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Dinâmica de muitos corpos
primeira aula



• Pontos são aproximações! Na natureza há muitos sistemas complexos!

Galáxias são formadas por estrelas + …

 Como se movem as galáxias no Universo?



• Dependendo da escala que olhamos 


carro de fórmula 1 pode ser tratado como um ponto



• mas os carros tem várias partes


• como relacionar o movimento do ponto com a descrição mais detalhada? 

• Como as forças sobre constituintes se combinam?


• O que é o ponto que vemos de longe?


• O que é relevante?



Objetivos desta aula:

1. Centro de massa


2. Coordenadas relativas


3. Conservação do momento linear



1. Centro de massa
Aquecimento com 2 partículas m1

<latexit sha1_base64="E+lFQODuk4nMjivhL4otg5GYXnw=">AAAB63icbVDLSgNBEOz1GeMrKnjxMhgET2FXo8kxxIvHBMwDkiXMTmaTITO7y8ysEEJ+wYsHRbx69C/8Am9e/BZnsxHUWNBQVHXT3eVFnClt2x/W0vLK6tp6ZiO7ubW9s5vb22+qMJaENkjIQ9n2sKKcBbShmea0HUmKhcdpyxtdJX7rlkrFwuBGjyPqCjwImM8I1okkek62l8vbBXsGtEicOclXDuuf7LX6Vuvl3rv9kMSCBppwrFTHsSPtTrDUjHA6zXZjRSNMRnhAO4YGWFDlTma3TtGJUfrID6WpQKOZ+nNigoVSY+GZToH1UP31EvE/rxNrv+xOWBDFmgYkXeTHHOkQJY+jPpOUaD42BBPJzK2IDLHERJt40hAuS+XiuYMWyXcIzbOCUyxc1E0aVUiRgSM4hlNwoAQVuIYaNIDAEO7gAR4tYd1bT9Zz2rpkzWcO4Besly81WZGi</latexit>

m2

<latexit sha1_base64="KQjmvAzYMmi0osGx6x0QzxHsN4Q=">AAAB63icbVDLSgMxFM3UV62vquDGTbAIrspMrbbLUjcuW7APaIeSSTNtaJIZkoxQhv6CGxeKuHXpX/gF7tz4LWY6FdR64MLhnHu59x4vZFRp2/6wMiura+sb2c3c1vbO7l5+/6Ctgkhi0sIBC2TXQ4owKkhLU81IN5QEcY+Rjje5SvzOLZGKBuJGT0PicjQS1KcY6UTig1JukC/YRXsOuEycBSnUjpqf9LX+1hjk3/vDAEecCI0ZUqrn2KF2YyQ1xYzMcv1IkRDhCRqRnqECcaLceH7rDJ4aZQj9QJoSGs7VnxMx4kpNuWc6OdJj9ddLxP+8XqT9qhtTEUaaCJwu8iMGdQCTx+GQSoI1mxqCsKTmVojHSCKsTTxpCJeVavncgcvkO4R2qeiUixdNk0YdpMiCY3ACzoADKqAGrkEDtAAGY3AHHsCjxa1768l6Tlsz1mLmEPyC9fIFNt6Row==</latexit>

~F ext
1

<latexit sha1_base64="VeKn9RGK5/kll6xVXtyZBZenulU=">AAAB+XicbZBLSwMxFIUz9VXra9Slm9AidFVmtNoui4K4rGAf0NaSSW/b0MyDJFMsw/wS3bhQxK2/wq070R9j2qng60Dg45x7yeU4AWdSWdabkVpYXFpeSa9m1tY3NrfM7Z269ENBoUZ97oumQyRw5kFNMcWhGQggrsOh4YxOp3ljDEIy37tUkwA6Lhl4rM8oUdrqmmZ7DDQ6i68iuFZx1850zZxVsGbCf8GeQ66SzX+8l15uql3ztd3zaeiCpygnUrZsK1CdiAjFKIc40w4lBISOyABaGj3iguxEs8tjvK+dHu77Qj9P4Zn7fSMirpQT19GTLlFD+Tubmv9lrVD1y52IeUGowKPJR/2QY+XjaQ24xwRQxScaCBVM34rpkAhClS4rKeG4VC4e2vgvfJVQPyjYxcLRhW7jBCVKoz2URXlkoxKqoHNURTVE0Rjdonv0YETGnfFoPCWjKWO+s4t+yHj+BJaMl5g=</latexit>

~F ext
2

<latexit sha1_base64="SZ/wKXnZzmVCm6aock3UUrCs5bc=">AAAB+XicbZDNSwJBGMZn7cvsa6tjl0EJPMmuWXqUguhokB+gJrPjqw7OfjAzK8niX1KXDkV07a/o2i3qj2l0DSp7YODH87wv8/I4AWdSWda7kVhaXlldS66nNja3tnfM3b2a9ENBoUp97ouGQyRw5kFVMcWhEQggrsOh7gzPpnl9BEIy37tS4wDaLul7rMcoUdrqmGZrBDQ6n1xHcKMmnXyqY2asnDUTXgR7DplyOvv5UXy9rXTMt1bXp6ELnqKcSNm0rUC1IyIUoxwmqVYoISB0SPrQ1OgRF2Q7ml0+wYfa6eKeL/TzFJ65Pzci4ko5dh096RI1kH+zqflf1gxVr9SOmBeECjwaf9QLOVY+ntaAu0wAVXysgVDB9K2YDoggVOmy4hJOiqXCkY0X4buEWj5nF3LHl7qNUxQriQ5QGmWRjYqojC5QBVURRSN0hx7QoxEZ98aT8RyPJoz5zj76JePlC5gRl5k=</latexit>

~F12

<latexit sha1_base64="WovpjEa2pjIJF4Ki94j6tYIRP0E=">AAAB9HicbZDLSgMxFIbPeK31VhXcuAkWwVWZqdV2WSqIyxbsBdqhZNK0Dc1cTDKFMsxzuHGhiEt9Cp/AnRufxbRTQa0/BD7+/xxy+J2AM6lM88NYWl5ZXVtPbaQ3t7Z3djN7+w3ph4LQOvG5L1oOlpQzj9YVU5y2AkGx63DadEaX07w5pkIy37tRk4DaLh54rM8IVtqyO2NKoqu4G1n5ON3NZM2cORNaBGsO2fJh7ZO9VN6q3cx7p+eT0KWeIhxL2bbMQNkRFooRTuN0J5Q0wGSEB7St0cMulXY0OzpGJ9rpob4v9PMUmrk/NyLsSjlxHT3pYjWUf7Op+V/WDlW/ZEfMC0JFPZJ81A85Uj6aNoB6TFCi+EQDJoLpWxEZYoGJ0j0lJVwUS4UzCy3CdwmNfM4q5M5ruo0KJErBERzDKVhQhDJcQxXqQOAW7uABHo2xcW88Gc/J6JIx3zmAXzJevwAMnJWR</latexit>

~F21

<latexit sha1_base64="+EQtNDRFVovYM+5L62ZfOUoi5ts=">AAAB9HicbZDLSgMxFIbPeK31VhXcuAkWwVWZqdV2WSqIyxbsBdqhZNK0Dc1cTDKFMsxzuHGhiEt9Cp/AnRufxbRTQa0/BD7+/xxy+J2AM6lM88NYWl5ZXVtPbaQ3t7Z3djN7+w3ph4LQOvG5L1oOlpQzj9YVU5y2AkGx63DadEaX07w5pkIy37tRk4DaLh54rM8IVtqyO2NKoqu4G+WtON3NZM2cORNaBGsO2fJh7ZO9VN6q3cx7p+eT0KWeIhxL2bbMQNkRFooRTuN0J5Q0wGSEB7St0cMulXY0OzpGJ9rpob4v9PMUmrk/NyLsSjlxHT3pYjWUf7Op+V/WDlW/ZEfMC0JFPZJ81A85Uj6aNoB6TFCi+EQDJoLpWxEZYoGJ0j0lJVwUS4UzCy3CdwmNfM4q5M5ruo0KJErBERzDKVhQhDJcQxXqQOAW7uABHo2xcW88Gc/J6JIx3zmAXzJevwAMnZWR</latexit>

~F12 = �~F21

<latexit sha1_base64="+o+eP2A6j8w/O18KzyvUiPQ4jGU=">AAACBnicbZDLSgMxGIUz9VbrbVRwI0KwCG4sM7XaboRSQVy2YC/QDiWTpm1o5kKSKZRhVm58FRe6UMStC5/AnRufxXRaRa0HAh/n/D9Jju0zKqRhvGuJufmFxaXkcmpldW19Q9/cqgkv4JhUscc83rCRIIy6pCqpZKThc4Icm5G6PTgf5/Uh4YJ67pUc+cRyUM+lXYqRVFZb32sNCQ4vonZoZiN4Bo/gt5E1o7aeNjJGLDgL5hTSxZ3KB70rvZbb+lur4+HAIa7EDAnRNA1fWiHikmJGolQrEMRHeIB6pKnQRQ4RVhh/I4IHyunArsfVcSWM3Z8bIXKEGDm2mnSQ7Iu/2dj8L2sGsluwQur6gSQunlzUDRiUHhx3AjuUEyzZSAHCnKq3QtxHHGGpmkvFJZzmC7ljE87CVwm1bMbMZU4qqo0SmCgJdsE+OAQmyIMiuARlUAUYXINb8AAetRvtXnvSniejCW26sw1+SXv5BFYFm7Q=</latexit>

white board 1, 2 e 3



1. Centro de massa
1.a Aquecimento com 2 partículas

m1
d2~x1

dt2
= ~F ext

1 + ~F12

m2
d2~x2

dt2
= ~F ext

2 + ~F21

<latexit sha1_base64="YYVGaAbfYIMnBSOVw3OoeMPrrxg="></latexit>

m1
d2~x1

dt2
+m2

d2~x2

dt2
= ~F ext

1 + ~F ext
2 + ~F12 + ~F21

(m1 +m2)
d2

dt2

✓
m1~x1 +m2~x2

m1 +m2

◆
= ~F ext

1 + ~F ext
2

<latexit sha1_base64="5XJjHPjSzzcQGizP5snple9V6dc="></latexit>

m1

<latexit sha1_base64="E+lFQODuk4nMjivhL4otg5GYXnw=">AAAB63icbVDLSgNBEOz1GeMrKnjxMhgET2FXo8kxxIvHBMwDkiXMTmaTITO7y8ysEEJ+wYsHRbx69C/8Am9e/BZnsxHUWNBQVHXT3eVFnClt2x/W0vLK6tp6ZiO7ubW9s5vb22+qMJaENkjIQ9n2sKKcBbShmea0HUmKhcdpyxtdJX7rlkrFwuBGjyPqCjwImM8I1okkek62l8vbBXsGtEicOclXDuuf7LX6Vuvl3rv9kMSCBppwrFTHsSPtTrDUjHA6zXZjRSNMRnhAO4YGWFDlTma3TtGJUfrID6WpQKOZ+nNigoVSY+GZToH1UP31EvE/rxNrv+xOWBDFmgYkXeTHHOkQJY+jPpOUaD42BBPJzK2IDLHERJt40hAuS+XiuYMWyXcIzbOCUyxc1E0aVUiRgSM4hlNwoAQVuIYaNIDAEO7gAR4tYd1bT9Zz2rpkzWcO4Besly81WZGi</latexit>

m2

<latexit sha1_base64="KQjmvAzYMmi0osGx6x0QzxHsN4Q=">AAAB63icbVDLSgMxFM3UV62vquDGTbAIrspMrbbLUjcuW7APaIeSSTNtaJIZkoxQhv6CGxeKuHXpX/gF7tz4LWY6FdR64MLhnHu59x4vZFRp2/6wMiura+sb2c3c1vbO7l5+/6Ctgkhi0sIBC2TXQ4owKkhLU81IN5QEcY+Rjje5SvzOLZGKBuJGT0PicjQS1KcY6UTig1JukC/YRXsOuEycBSnUjpqf9LX+1hjk3/vDAEecCI0ZUqrn2KF2YyQ1xYzMcv1IkRDhCRqRnqECcaLceH7rDJ4aZQj9QJoSGs7VnxMx4kpNuWc6OdJj9ddLxP+8XqT9qhtTEUaaCJwu8iMGdQCTx+GQSoI1mxqCsKTmVojHSCKsTTxpCJeVavncgcvkO4R2qeiUixdNk0YdpMiCY3ACzoADKqAGrkEDtAAGY3AHHsCjxa1768l6Tlsz1mLmEPyC9fIFNt6Row==</latexit>

~F ext
1

<latexit sha1_base64="VeKn9RGK5/kll6xVXtyZBZenulU=">AAAB+XicbZBLSwMxFIUz9VXra9Slm9AidFVmtNoui4K4rGAf0NaSSW/b0MyDJFMsw/wS3bhQxK2/wq070R9j2qng60Dg45x7yeU4AWdSWdabkVpYXFpeSa9m1tY3NrfM7Z269ENBoUZ97oumQyRw5kFNMcWhGQggrsOh4YxOp3ljDEIy37tUkwA6Lhl4rM8oUdrqmmZ7DDQ6i68iuFZx1850zZxVsGbCf8GeQ66SzX+8l15uql3ztd3zaeiCpygnUrZsK1CdiAjFKIc40w4lBISOyABaGj3iguxEs8tjvK+dHu77Qj9P4Zn7fSMirpQT19GTLlFD+Tubmv9lrVD1y52IeUGowKPJR/2QY+XjaQ24xwRQxScaCBVM34rpkAhClS4rKeG4VC4e2vgvfJVQPyjYxcLRhW7jBCVKoz2URXlkoxKqoHNURTVE0Rjdonv0YETGnfFoPCWjKWO+s4t+yHj+BJaMl5g=</latexit>

~F ext
2

<latexit sha1_base64="SZ/wKXnZzmVCm6aock3UUrCs5bc=">AAAB+XicbZDNSwJBGMZn7cvsa6tjl0EJPMmuWXqUguhokB+gJrPjqw7OfjAzK8niX1KXDkV07a/o2i3qj2l0DSp7YODH87wv8/I4AWdSWda7kVhaXlldS66nNja3tnfM3b2a9ENBoUp97ouGQyRw5kFVMcWhEQggrsOh7gzPpnl9BEIy37tS4wDaLul7rMcoUdrqmGZrBDQ6n1xHcKMmnXyqY2asnDUTXgR7DplyOvv5UXy9rXTMt1bXp6ELnqKcSNm0rUC1IyIUoxwmqVYoISB0SPrQ1OgRF2Q7ml0+wYfa6eKeL/TzFJ65Pzci4ko5dh096RI1kH+zqflf1gxVr9SOmBeECjwaf9QLOVY+ntaAu0wAVXysgVDB9K2YDoggVOmy4hJOiqXCkY0X4buEWj5nF3LHl7qNUxQriQ5QGmWRjYqojC5QBVURRSN0hx7QoxEZ98aT8RyPJoz5zj76JePlC5gRl5k=</latexit>

~F12

<latexit sha1_base64="WovpjEa2pjIJF4Ki94j6tYIRP0E=">AAAB9HicbZDLSgMxFIbPeK31VhXcuAkWwVWZqdV2WSqIyxbsBdqhZNK0Dc1cTDKFMsxzuHGhiEt9Cp/AnRufxbRTQa0/BD7+/xxy+J2AM6lM88NYWl5ZXVtPbaQ3t7Z3djN7+w3ph4LQOvG5L1oOlpQzj9YVU5y2AkGx63DadEaX07w5pkIy37tRk4DaLh54rM8IVtqyO2NKoqu4G1n5ON3NZM2cORNaBGsO2fJh7ZO9VN6q3cx7p+eT0KWeIhxL2bbMQNkRFooRTuN0J5Q0wGSEB7St0cMulXY0OzpGJ9rpob4v9PMUmrk/NyLsSjlxHT3pYjWUf7Op+V/WDlW/ZEfMC0JFPZJ81A85Uj6aNoB6TFCi+EQDJoLpWxEZYoGJ0j0lJVwUS4UzCy3CdwmNfM4q5M5ruo0KJErBERzDKVhQhDJcQxXqQOAW7uABHo2xcW88Gc/J6JIx3zmAXzJevwAMnJWR</latexit>

~F21

<latexit sha1_base64="+EQtNDRFVovYM+5L62ZfOUoi5ts=">AAAB9HicbZDLSgMxFIbPeK31VhXcuAkWwVWZqdV2WSqIyxbsBdqhZNK0Dc1cTDKFMsxzuHGhiEt9Cp/AnRufxbRTQa0/BD7+/xxy+J2AM6lM88NYWl5ZXVtPbaQ3t7Z3djN7+w3ph4LQOvG5L1oOlpQzj9YVU5y2AkGx63DadEaX07w5pkIy37tRk4DaLh54rM8IVtqyO2NKoqu4G+WtON3NZM2cORNaBGsO2fJh7ZO9VN6q3cx7p+eT0KWeIhxL2bbMQNkRFooRTuN0J5Q0wGSEB7St0cMulXY0OzpGJ9rpob4v9PMUmrk/NyLsSjlxHT3pYjWUf7Op+V/WDlW/ZEfMC0JFPZJ81A85Uj6aNoB6TFCi+EQDJoLpWxEZYoGJ0j0lJVwUS4UzCy3CdwmNfM4q5M5ruo0KJErBERzDKVhQhDJcQxXqQOAW7uABHo2xcW88Gc/J6JIx3zmAXzJevwAMnZWR</latexit>

Definimos o centro de massa por:

~R =
m1~x1 +m2~x2

m1 +m2

<latexit sha1_base64="ZGGoTqMqyRFnDqXxtsoWj7ZuJd8="></latexit>

massa total

M = m1 +m2

<latexit sha1_base64="UeHr34or4BphuMYfq9yVxtYY3HI=">AAAB9HicbVDLSgMxFM34rPVVFdy4CRZBEMpMrbYbodSNG6EF+4B2KJk0bUOTzJhkCmXod7hxoYhL/Qq/wJ0bv8V0WkGtB+7lcM693MvxAkaVtu0Pa2FxaXllNbGWXN/Y3NpO7ezWlB9KTKrYZ75seEgRRgWpaqoZaQSSIO4xUvcGlxO/PiRSUV/c6FFAXI56gnYpRtpI7jW8gLztwBPTs+1U2s7YMeA8cWYkXdyvfNKX0lu5nXpvdXwcciI0ZkippmMH2o2Q1BQzMk62QkUChAeoR5qGCsSJcqP46TE8MkoHdn1pSmgYqz83IsSVGnHPTHKk++qvNxH/85qh7hbciIog1ETg6aFuyKD24SQB2KGSYM1GhiAsqfkV4j6SCGuTUzIO4TxfyJ06cJ58h1DLZpxc5qxi0iiBKRLgAByCY+CAPCiCK1AGVYDBLbgDD+DRGlr31pP1PB1dsGY7e+AXrNcv2I+UJQ==</latexit>

e



M
d2 ~R

dt2
= ~F ext

1 + ~F ext
2

<latexit sha1_base64="8246TxlT9OSNfnwMUEYF2uFpTiA="></latexit>

Então

~vCM =
d~R

dt
=

1

M
(m1~v1 +m2~v2) =

1

M
(~p1 + ~p2)

<latexit sha1_base64="tQHeoBrIu2rB5H6LkHBDjXwLqBA="></latexit>

Logo, o momento do centro de massa é

~PCM = M~vCM = ~p1 + ~p2

<latexit sha1_base64="nV3O2muCHDgIjB67SeA1wWXQP8E=">AAACHnicbZDLSgMxFIYzXmu9jbp0EyyCIJSZ2tpuhEI33RQq2Au0w5BJ0zY0cyHJFMowT+LGV3HjQhHBlb6N6XQsav0h8OU/53CS3wkYFdIwPrW19Y3Nre3MTnZ3b//gUD86bgs/5Ji0sM983nWQIIx6pCWpZKQbcIJch5GOM6nN650p4YL63p2cBcRy0cijQ4qRVJatl/pTgqNmbEe1RgxvYAMmxnRpJNcgtk14ueSCreeMvJEIroKZQg6katr6e3/g49AlnsQMCdEzjUBaEeKSYkbibD8UJEB4gkakp9BDLhFWlHwvhufKGcChz9XxJEzcnxMRcoWYuY7qdJEci7+1uflfrRfKYcWKqBeEknh4sWgYMih9OM8KDignWLKZAoQ5VW+FeIw4wlIlmk1CuC5XilcmXIXvENqFvFnMl26LuWo9jSMDTsEZuAAmKIMqqIMmaAEM7sEjeAYv2oP2pL1qb4vWNS2dOQG/pH18AZx5oc4=</latexit>



Discussão ~R =
m1

m1 +m2
~x1 +

m2

m1 +m2
~x2

=
m1 +m2 �m2

m1 +m2
~x1 +

m2

m1 +m2
~x2

= ~x1 +
m2

m1 +m2
(~x2 � ~x1)

<latexit sha1_base64="2akmJ3Q9PtzeSntTDYBYvSztExw="></latexit>

para ~R ' ~x1 +
m2

m1
(~x2 � ~x1)

<latexit sha1_base64="+heiok4a5/q+B5YvRu76LHo4Io4="></latexit>

~R ' ~x1 +
1

2
(~x2 � ~x1)

<latexit sha1_base64="wynn4oJ6E+53DDevHAV3cAXbGn8="></latexit>

m1 >> m2 =)

<latexit sha1_base64="iej5/rGT90k9VwR5mD41J8rkodo="></latexit>

m1 = m2 =)

<latexit sha1_base64="o77Apr6PTUy5xWjfOl85kiFG4o8="></latexit>

x1

x2

R

O CM está entre as duas massas



1.b N corpos:  white board 4 e 5



1.b N corpos:

Introduzimos a notação:

mk
d2~xk

dt2
= ~F ext

k +
X

j 6=k

~Fkj para k = 1, 2 . . . N

<latexit sha1_base64="L8mf7yWYNR5nyyUqhP2EbmxXwBs="></latexit>

m1
d2~x1

dt2
= ~F ext

1 + ~F12 + ~F13 + · · ·+ ~F1N

m2
d2~x2

dt2
= ~F ext

2 + ~F21 + ~F23 + · · ·+ ~F2N

. . . . . .

mN
d2~xN

dt2
= ~F ext

N + ~FN1 + ~FN2 + · · ·+ ~FN(N�1)

<latexit sha1_base64="Jp+ZfasP6O9k2gdwBQvMc5RCo/w="></latexit>

agora somamos todas as equações 



X

k

mk
d2~xk

dt2
=

X

k

~F ext
k +

X

k

X

j 6=k

~Fkj

<latexit sha1_base64="QS9eY1UE6GvZ7umpp0HMdEi00to="></latexit>

o último termo é nulo pela terceira lei de Newton:

d2

dt2

 
X

k

mk~xk

!
=
X

k

~F ext
k

<latexit sha1_base64="k1ArD4Ckv0sVQnIGDHiFEjcUEEg="></latexit>

definindo M =
X

k

mk

<latexit sha1_base64="p8vc8an5Qn5gIDDiIFNmWLzs1PE="></latexit>

M
d2

dt2

✓P
k mk~xk

M

◆
=

X

k

~F ext
k

<latexit sha1_base64="K6f0eJ/NAVwQXNbtfpEQZjFZ9Lc="></latexit>

O centro de massa é ~R ⌘
P

k mk~xk

M
=)

<latexit sha1_base64="nlBwYbE5HBPSKha3G1l/8lxtInA="></latexit>

M
d2 ~R

dt2
=

X

k

~F ext
k = ~F ext

total

<latexit sha1_base64="jW1dK4/qsnh1jlx0oYkZ/R+NuTY="></latexit>



~vCM =
d~R

dt
=

d

dt

✓P
k mk~xk

M

◆

=
1

M

 
X

k

mk~vk

!
=

1

M

X

k

~pk

<latexit sha1_base64="TgFzJFqU4VlzR3SkmZ+GIoEjyTs="></latexit>

Note que 

logo

~PCM ⌘ M~vCM =
X

k

~pk

<latexit sha1_base64="j6hzUkmB3Mu5QX2juywqfgqW49E="></latexit>



Exemplo 1: molécula d’água

Molécula é simétrica por


reflexão com respeito à linha 


azul

CM sobre a linha azul
O

H H

~R =
1

18
(~xH,1 + ~xH,2)

<latexit sha1_base64="Hm6K4BH/jdd/EgLHeujrrWfogCU="></latexit>

origem no oxigênio



Exemplo 2:

m m

2m

l

l l

Escolhemos os eixos para explorar a simetria do problema



Exemplo 2

m m

2m

l

l l

x

y

~R =
m~x1 +m~x2 + 2m~x3

m+m+ 2m

=
1

4

 
l

2
(�~i) + l

2
~i+ 2

p
3

2
l~j

!

=

p
3

4
l ~j

<latexit sha1_base64="B5w6br9IGIxOqxdG6Bffb9scfCA="></latexit>



Exemplo 3: raquete de tenis

https://www.youtube.com/watch?v=_DzgPB9646k

CM

Equação do movimento to centro de massa:

M
d2 ~R

dt2
= �Mg~j

<latexit sha1_base64="36kMFXhZiAM3R45xKr2DTcu62rU="></latexit>

solução é uma parábola

Vejamos isso na vida real

~j

<latexit sha1_base64="0Ni4eLjd0oSvaQK4XCBT/6sdfr0="></latexit>



Exemplo 4: Salto em altura olímpico!
• Física deu a medalha de ouro de 1968 a Fosbury!


•Novamente 
M

d2 ~R

dt2
= �Mg~j

<latexit sha1_base64="36kMFXhZiAM3R45xKr2DTcu62rU="></latexit>

https://www.ted.com/talks/
asaf_bar_yosef_an_athlete_uses_physics_to_shatter_world_records#t-78200



Exemplo 4: Salto em altura olímpico!
• Física deu a medalha de ouro de 1968 a Fosbury!


•Novamente 
M

d2 ~R

dt2
= �Mg~j

<latexit sha1_base64="36kMFXhZiAM3R45xKr2DTcu62rU="></latexit>

Truque: CM está abaixo da barra

https://www.ted.com/talks/
asaf_bar_yosef_an_athlete_uses_physics_to_shatter_world_records#t-78200



1.c Distribuição contínua da matéria:
white board 6 e 7



1.c Distribuição contínua da matéria:

k

xk•Divido o espaço em volumes pequenos


•Somo sobre todos volumes


•Tomo o limite do volume indo a zero

ou ainda usando que 

~R =

P
k mk~xk

M
' 1

M

X

v

dmk~xk =)

<latexit sha1_base64="FeV6gndBLr28crdIAgSJzqDT9sI="></latexit>

~R =
1

M

Z
dm ~x

<latexit sha1_base64="rvl0L6qZA6mNThufarpPXnnztBU="></latexit>

dm = dV ⇢

<latexit sha1_base64="T090VpxZRceQteG0cDRbvUmct5E="></latexit>

~R =
1

M

Z
dV ⇢(~x) ~x

<latexit sha1_base64="apzmWF9pnUEq+JiDZ8+Kha0VNhA="></latexit>



Exemplo: quadrado com distribuição de massa uniforme

• Por simetria este está no centro no quadrado!

x

y

L

L

dm = �dxdy

<latexit sha1_base64="2QhOTUYJn+aVNtC1gnCQkcYL3n0="></latexit>

M =

Z
dm =

Z L

0
dx

Z L

0
dy � = �L2

<latexit sha1_base64="AJGnnnseokpuBSgApSdGtt7Ss3U="></latexit>

Z
dm ~x =

Z L

0
dx

Z L

0
dy �(x~i+ y~j)

= �

 Z L

0
dy

Z L

0
dx x~i+

Z L

0
dx

Z L

0
dy y~j

!

= �
L3

2
(~i+~j)

<latexit sha1_base64="N2gbrx802pxSuGrxuRxhE/gPtD0="></latexit>

Por outro lado

Logo ~R =
L

2
(~i+~j)

<latexit sha1_base64="MmxTu05LQInrXy2K+zvLQWFCyU0="></latexit>



2. Coordenadas relativas 

white boards 8, 9, 10



2. Coordenadas relativas 

~x0
1

<latexit sha1_base64="pF4Q3wB2tbQo4i/KULW1q+Ytwnk=">AAAB+nicbZBLSwMxFIUzPmt9tbp0E1qErsqMVttl0Y3LCvYBnTpk0ts2NPMgyVTL2F8iblwo4tY/4dad6I8xfQhqPRD4OOdecjluyJlUpvluLCwuLa+sJtaS6xubW9up9E5NBpGgUKUBD0TDJRI486GqmOLQCAUQz+VQd/un47w+ACFZ4F+oYQgtj3R91mGUKG05qbQ9ABpfjy7tUDAPHAs7qayZNyfC82DNIFvO5D4/iq+3FSf1ZrcDGnngK8qJlE3LDFUrJkIxymGUtCMJIaF90oWmRp94IFvx5PQR3tdOG3cCoZ+v8MT9uRETT8qh5+pJj6ie/JuNzf+yZqQ6pVbM/DBS4NPpR52IYxXgcQ+4zQRQxYcaCBVM34ppjwhClW4rOSnhuFgqHFp4Hr5LqB3krUL+6Fy3cYKmSqA9lEE5ZKEiKqMzVEFVRNEVukMP6NG4Me6NJ+N5OrpgzHZ20S8ZL195Kpga</latexit>

~x0
2

<latexit sha1_base64="H2gR+/e5VZ4hSXLhivoWj4zEdB4=">AAAB+nicbZBLTwIxFIU7+EJ8Dbp000BMWJEZRGFJdOMSE3kkgKRTLtDQeaTtoGTklxg3LjTGrX/CrTujP8byMFHxJE2+nHNvenOcgDOpLOvdiC0tr6yuxdcTG5tb2ztmcrcq/VBQqFCf+6LuEAmceVBRTHGoBwKI63CoOYPTSV4bgpDM9y7UKICWS3oe6zJKlLbaZrI5BBpdjy+bgWAutHO4baatrDUVXgR7DulSKvP5UXi9LbfNt2bHp6ELnqKcSNmwrUC1IiIUoxzGiWYoISB0QHrQ0OgRF2Qrmp4+xgfa6eCuL/TzFJ66Pzci4ko5ch096RLVl3+ziflf1ghVt9iKmBeECjw6+6gbcqx8POkBd5gAqvhIA6GC6Vsx7RNBqNJtJaYlHBeK+UMbL8J3CdVc1s5nj851GydopjjaRymUQTYqoBI6Q2VUQRRdoTv0gB6NG+PeeDKeZ6MxY76zh37JePkCeq+YGw==</latexit>

~x2

<latexit sha1_base64="CBTMT4cuhLHgD5vuh6ck/zRj47w=">AAAB8XicbVDLTgJBEOz1ifhCTbx4mUhMPJFdROFI8OIREnlEIGR2GGDC7OxmZpZINvyFFw8a49X4F36BNy9+i8OCiYqVdFKp6k53lxtwprRtf1hLyyura+uJjeTm1vbObmpvv6b8UBJaJT73ZcPFinImaFUzzWkjkBR7Lqd1d3g59esjKhXzxbUeB7Tt4b5gPUawNtJNa0RJdDvpZFEnlbYzdgy0SJw5SRcPK5/stfRW7qTeW12fhB4VmnCsVNOxA92OsNSMcDpJtkJFA0yGuE+bhgrsUdWO4osn6MQoXdTzpSmhUaz+nIiwp9TYc02nh/VA/fWm4n9eM9S9QjtiIgg1FWS2qBdypH00fR91maRE87EhmEhmbkVkgCUm2oSUjEO4yBdyZw5aJN8h1LIZJ5c5r5g0SjBDAo7gGE7BgTwU4QrKUAUCAu7gAR4tZd1bT9bzrHXJms8cwC9YL188h5SS</latexit>

~x1

<latexit sha1_base64="o4KSmGfbwLYFyFf5bGWk+heTXxE=">AAAB8HicbVDLSgMxFM3UV62vquDGTbAIrsqMVttlqRuXLdiHtEPJpJk2NMkMSaZYhn6FGxeKuBX8C7/AnRu/xXRaQa0HLhzOuZd77/FCRpW27Q8rtbS8srqWXs9sbG5t72R39xoqiCQmdRywQLY8pAijgtQ11Yy0QkkQ9xhpesPLqd8cEaloIK71OCQuR31BfYqRNtJNZ0RwfDvpOt1szs7bCeAiceYkVz6ofdLXylu1m33v9AIccSI0ZkiptmOH2o2R1BQzMsl0IkVChIeoT9qGCsSJcuPk4Ak8NkoP+oE0JTRM1J8TMeJKjblnOjnSA/XXm4r/ee1I+yU3piKMNBF4tsiPGNQBnH4Pe1QSrNnYEIQlNbdCPEASYW0yyiQhXBRLhTMHLpLvEBqneaeQP6+ZNCpghjQ4BEfgBDigCMrgClRBHWDAwR14AI+WtO6tJ+t51pqy5jP74Besly/h5ZRn</latexit>

~R

<latexit sha1_base64="WAoXFsSmAAyejckWCI7ligsRQ1M=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVWa02m7EohuXVewD2qFk0kwbmsmEJFMoQz/CjQtFXLjxT9y7Ef/GdFpBrQcuHM65l3vv8QWjSjvOp5VZWFxaXsmu2mvrG5tbue2duopiiUkNRyySTR8pwignNU01I00hCQp9Rhr+4HLiN4ZEKhrxWz0SxAtRj9OAYqSN1GgPCU5uxp1c3ik4KeA8cWckf/5mn4mXD7vayb23uxGOQ8I1ZkiplusI7SVIaooZGdvtWBGB8AD1SMtQjkKivCQ9dwwPjNKFQSRNcQ1T9edEgkKlRqFvOkOk++qvNxH/81qxDspeQrmINeF4uiiIGdQRnPwOu1QSrNnIEIQlNbdC3EcSYW0SstMQTkvl4rEL58l3CPWjglssnFw7+coFmCIL9sA+OAQuKIEKuAJVUAMYDMAdeACPlrDurSfredqasWYzu+AXrNcv/mKTPQ==</latexit>

~x0
1 ⌘ ~x1 � ~R

~x0
2 ⌘ ~x2 � ~R

<latexit sha1_base64="HefJ/yxnzYKPI/QvGhzN+uyAgNU="></latexit>

~v01 = ~v1 � ~vCM

~v02 = ~v2 � ~vCM

<latexit sha1_base64="4oGzz4k6PgC1Waz4J6ZUO172qt8="></latexit>

~p 0
1 = m1~v

0
1

~p 0
2 = m2~v

0
2

<latexit sha1_base64="BsUxShQ3FllXst1cgTom4R/Xn7I="></latexit>

~p 0
1 + ~p 0

2 = 0

<latexit sha1_base64="w3IySqFRNG4XmZAdY75fPthgCNY=">AAACF3icbZDLSgMxGIUzXmu9jbrsJihCQSgzWtuCCAU3xVUF2wqdOmTSvzU0cyHJFMrQt3Djq7hxoYhb3fkUvoLpRVDbA4GPc/6fJMeLOJPKsj6NhcWl5ZXV1Fp6fWNza9vc2a3LMBYUajTkobjxiATOAqgppjjcRAKI73FoeL2LUd7og5AsDK7VIIKWT7oB6zBKlLZcM+f0gSbR8DZxzpxIMB+Gro2P8Bz7GJ9brnlg5ayx8CzYUzgoZwuJm/m6rLrmh9MOaexDoCgnUjZtK1KthAjFKIdh2oklRIT2SBeaGgPig2wl438N8aF22rgTCn0Chcfu742E+FIOfE9P+kTdyf/ZyJyXNWPVKbUSFkSxgoBOLurEHKsQj0rCbSaAKj7QQKhg+q2Y3hFBqNJVpsclFIql/ImNZ+GnhPpxzs7nTq90GxU0UQpl0D7KIhsVURlVUBXVEEX36BE9oxfjwXgyXo23yeiCMd3ZQ39kvH8DSXGiig==</latexit>

No referencial do centro de massa
~R0 = 0 =) m1x

0
1 +m2~x

0
2 = 0 =) ~x0

1 = �m2

m1
~x0
2

<latexit sha1_base64="ddUH/MMjEHdOc2SEiQ3++42SAtg="></latexit>

e também ~v 0 = �m2

m1
~v 0
2

<latexit sha1_base64="POmIuYAm8J4nQd3dlqWikRxZiU8="></latexit>

2.a Duas partículas



Particular de 2 partículas: na ausência de forças externas

m1
d2~x1

dt2
= ~F12 =) d2~x1

dt2
=

1

m1

~F12

m2
d2~x2

dt2
= ~F21 =) d2~x2

dt2
=

1

m2

~F21

<latexit sha1_base64="SuS6eXC8gJ/Eb4vzX7zQ6o7TtP8="></latexit>

Subtraindo as duas equações temos
d2

dt2
(~x1 � ~x2) =

1

m1
~F12 �

1

m2

~F21 =

✓
1

m1
+

1

m2

◆
~F12

<latexit sha1_base64="iBQa1Kn9701ZjIbUOJRSVwWqGV8="></latexit>

1

µ
⌘ 1

m1
+

1

m2

<latexit sha1_base64="fs0W412HZOOlTMsGeBnAFJ2raqA="></latexit>

Definimos a massa reduzida e a coordenada:

tal que µ
d2~r

dt2
= ~F12

<latexit sha1_base64="eD/MBxggqfJXXpF1+wiCKViCIpQ="></latexit>

~F12(~x1 � ~x2)

<latexit sha1_base64="Kzam1yHvCA/KVKMAHGU/OfJenEU=">AAACDnicbZBNSwJBGMdn7c3sbatjl0ERjEh2zdKjFERHg3wBlWV2HHVw9oWZWUmW/QRdOvRFunQoomvnbn6bxlWhsj8M/Ob/PA/PzN/2GRXSMCZaYmV1bX0juZna2t7Z3dP3D+rCCzgmNewxjzdtJAijLqlJKhlp+pwgx2akYQ+vpvXGiHBBPfdOjn3ScVDfpT2KkVSWpWdhe0RweB1ZoVmIYC6+3UeWCU/hggvHlp4x8kYsuAzmHDKVdPvkaVIZVy39q931cOAQV2KGhGiZhi87IeKSYkaiVDsQxEd4iPqkpdBFDhGdMP5OBLPK6cKex9VxJYzdnxMhcoQYO7bqdJAciL+1qflfrRXIXrkTUtcPJHHxbFEvYFB6cJoN7FJOsGRjBQhzqt4K8QBxhKVKMBWHcFEqF89MuAyLEOqFvFnMn9+qNC7BTElwBNIgB0xQAhVwA6qgBjB4AM/gFbxpj9qL9q59zFoT2nzmEPyS9vkNZRmeSQ==</latexit>

para temos µ
d2~r

dt2
= ~F12(~r)

<latexit sha1_base64="fyETexfuZOtjvoFDY+qeZufYz7I="></latexit>

~r ⌘ ~x1 � ~x2 = ~x0
1 � ~x0

2

<latexit sha1_base64="DB5/NuJ1m2w+2iO6xfhCMfV3MP8="></latexit>



2.b N partículas:

Com respeito ao CM ~x0
j = ~xj � ~R =) ~v 0

j = ~vj � ~vCM

<latexit sha1_base64="1aW6fy2E97lt7rM9esZ1MGHBzXE="></latexit>

~p 0
j = mj~v

0
j

<latexit sha1_base64="NLnCXJdfGnkS0FGIWrKDiyFu0Oc="></latexit>

X

j

~p 0
j =

X

j

mj(~vj � ~vCM )

=
X

j

~pj �M~vCM

=
X

j

~pj �
X

j

~pj = 0

<latexit sha1_base64="1ErkrHgsP5gCokkf1ZEidRPafbo="></latexit>

Logo, o momento total é nulo com respeito ao referencial do CM



2.c Exemplo: exoplanetas
A força gravitacional em  um planeta devida a seu sol é

~Fgrav = �GN
mPMS

|~xP � ~xS |2
~⇢

<latexit sha1_base64="ekkVtb6tG0Oz8iXPDYxG3HNLC5g="></latexit>

~xS

<latexit sha1_base64="T9h/DZaFDEz//V21SeNOc5rnrqs=">AAAB8XicbVDLSgNBEJz1GeMr6lGEwSB4CrsaTY4BLzlGNA9MljA76U2GzM4uM7PBuOQvvHhQxKt/4Sd48+SvOHkIaixoKKq66e7yIs6Utu0Pa2FxaXllNbWWXt/Y3NrO7OzWVBhLClUa8lA2PKKAMwFVzTSHRiSBBB6Hute/GPv1AUjFQnGthxG4AekK5jNKtJFuWgOgye2ofZVuZ7J2zp4AzxNnRrKlg7c7qvhnpZ15b3VCGgcgNOVEqaZjR9pNiNSMchilW7GCiNA+6ULTUEECUG4yuXiEj4zSwX4oTQmNJ+rPiYQESg0Dz3QGRPfUX28s/uc1Y+0X3YSJKNYg6HSRH3OsQzx+H3eYBKr50BBCJTO3YtojklBtQpqGcF4o5k8dPE++Q6id5Jx87uzSpFFGU6TQPjpEx8hBBVRCZVRBVUSRQPfoET1Zynqwnq2XaeuCNZvZQ79gvX4BcOKUvA==</latexit>

~xP

<latexit sha1_base64="kIN/W6jAnbU9yqMgu4lEf9PE9Rk=">AAAB8nicbVDLSgMxFM34rOOr6lKEYBFclRmttsuCmy4r2AdMh5JJM21oJhmSTLEO/Qw3LhRx61f4Ce5c+SumnQpqPXDhcM693HtPEDOqtON8WEvLK6tr67kNe3Nre2c3v7ffVCKRmDSwYEK2A6QIo5w0NNWMtGNJUBQw0gqGV1O/NSJSUcFv9DgmfoT6nIYUI20krzMiOL2ddOu23c0XnKIzA1wk7pwUqkdvd1ixz3o3/97pCZxEhGvMkFKe68TaT5HUFDMysTuJIjHCQ9QnnqEcRUT56ezkCTwxSg+GQpriGs7UnxMpipQaR4HpjJAeqL/eVPzP8xIdVvyU8jjRhONsUZgwqAWc/g97VBKs2dgQhCU1t0I8QBJhbVLKQrgsV0rnLlwk3yE0z4puqXhxbdKogQw5cAiOwSlwQRlUQQ3UQQNgIMA9eARPlrYerGfrJWtdsuYzB+AXrNcvpDSUzQ==</latexit>

~⇢

<latexit sha1_base64="vcx6fJzkKVfVYl/SW0lP98Jrmrg=">AAAB83icbZBLSwMxFIUz9VXHV9Wlm2ApuCozWm2XBTddVrAP6JSSSTNtaCYZkkyhDEVw696NC6249c+489+Ydiqo9UDg45x7yeX4EaNKO86nlVlb39jcym7bO7t7+we5w6OmErHEpIEFE7LtI0UY5aShqWakHUmCQp+Rlj+6nuetMZGKCn6rJxHphmjAaUAx0sbyvDHBiSeHYmrbvVzeKToLwVVwl5Cv5gsP93ezWb2X+/D6Asch4RozpFTHdSLdTZDUFDMytb1YkQjhERqQjkGOQqK6yeLmKSwYpw8DIc3jGi7cnxsJCpWahL6ZDJEeqr/Z3Pwv68Q6qHQTyqNYE47Tj4KYQS3gvADYp5JgzSYGEJbU3ArxEEmEtakpLeGqXClduHAVvktonhfdUvHyxrRRA6my4AScgjPggjKoghqogwbAIAKP4Bm8WLH1ZL1ab+loxlruHINfst6/AAVVlPE=</latexit>

µ
d2~r

dt2
= ~F12(~r)

<latexit sha1_base64="fyETexfuZOtjvoFDY+qeZufYz7I="></latexit>

Usando e coordenadas polares com centro em S

S

P

procuramos uma solução que é um círculo, a equação de movimento é 

até aqui tudo é exato.

(referencial do centro de massa)

µr✓̇2 =
GNmPMS

r
=) ✓̇ =

s
GNmPMS

µr3

<latexit sha1_base64="7yMhqUJdYMlJoW+fTP1GqRmt/L4="></latexit>



~r = ~xP � ~xS e que mS~xS +mP~xP = 0 temos ~xS =
mP

mS �mP
~r

<latexit sha1_base64="1prkrkJGSg+5/VtIKAqeyAK9vL4="></latexit>



~r = ~xP � ~xS e que mS~xS +mP~xP = 0 temos ~xS =
mP

mS �mP
~r

<latexit sha1_base64="1prkrkJGSg+5/VtIKAqeyAK9vL4="></latexit>

Então o sol descreve uma trajetória circular em torno do centro de massa

Para um observador estacionário o Sol possui uma velocidade radial que depende


do tempo senoidalmente!



~r = ~xP � ~xS e que mS~xS +mP~xP = 0 temos ~xS =
mP

mS �mP
~r

<latexit sha1_base64="1prkrkJGSg+5/VtIKAqeyAK9vL4="></latexit>

Então o sol descreve uma trajetória circular em torno do centro de massa

Para um observador estacionário o Sol possui uma velocidade radial que depende


do tempo senoidalmente!

Como aproveitamos isso?



Com o efeito doppler!

Para a luz:   quando a fonte se aproxima luz muda na direção do azul


                    quando a fonte se afasta a luz desvia para o vermelho

https://www.youtube.com/watch?v=qiq9OGAdUA8&feature=youtu.be



Por exemplo para a estrela Gliese 876 a 15,3 anos luz da terra

A velocidade da estrela com respeito ao CM é

vS = ✓̇rS =

s
GNMSr2S

r3P
=

s
GNm2

P

MSrP

<latexit sha1_base64="2QbzHXLtlst0WYHHvIR82iAQBr4="></latexit>

rS =
MS

mP
rP

<latexit sha1_base64="aC32NYy+K6SI3Pdo7S7sLOgndkA=">AAACAnicbZDLSgMxGIUz9VbrrepK3ASL4KrMaLXdKFVBRBAqtRdohyGTZtrQzIUkI5RhcOM7+ARuXCjiwo1P4c63MZ1WUOuBwOGc/yfJZweMCqnrn1pqanpmdi49n1lYXFpeya6u1YUfckxq2Gc+b9pIEEY9UpNUMtIMOEGuzUjD7p8O+8YN4YL63rUcBMR0UdejDsVIqsjKbnCrCg9h2+EIR5dWNY5cqxJDblWsbE7P64ngpDHGJlc+Oivcvx1fqPmPdsfHoUs8iRkSomXogTQjxCXFjMSZdihIgHAfdUlLWQ+5RJhR8oUYbqukAx2fq+NJmKQ/NyLkCjFwbTXpItkTf7th+F/XCqVTMiPqBaEkHh5d5IQMSh8OecAO5QRLNlAGYU7VWyHuIUVDKmqZBMJBsVTYM+Ck+YZQ380bhfz+laJxAkZKg02wBXaAAYqgDM5BBdQABrfgATyBZ+1Oe9RetNfRaEob76yDX9LevwDzKZmz</latexit>

onde usamos que ✓̇ '

s
GNMS

r3P

<latexit sha1_base64="0OFo8BSX7UuXnlSfj7qRUl/wp64="></latexit>

e
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2.d Energia cinética em diferentes referenciais
• Consideremos um referencial S e o CMR

TS =
1

2

X

j

mj~v
2
j

=
1

2

X

j

mj(~v
0
j + ~vCM ) · (~v 0

j + ~vCM )

=
1

2

X

j

mj

⇥
~v 0 2
j + ~v2CM + 2~v 0

j · ~vCM

⇤

=
1

2

X

j

mj~v
0 2
j +

1

2
(
X

j

mj)~v
2
CM + (

X

j

mj~v
0
j ) · ~vCM

=
1

2

X

j

mj~v
0 2
j +

1

2
M~v2CM

= TCM +
1

2
M~v2CM

<latexit sha1_base64="gySTfayao5ZjeljUmer//jLr/jc="></latexit>

Lembre-se do vídeo da raquete!



3. Conservação de momento linear
Em um sistema, cuja força externa total é nula,  o momento linear total é conservado!

M
d2 ~R

dt2
= ~F ext

total = 0

d

dt

 
M

d~R

dt

!
= 0

d

dt
(M~vCM ) = 0

d

dt

⇣
~PCM

⌘
= 0

d

dt

0

@
X

j

mj~pj

1

A = 0

<latexit sha1_base64="MjzrG1Mx7bZtC2ShNjOGfTXwPqk="></latexit>
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Exemplo 1: massas unidas por mola

• Soltamos o sistema do repouso com a a mola comprimida


• CM inicialmente parado em relação ao plano


• Consideremos que o atrito é nulo
• CM não se move pois a força externa resultante é zero


• CMR coincide com o referencial do plano

~v 0
1 = �m2

m1
~v 0
2

<latexit sha1_base64="IEdv3ExOtgIh6oqHlYemWgMxSNc="></latexit>

T1 =
1

2
m1v

0 2
1 =

1

2

m2
2

m1
v 0 2
2 =

m2

m1
T2

<latexit sha1_base64="11PsGj8IKWzbjfNXNktY6YQZ/us="></latexit>

mesma razão



Exemplo 1: massas unidas por mola

• Soltamos o sistema do repouso com a a mola comprimida


• CM inicialmente parado em relação ao plano


• Consideremos que o atrito é nulo
• CM não se move pois a força externa resultante é zero


• CMR coincide com o referencial do plano

~v 0
1 = �m2

m1
~v 0
2

<latexit sha1_base64="IEdv3ExOtgIh6oqHlYemWgMxSNc="></latexit>

T1 =
1

2
m1v

0 2
1 =

1

2

m2
2

m1
v 0 2
2 =

m2

m1
T2

<latexit sha1_base64="11PsGj8IKWzbjfNXNktY6YQZ/us="></latexit>

mesma razão

Pro lar: em que direção o sistema anda se há atrito?



Exemplo 2: recuo de arma de fogo

https://www.youtube.com/watch?v=mqHKVMrlNZM

CM inicialmente parado com respeito ao solo. Novamente

~v 0
1 = �m2

m1
~v 0
2

<latexit sha1_base64="IEdv3ExOtgIh6oqHlYemWgMxSNc="></latexit>

que leva a vpistola = 1, 5 m/s = 5, 4 km/h

<latexit sha1_base64="PauWQS0TkuVBq4daX0OtcLH1UJs="></latexit>

https://www.youtube.com/watch?v=EL13quhcUMw


