❜s✳ ✷✱ ✸✱ ✹✱ ✺✳ ❯s❛♥❞♦ ♦s ✈❛❧♦r❡s
❡ k ❡♥❝♦♥tr❛❞♦s✱ ❞❡t❡r♠✐♥❡ ❛s ❛❝❡❧❡r❛çõ❡s ax ❞♦ ❝❛rr✐♥❤♦✱ ❝♦rr❡s♣♦♥❞❡♥t❡s ❛♦s â♥❣✉❧♦s ❞❡
✐♥❝❧✐♥❛çõ❡s✱θ = 60✱ θ = 80✱ θ = 100✱ θ = 120✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❡ ❛♥♦t❡ t♦❞♦s ♦s ✈❛❧♦r❡s
♥❛ ❚❛❜✳✻✳ ❈♦♠ ❜❛s❡ ♥♦s ❣rá✜❝♦s ❞♦s ❞❡s❧♦❝❛♠❡♥t♦s ❡♠ ❢✉♥çã♦ ❞♦s t❡♠♣♦s ♠é❞✐♦s ♥♦ ♣❛♣❡❧
❧♦❣❧♦❣✱ é ♣♦ssí✈❡❧ ❛✜r♠❛r q✉❡✱ ♦ ♠♦✈✐♠❡♥t♦ ❞♦ ❝❛rr✐♥❤♦ s♦❜r❡ ♦ tr✐❧❤♦ ❞❡ ❛r ✐♥❝❧✐♥❛❞♦✱ é ❞❡ ❢❛t♦
✉♥✐❢♦r♠❡♠❡♥t❡ ❛❝❡❧❡r❛❞♦❄ ❉✐s❝✉t❛ ❡st❡ q✉❡st✐♦♥❛♠❡♥t♦ ❡♠ s❡✉ r❡❧❛tór✐♦✳

✶✽✳ ❈❛❧❝✉❧❡ ♦s ✈❛❧♦r❡s ❞❡ sen θ ♣❛r❛ t♦❞♦s ♦s â♥❣✉❧♦s ❞❡ ✐♥❝❧✐♥❛çã♦ θ ❡ ❛♥♦t❡✲♦s ♥❛ ❚❛❜✳✻✳

✶✾✳ ▼❛rq✉❡ ♦s ♣♦♥t♦s ❞❛ ❚❛❜✳✻ r❡❢❡r❡♥t❡s ❛ ❛❝❡❧❡r❛çã♦ ax ❡ s❡♥♦ ❞♦ â♥❣✉❧♦ ❞❡ ✐♥❝❧✐♥❛çã♦ sen θ
♥♦ ♣❛♣❡❧ ♠✐❧✐♠❡tr❛❞♦ ❛♥❡①♦✳ ❯s❡ ♦ ♠ét♦❞♦ ❞♦s ♠í♥✐♠♦s q✉❛❞r❛❞♦s ♣❛r❛ ❝❛❧❝✉❧❛r ♦ ✈❛❧♦r
❞❛ ❛❝❡❧❡r❛çã♦ g ❞❛ ❣r❛✈✐❞❛❞❡ ❧♦❝❛❧✳ ❉❡♣♦✐s ❞✐ss♦✱ tr❛❝❡✱ ♥♦ ❣rá✜❝♦✱ ❛ r❡t❛ ❝♦♠ ❛ ✐♥❝❧✐♥❛çã♦
❡ ♦ ✐♥t❡r❝❡♣t♦ ❝❛❧❝✉❧❛❞♦s✳ ❈✉✐❞❡ ♣❛r❛ q✉❡ ♦ ♥ú♠❡r♦ ❞❡ ❛❧❣❛r✐s♠♦s s✐❣♥✐✜❝❛t✐✈♦s ✉s❛❞♦ ♥❛
❞❡t❡r♠✐♥❛çã♦ ❞❛ ❛❝❡❧❡r❛çã♦ ❞❛ ❣r❛✈✐❞❛❞❡ s❡❥❛ ❛♣r♦♣r✐❛❞♦✳ ❈♦♠♣❛r❡ ♦ ✈❛❧♦r ❞❛ ❛❝❡❧❡r❛çã♦ g ❞❛
❣r❛✈✐❞❛❞❡ ❧♦❝❛❧ ❡♥❝♦♥tr❛❞♦ ♥❡st❡ ❡①♣❡r✐♠❡♥t♦ ❝♦♠ ♦ ✈❛❧♦r ❡s♣❡r❛❞♦ ❞❡ 9, 78m/s2✱ ♦❜t✐❞♦ ❞❛
❧✐t❡r❛t✉r❛✳

✼
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❋✐❣✳ ✽✿ P❛♣❡❧ ❧♦❣❧♦❣✳
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❋✐❣✳ ✾✿ ❋♦❧❤❛ ❞❡ ♣❛♣❡❧ ♠✐❧✐♠❡tr❛❞♦ ✶✳

✾


