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• O que faremos

8
><

>:

• Part́ıculas idênticas ) Ambiguidade nas medidas;

• Um novo postulado para resolver isso!;

• Operadores de permutação: uma ferramenta eficiente.

• Definição: Duas part́ıculas são idênticas se todas as suas propriedades

intŕınsecas (massa, spin, carga, etc.) são exatamente as mesmas. Ou seja,

Nenhuma experiência pode distinguir uma da outra.

� Consequência da Definição: Quando um sistema f́ısico contém duas part́ıculas

idênticas, não existirá nenhuma mudança em suas propriedades e em sua

evolução temporal, se os papéis dessas duas part́ıculas forem trocados.

� Note que pósitrons são diferentes de elétrons, independentemente das condições

experimentais (mesmo que não se meça a carga, eles nunca podem ser tratados

como part́ıculas idênticas).

• Part́ıculas idênticas em mecânica clássica, onde o futuro do sistema pode ser

conhecido via

8
><

>:

Lagrangeana L(r1,v1; r2,v2),

ou se preferir,

Hamiltoniana ) H(r1,p1; r2,p2),

se conhecemos as condições iniciais do problema

(
r1(t0);v1(t0);

r2(t0);v2(t0).
<latexit sha1_base64="JcAE26p5xqYeWHMswvgQBTmdT+4="></latexit><latexit sha1_base64="JcAE26p5xqYeWHMswvgQBTmdT+4="></latexit><latexit sha1_base64="JcAE26p5xqYeWHMswvgQBTmdT+4="></latexit>
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• Conhecer as condições iniciais e a Lagrangeana (ou se preferir, a Hamiltoniana),

implica conhecer o futuro do sistema:

8
><

>:

r1(t0);v1(t0) ) r1(t);v1(t)

r2(t0);v2(t0) ) r2(t);v2(t)

• Part́ıculas idênticas exigem

8
><

>:

Lagrangeana L(r1,v1; r2,v2)=L(r2,v2; r1,v1)

Hamiltoniana H(r1,p1; r2,p2)=H(r2,p2; r1,p1),

se trocarmos as condições iniciais do problema de

8
><

>:

r1(t0) = r0;v1(t0) = v0;

r2(t0) = r00;v2(t0) = v0
0.

para

8
><

>:

r1(t0) = r00;v1(t0) = v0
0;

r2(t0) = r0;v2(t0) = v0.

)

8
>>><

>>>:

r1(t)| {z }=r2(t)| {z };v1(t)| {z }=v2(t)| {z };

depois, antes, depois, antes da troca.
z }| {
r2(t)=

z }| {
r1(t);

z }| {
v2(t)=

z }| {
v1(t) .

� Ou seja a trajetória da part́ıcula está definida unicamente pela condição inicial:

é como dizer aquela que realizou a trajetória 1 (2) foi a que saiu da posição r0

(r00). Na mecânica clássica podemos “seguir” as part́ıculas, passo a passo, e

sempre saberemos qual é qual.
<latexit sha1_base64="bgjROJ+EXkM9oFw8Op41o4cIh/k="></latexit><latexit sha1_base64="bgjROJ+EXkM9oFw8Op41o4cIh/k="></latexit><latexit sha1_base64="bgjROJ+EXkM9oFw8Op41o4cIh/k="></latexit>
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Aula 23 • E na mecânica quântica? Considere duas part́ıculas idênticas colidindo (via

potencial central V (r), r = |r| = |r1 � r2|), conforme a figura.

• Diferenças claras: (1) Part́ıculas não tem trajetórias; (2) Pacotes separados

em t0 = t0 podem estar misturados em t0 = t. Como saber qual é qual?

• Qual das duas você estaria detectando em D? Note posśıveis trajetórias

(curvas cheias e pontilhadas).
<latexit sha1_base64="jsXyoPSZJlHzf05ueL8ChSYpT14="></latexit><latexit sha1_base64="jsXyoPSZJlHzf05ueL8ChSYpT14="></latexit><latexit sha1_base64="jsXyoPSZJlHzf05ueL8ChSYpT14="></latexit>

Sistema	de	Partículas	Idênticas	na	Mecânica	Quântica		

✓

depois

antesantes

depois

durante

r1
<latexit sha1_base64="gua4+xkElKum6tjxlArsJhCwHMA=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvirHu+9N+tebVvTnwKvELUoMCrX71qzdIaCaZslQQY7q+l9owJ9pyKti00ssMSwkdkyHrOqqIZCbM5wdP8ZlTBjhOtCtl8Vz9PZETacxERq5TEjsyy95M/M/rZja+CnOu0swyRReL4kxgm+DZ93jANaNWTBwhVHN3K6Yjogm1LqOKC8FffnmVBI36dd27u6g1G0UaZTiBUzgHHy6hCbfQggAoSHiGV3hDGr2gd/SxaC2hYuYY/gB9/gC11Y/V</latexit><latexit sha1_base64="gua4+xkElKum6tjxlArsJhCwHMA=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvirHu+9N+tebVvTnwKvELUoMCrX71qzdIaCaZslQQY7q+l9owJ9pyKti00ssMSwkdkyHrOqqIZCbM5wdP8ZlTBjhOtCtl8Vz9PZETacxERq5TEjsyy95M/M/rZja+CnOu0swyRReL4kxgm+DZ93jANaNWTBwhVHN3K6Yjogm1LqOKC8FffnmVBI36dd27u6g1G0UaZTiBUzgHHy6hCbfQggAoSHiGV3hDGr2gd/SxaC2hYuYY/gB9/gC11Y/V</latexit><latexit sha1_base64="gua4+xkElKum6tjxlArsJhCwHMA=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvirHu+9N+tebVvTnwKvELUoMCrX71qzdIaCaZslQQY7q+l9owJ9pyKti00ssMSwkdkyHrOqqIZCbM5wdP8ZlTBjhOtCtl8Vz9PZETacxERq5TEjsyy95M/M/rZja+CnOu0swyRReL4kxgm+DZ93jANaNWTBwhVHN3K6Yjogm1LqOKC8FffnmVBI36dd27u6g1G0UaZTiBUzgHHy6hCbfQggAoSHiGV3hDGr2gd/SxaC2hYuYY/gB9/gC11Y/V</latexit>

r2
<latexit sha1_base64="E+xY73cMENr2LcXSkLeB+oQpsaM=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvirHuN6b9as2re3PgVeIXpAYFWv3qV2+Q0EwyZakgxnR9L7VhTrTlVLBppZcZlhI6JkPWdVQRyUyYzw+e4jOnDHCcaFfK4rn6eyIn0piJjFynJHZklr2Z+J/XzWx8FeZcpZllii4WxZnANsGz7/GAa0atmDhCqObuVkxHRBNqXUYVF4K//PIqCRr167p3d1FrNoo0ynACp3AOPlxCE26hBQFQkPAMr/CGNHpB7+hj0VpCxcwx/AH6/AG3WY/W</latexit><latexit sha1_base64="E+xY73cMENr2LcXSkLeB+oQpsaM=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvirHuN6b9as2re3PgVeIXpAYFWv3qV2+Q0EwyZakgxnR9L7VhTrTlVLBppZcZlhI6JkPWdVQRyUyYzw+e4jOnDHCcaFfK4rn6eyIn0piJjFynJHZklr2Z+J/XzWx8FeZcpZllii4WxZnANsGz7/GAa0atmDhCqObuVkxHRBNqXUYVF4K//PIqCRr167p3d1FrNoo0ynACp3AOPlxCE26hBQFQkPAMr/CGNHpB7+hj0VpCxcwx/AH6/AG3WY/W</latexit><latexit sha1_base64="E+xY73cMENr2LcXSkLeB+oQpsaM=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvirHuN6b9as2re3PgVeIXpAYFWv3qV2+Q0EwyZakgxnR9L7VhTrTlVLBppZcZlhI6JkPWdVQRyUyYzw+e4jOnDHCcaFfK4rn6eyIn0piJjFynJHZklr2Z+J/XzWx8FeZcpZllii4WxZnANsGz7/GAa0atmDhCqObuVkxHRBNqXUYVF4K//PIqCRr167p3d1FrNoo0ynACp3AOPlxCE26hBQFQkPAMr/CGNHpB7+hj0VpCxcwx/AH6/AG3WY/W</latexit>

p1
<latexit sha1_base64="4TU+LdWbhaDHLfk0+kwJD0FoxyM=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHa96f9as2re3PgVeIXpAYFWv3qV2+Q0EwyZakgxnR9L7VhTrTlVLBppZcZlhI6JkPWdVQRyUyYzw+e4jOnDHCcaFfK4rn6eyIn0piJjFynJHZklr2Z+J/XzWx8FeZcpZllii4WxZnANsGz7/GAa0atmDhCqObuVkxHRBNqXUYVF4K//PIqCRr167p3d1FrNoo0ynACp3AOPlxCE26hBQFQkPAMr/CGNHpB7+hj0VpCxcwx/AH6/AGyyY/T</latexit><latexit sha1_base64="4TU+LdWbhaDHLfk0+kwJD0FoxyM=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHa96f9as2re3PgVeIXpAYFWv3qV2+Q0EwyZakgxnR9L7VhTrTlVLBppZcZlhI6JkPWdVQRyUyYzw+e4jOnDHCcaFfK4rn6eyIn0piJjFynJHZklr2Z+J/XzWx8FeZcpZllii4WxZnANsGz7/GAa0atmDhCqObuVkxHRBNqXUYVF4K//PIqCRr167p3d1FrNoo0ynACp3AOPlxCE26hBQFQkPAMr/CGNHpB7+hj0VpCxcwx/AH6/AGyyY/T</latexit><latexit sha1_base64="4TU+LdWbhaDHLfk0+kwJD0FoxyM=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHa96f9as2re3PgVeIXpAYFWv3qV2+Q0EwyZakgxnR9L7VhTrTlVLBppZcZlhI6JkPWdVQRyUyYzw+e4jOnDHCcaFfK4rn6eyIn0piJjFynJHZklr2Z+J/XzWx8FeZcpZllii4WxZnANsGz7/GAa0atmDhCqObuVkxHRBNqXUYVF4K//PIqCRr167p3d1FrNoo0ynACp3AOPlxCE26hBQFQkPAMr/CGNHpB7+hj0VpCxcwx/AH6/AGyyY/T</latexit>

p2
<latexit sha1_base64="r0gfJgv6LT4VBGP3t/YebdCRv84=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHab0z71ZpX9+bAq8QvSA0KtPrVr94goZlkylJBjOn6XmrDnGjLqWDTSi8zLCV0TIas66gikpkwnx88xWdOGeA40a6UxXP190ROpDETGblOSezILHsz8T+vm9n4Ksy5SjPLFF0sijOBbYJn3+MB14xaMXGEUM3drZiOiCbUuowqLgR/+eVVEjTq13Xv7qLWbBRplOEETuEcfLiEJtxCCwKgIOEZXuENafSC3tHHorWEiplj+AP0+QO0TY/U</latexit><latexit sha1_base64="r0gfJgv6LT4VBGP3t/YebdCRv84=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHab0z71ZpX9+bAq8QvSA0KtPrVr94goZlkylJBjOn6XmrDnGjLqWDTSi8zLCV0TIas66gikpkwnx88xWdOGeA40a6UxXP190ROpDETGblOSezILHsz8T+vm9n4Ksy5SjPLFF0sijOBbYJn3+MB14xaMXGEUM3drZiOiCbUuowqLgR/+eVVEjTq13Xv7qLWbBRplOEETuEcfLiEJtxCCwKgIOEZXuENafSC3tHHorWEiplj+AP0+QO0TY/U</latexit><latexit sha1_base64="r0gfJgv6LT4VBGP3t/YebdCRv84=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHab0z71ZpX9+bAq8QvSA0KtPrVr94goZlkylJBjOn6XmrDnGjLqWDTSi8zLCV0TIas66gikpkwnx88xWdOGeA40a6UxXP190ROpDETGblOSezILHsz8T+vm9n4Ksy5SjPLFF0sijOBbYJn3+MB14xaMXGEUM3drZiOiCbUuowqLgR/+eVVEjTq13Xv7qLWbBRplOEETuEcfLiEJtxCCwKgIOEZXuENafSC3tHHorWEiplj+AP0+QO0TY/U</latexit>

p0
1(p

0
2)

<latexit sha1_base64="T3Q95+EcShvrALWH7vvAPEyc9aQ=">AAAB+XicbVBNS8NAEJ34WetXqkcvi0Wsl5IUQb0VvHisYGyhDWGz3bRLN5uwu1FK7E/x4kHFq//Em//GbZuDtj6Y4fHeDDv7wpQzpR3n21pZXVvf2Cxtlbd3dvf27crBvUoySahHEp7ITogV5UxQTzPNaSeVFMchp+1wdD312w9UKpaIOz1OqR/jgWARI1gbKbAreS+MUHoauKhmeuNsEthVp+7MgJaJW5AqFGgF9levn5AspkITjpXquk6q/RxLzQink3IvUzTFZIQHtGuowDFVfj47fYJOjNJHUSJNCY1m6u+NHMdKjePQTMZYD9WiNxX/87qZji79nIk001SQ+UNRxpFO0DQH1GeSEs3HhmAimbkVkSGWmGiTVtmE4C5+eZl4jfpV3bk9rzYbRRolOIJjqIELF9CEG2iBBwQe4Rle4c16sl6sd+tjPrpiFTuH8AfW5w8VLJIU</latexit><latexit sha1_base64="T3Q95+EcShvrALWH7vvAPEyc9aQ=">AAAB+XicbVBNS8NAEJ34WetXqkcvi0Wsl5IUQb0VvHisYGyhDWGz3bRLN5uwu1FK7E/x4kHFq//Em//GbZuDtj6Y4fHeDDv7wpQzpR3n21pZXVvf2Cxtlbd3dvf27crBvUoySahHEp7ITogV5UxQTzPNaSeVFMchp+1wdD312w9UKpaIOz1OqR/jgWARI1gbKbAreS+MUHoauKhmeuNsEthVp+7MgJaJW5AqFGgF9levn5AspkITjpXquk6q/RxLzQink3IvUzTFZIQHtGuowDFVfj47fYJOjNJHUSJNCY1m6u+NHMdKjePQTMZYD9WiNxX/87qZji79nIk001SQ+UNRxpFO0DQH1GeSEs3HhmAimbkVkSGWmGiTVtmE4C5+eZl4jfpV3bk9rzYbRRolOIJjqIELF9CEG2iBBwQe4Rle4c16sl6sd+tjPrpiFTuH8AfW5w8VLJIU</latexit><latexit sha1_base64="T3Q95+EcShvrALWH7vvAPEyc9aQ=">AAAB+XicbVBNS8NAEJ34WetXqkcvi0Wsl5IUQb0VvHisYGyhDWGz3bRLN5uwu1FK7E/x4kHFq//Em//GbZuDtj6Y4fHeDDv7wpQzpR3n21pZXVvf2Cxtlbd3dvf27crBvUoySahHEp7ITogV5UxQTzPNaSeVFMchp+1wdD312w9UKpaIOz1OqR/jgWARI1gbKbAreS+MUHoauKhmeuNsEthVp+7MgJaJW5AqFGgF9levn5AspkITjpXquk6q/RxLzQink3IvUzTFZIQHtGuowDFVfj47fYJOjNJHUSJNCY1m6u+NHMdKjePQTMZYD9WiNxX/87qZji79nIk001SQ+UNRxpFO0DQH1GeSEs3HhmAimbkVkSGWmGiTVtmE4C5+eZl4jfpV3bk9rzYbRRolOIJjqIELF9CEG2iBBwQe4Rle4c16sl6sd+tjPrpiFTuH8AfW5w8VLJIU</latexit>

p0
2(p

0
1)

<latexit sha1_base64="ermAc88qyaU5Kk82PWyr/CAFdrs=">AAAB+XicbVBNS8NAEJ34WetXqkcvi0Wsl5IUQb0VvHisYGyhDWGz3bRLN5uwu1FK7E/x4kHFq//Em//GbZuDtj6Y4fHeDDv7wpQzpR3n21pZXVvf2Cxtlbd3dvf27crBvUoySahHEp7ITogV5UxQTzPNaSeVFMchp+1wdD312w9UKpaIOz1OqR/jgWARI1gbKbAreS+MUHoaNFDNdPdsEthVp+7MgJaJW5AqFGgF9levn5AspkITjpXquk6q/RxLzQink3IvUzTFZIQHtGuowDFVfj47fYJOjNJHUSJNCY1m6u+NHMdKjePQTMZYD9WiNxX/87qZji79nIk001SQ+UNRxpFO0DQH1GeSEs3HhmAimbkVkSGWmGiTVtmE4C5+eZl4jfpV3bk9rzYbRRolOIJjqIELF9CEG2iBBwQe4Rle4c16sl6sd+tjPrpiFTuH8AfW5w8VMpIU</latexit><latexit sha1_base64="ermAc88qyaU5Kk82PWyr/CAFdrs=">AAAB+XicbVBNS8NAEJ34WetXqkcvi0Wsl5IUQb0VvHisYGyhDWGz3bRLN5uwu1FK7E/x4kHFq//Em//GbZuDtj6Y4fHeDDv7wpQzpR3n21pZXVvf2Cxtlbd3dvf27crBvUoySahHEp7ITogV5UxQTzPNaSeVFMchp+1wdD312w9UKpaIOz1OqR/jgWARI1gbKbAreS+MUHoaNFDNdPdsEthVp+7MgJaJW5AqFGgF9levn5AspkITjpXquk6q/RxLzQink3IvUzTFZIQHtGuowDFVfj47fYJOjNJHUSJNCY1m6u+NHMdKjePQTMZYD9WiNxX/87qZji79nIk001SQ+UNRxpFO0DQH1GeSEs3HhmAimbkVkSGWmGiTVtmE4C5+eZl4jfpV3bk9rzYbRRolOIJjqIELF9CEG2iBBwQe4Rle4c16sl6sd+tjPrpiFTuH8AfW5w8VMpIU</latexit><latexit sha1_base64="ermAc88qyaU5Kk82PWyr/CAFdrs=">AAAB+XicbVBNS8NAEJ34WetXqkcvi0Wsl5IUQb0VvHisYGyhDWGz3bRLN5uwu1FK7E/x4kHFq//Em//GbZuDtj6Y4fHeDDv7wpQzpR3n21pZXVvf2Cxtlbd3dvf27crBvUoySahHEp7ITogV5UxQTzPNaSeVFMchp+1wdD312w9UKpaIOz1OqR/jgWARI1gbKbAreS+MUHoaNFDNdPdsEthVp+7MgJaJW5AqFGgF9levn5AspkITjpXquk6q/RxLzQink3IvUzTFZIQHtGuowDFVfj47fYJOjNJHUSJNCY1m6u+NHMdKjePQTMZYD9WiNxX/87qZji79nIk001SQ+UNRxpFO0DQH1GeSEs3HhmAimbkVkSGWmGiTVtmE4C5+eZl4jfpV3bk9rzYbRRolOIJjqIELF9CEG2iBBwQe4Rle4c16sl6sd+tjPrpiFTuH8AfW5w8VMpIU</latexit>

p1
<latexit sha1_base64="4TU+LdWbhaDHLfk0+kwJD0FoxyM=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHa96f9as2re3PgVeIXpAYFWv3qV2+Q0EwyZakgxnR9L7VhTrTlVLBppZcZlhI6JkPWdVQRyUyYzw+e4jOnDHCcaFfK4rn6eyIn0piJjFynJHZklr2Z+J/XzWx8FeZcpZllii4WxZnANsGz7/GAa0atmDhCqObuVkxHRBNqXUYVF4K//PIqCRr167p3d1FrNoo0ynACp3AOPlxCE26hBQFQkPAMr/CGNHpB7+hj0VpCxcwx/AH6/AGyyY/T</latexit><latexit sha1_base64="4TU+LdWbhaDHLfk0+kwJD0FoxyM=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHa96f9as2re3PgVeIXpAYFWv3qV2+Q0EwyZakgxnR9L7VhTrTlVLBppZcZlhI6JkPWdVQRyUyYzw+e4jOnDHCcaFfK4rn6eyIn0piJjFynJHZklr2Z+J/XzWx8FeZcpZllii4WxZnANsGz7/GAa0atmDhCqObuVkxHRBNqXUYVF4K//PIqCRr167p3d1FrNoo0ynACp3AOPlxCE26hBQFQkPAMr/CGNHpB7+hj0VpCxcwx/AH6/AGyyY/T</latexit><latexit sha1_base64="4TU+LdWbhaDHLfk0+kwJD0FoxyM=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHa96f9as2re3PgVeIXpAYFWv3qV2+Q0EwyZakgxnR9L7VhTrTlVLBppZcZlhI6JkPWdVQRyUyYzw+e4jOnDHCcaFfK4rn6eyIn0piJjFynJHZklr2Z+J/XzWx8FeZcpZllii4WxZnANsGz7/GAa0atmDhCqObuVkxHRBNqXUYVF4K//PIqCRr167p3d1FrNoo0ynACp3AOPlxCE26hBQFQkPAMr/CGNHpB7+hj0VpCxcwx/AH6/AGyyY/T</latexit>

p2
<latexit sha1_base64="r0gfJgv6LT4VBGP3t/YebdCRv84=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHab0z71ZpX9+bAq8QvSA0KtPrVr94goZlkylJBjOn6XmrDnGjLqWDTSi8zLCV0TIas66gikpkwnx88xWdOGeA40a6UxXP190ROpDETGblOSezILHsz8T+vm9n4Ksy5SjPLFF0sijOBbYJn3+MB14xaMXGEUM3drZiOiCbUuowqLgR/+eVVEjTq13Xv7qLWbBRplOEETuEcfLiEJtxCCwKgIOEZXuENafSC3tHHorWEiplj+AP0+QO0TY/U</latexit><latexit sha1_base64="r0gfJgv6LT4VBGP3t/YebdCRv84=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHab0z71ZpX9+bAq8QvSA0KtPrVr94goZlkylJBjOn6XmrDnGjLqWDTSi8zLCV0TIas66gikpkwnx88xWdOGeA40a6UxXP190ROpDETGblOSezILHsz8T+vm9n4Ksy5SjPLFF0sijOBbYJn3+MB14xaMXGEUM3drZiOiCbUuowqLgR/+eVVEjTq13Xv7qLWbBRplOEETuEcfLiEJtxCCwKgIOEZXuENafSC3tHHorWEiplj+AP0+QO0TY/U</latexit><latexit sha1_base64="r0gfJgv6LT4VBGP3t/YebdCRv84=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHab0z71ZpX9+bAq8QvSA0KtPrVr94goZlkylJBjOn6XmrDnGjLqWDTSi8zLCV0TIas66gikpkwnx88xWdOGeA40a6UxXP190ROpDETGblOSezILHsz8T+vm9n4Ksy5SjPLFF0sijOBbYJn3+MB14xaMXGEUM3drZiOiCbUuowqLgR/+eVVEjTq13Xv7qLWbBRplOEETuEcfLiEJtxCCwKgIOEZXuENafSC3tHHorWEiplj+AP0+QO0TY/U</latexit>

D 



4 MAPLima 

F789 
Aula 23 • Faça uma medida em D (a outra deve estar andando em direção oposta por

conservação de momento).

Representação esquemática, conforme a figura.

• Duas situações clássicas distintas (trajetórias pontilhadas e cheias) estão

associadas à um único estado f́ısico (a quântica mistura essas situações).

É imposśıvel imaginar uma experiência mais completa que pudesse

distinguir as duas part́ıculas. Origem da degenerescência de troca.
<latexit sha1_base64="Mb96Oo1lQ2D4BCttnBpIOeCnoUc="></latexit><latexit sha1_base64="Mb96Oo1lQ2D4BCttnBpIOeCnoUc="></latexit><latexit sha1_base64="Mb96Oo1lQ2D4BCttnBpIOeCnoUc="></latexit>

Sistema	de	Partículas	Idênticas	na	Mecânica	Quântica		

✓

depois

antesantes

depois

r1
<latexit sha1_base64="gua4+xkElKum6tjxlArsJhCwHMA=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvirHu+9N+tebVvTnwKvELUoMCrX71qzdIaCaZslQQY7q+l9owJ9pyKti00ssMSwkdkyHrOqqIZCbM5wdP8ZlTBjhOtCtl8Vz9PZETacxERq5TEjsyy95M/M/rZja+CnOu0swyRReL4kxgm+DZ93jANaNWTBwhVHN3K6Yjogm1LqOKC8FffnmVBI36dd27u6g1G0UaZTiBUzgHHy6hCbfQggAoSHiGV3hDGr2gd/SxaC2hYuYY/gB9/gC11Y/V</latexit><latexit sha1_base64="gua4+xkElKum6tjxlArsJhCwHMA=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvirHu+9N+tebVvTnwKvELUoMCrX71qzdIaCaZslQQY7q+l9owJ9pyKti00ssMSwkdkyHrOqqIZCbM5wdP8ZlTBjhOtCtl8Vz9PZETacxERq5TEjsyy95M/M/rZja+CnOu0swyRReL4kxgm+DZ93jANaNWTBwhVHN3K6Yjogm1LqOKC8FffnmVBI36dd27u6g1G0UaZTiBUzgHHy6hCbfQggAoSHiGV3hDGr2gd/SxaC2hYuYY/gB9/gC11Y/V</latexit><latexit sha1_base64="gua4+xkElKum6tjxlArsJhCwHMA=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvirHu+9N+tebVvTnwKvELUoMCrX71qzdIaCaZslQQY7q+l9owJ9pyKti00ssMSwkdkyHrOqqIZCbM5wdP8ZlTBjhOtCtl8Vz9PZETacxERq5TEjsyy95M/M/rZja+CnOu0swyRReL4kxgm+DZ93jANaNWTBwhVHN3K6Yjogm1LqOKC8FffnmVBI36dd27u6g1G0UaZTiBUzgHHy6hCbfQggAoSHiGV3hDGr2gd/SxaC2hYuYY/gB9/gC11Y/V</latexit>

r2
<latexit sha1_base64="E+xY73cMENr2LcXSkLeB+oQpsaM=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvirHuN6b9as2re3PgVeIXpAYFWv3qV2+Q0EwyZakgxnR9L7VhTrTlVLBppZcZlhI6JkPWdVQRyUyYzw+e4jOnDHCcaFfK4rn6eyIn0piJjFynJHZklr2Z+J/XzWx8FeZcpZllii4WxZnANsGz7/GAa0atmDhCqObuVkxHRBNqXUYVF4K//PIqCRr167p3d1FrNoo0ynACp3AOPlxCE26hBQFQkPAMr/CGNHpB7+hj0VpCxcwx/AH6/AG3WY/W</latexit><latexit sha1_base64="E+xY73cMENr2LcXSkLeB+oQpsaM=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvirHuN6b9as2re3PgVeIXpAYFWv3qV2+Q0EwyZakgxnR9L7VhTrTlVLBppZcZlhI6JkPWdVQRyUyYzw+e4jOnDHCcaFfK4rn6eyIn0piJjFynJHZklr2Z+J/XzWx8FeZcpZllii4WxZnANsGz7/GAa0atmDhCqObuVkxHRBNqXUYVF4K//PIqCRr167p3d1FrNoo0ynACp3AOPlxCE26hBQFQkPAMr/CGNHpB7+hj0VpCxcwx/AH6/AG3WY/W</latexit><latexit sha1_base64="E+xY73cMENr2LcXSkLeB+oQpsaM=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvirHuN6b9as2re3PgVeIXpAYFWv3qV2+Q0EwyZakgxnR9L7VhTrTlVLBppZcZlhI6JkPWdVQRyUyYzw+e4jOnDHCcaFfK4rn6eyIn0piJjFynJHZklr2Z+J/XzWx8FeZcpZllii4WxZnANsGz7/GAa0atmDhCqObuVkxHRBNqXUYVF4K//PIqCRr167p3d1FrNoo0ynACp3AOPlxCE26hBQFQkPAMr/CGNHpB7+hj0VpCxcwx/AH6/AG3WY/W</latexit>

p1
<latexit sha1_base64="4TU+LdWbhaDHLfk0+kwJD0FoxyM=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHa96f9as2re3PgVeIXpAYFWv3qV2+Q0EwyZakgxnR9L7VhTrTlVLBppZcZlhI6JkPWdVQRyUyYzw+e4jOnDHCcaFfK4rn6eyIn0piJjFynJHZklr2Z+J/XzWx8FeZcpZllii4WxZnANsGz7/GAa0atmDhCqObuVkxHRBNqXUYVF4K//PIqCRr167p3d1FrNoo0ynACp3AOPlxCE26hBQFQkPAMr/CGNHpB7+hj0VpCxcwx/AH6/AGyyY/T</latexit><latexit sha1_base64="4TU+LdWbhaDHLfk0+kwJD0FoxyM=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHa96f9as2re3PgVeIXpAYFWv3qV2+Q0EwyZakgxnR9L7VhTrTlVLBppZcZlhI6JkPWdVQRyUyYzw+e4jOnDHCcaFfK4rn6eyIn0piJjFynJHZklr2Z+J/XzWx8FeZcpZllii4WxZnANsGz7/GAa0atmDhCqObuVkxHRBNqXUYVF4K//PIqCRr167p3d1FrNoo0ynACp3AOPlxCE26hBQFQkPAMr/CGNHpB7+hj0VpCxcwx/AH6/AGyyY/T</latexit><latexit sha1_base64="4TU+LdWbhaDHLfk0+kwJD0FoxyM=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHa96f9as2re3PgVeIXpAYFWv3qV2+Q0EwyZakgxnR9L7VhTrTlVLBppZcZlhI6JkPWdVQRyUyYzw+e4jOnDHCcaFfK4rn6eyIn0piJjFynJHZklr2Z+J/XzWx8FeZcpZllii4WxZnANsGz7/GAa0atmDhCqObuVkxHRBNqXUYVF4K//PIqCRr167p3d1FrNoo0ynACp3AOPlxCE26hBQFQkPAMr/CGNHpB7+hj0VpCxcwx/AH6/AGyyY/T</latexit>

p2
<latexit sha1_base64="r0gfJgv6LT4VBGP3t/YebdCRv84=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHab0z71ZpX9+bAq8QvSA0KtPrVr94goZlkylJBjOn6XmrDnGjLqWDTSi8zLCV0TIas66gikpkwnx88xWdOGeA40a6UxXP190ROpDETGblOSezILHsz8T+vm9n4Ksy5SjPLFF0sijOBbYJn3+MB14xaMXGEUM3drZiOiCbUuowqLgR/+eVVEjTq13Xv7qLWbBRplOEETuEcfLiEJtxCCwKgIOEZXuENafSC3tHHorWEiplj+AP0+QO0TY/U</latexit><latexit sha1_base64="r0gfJgv6LT4VBGP3t/YebdCRv84=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHab0z71ZpX9+bAq8QvSA0KtPrVr94goZlkylJBjOn6XmrDnGjLqWDTSi8zLCV0TIas66gikpkwnx88xWdOGeA40a6UxXP190ROpDETGblOSezILHsz8T+vm9n4Ksy5SjPLFF0sijOBbYJn3+MB14xaMXGEUM3drZiOiCbUuowqLgR/+eVVEjTq13Xv7qLWbBRplOEETuEcfLiEJtxCCwKgIOEZXuENafSC3tHHorWEiplj+AP0+QO0TY/U</latexit><latexit sha1_base64="r0gfJgv6LT4VBGP3t/YebdCRv84=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHab0z71ZpX9+bAq8QvSA0KtPrVr94goZlkylJBjOn6XmrDnGjLqWDTSi8zLCV0TIas66gikpkwnx88xWdOGeA40a6UxXP190ROpDETGblOSezILHsz8T+vm9n4Ksy5SjPLFF0sijOBbYJn3+MB14xaMXGEUM3drZiOiCbUuowqLgR/+eVVEjTq13Xv7qLWbBRplOEETuEcfLiEJtxCCwKgIOEZXuENafSC3tHHorWEiplj+AP0+QO0TY/U</latexit>

p0
1(p

0
2)

<latexit sha1_base64="T3Q95+EcShvrALWH7vvAPEyc9aQ=">AAAB+XicbVBNS8NAEJ34WetXqkcvi0Wsl5IUQb0VvHisYGyhDWGz3bRLN5uwu1FK7E/x4kHFq//Em//GbZuDtj6Y4fHeDDv7wpQzpR3n21pZXVvf2Cxtlbd3dvf27crBvUoySahHEp7ITogV5UxQTzPNaSeVFMchp+1wdD312w9UKpaIOz1OqR/jgWARI1gbKbAreS+MUHoauKhmeuNsEthVp+7MgJaJW5AqFGgF9levn5AspkITjpXquk6q/RxLzQink3IvUzTFZIQHtGuowDFVfj47fYJOjNJHUSJNCY1m6u+NHMdKjePQTMZYD9WiNxX/87qZji79nIk001SQ+UNRxpFO0DQH1GeSEs3HhmAimbkVkSGWmGiTVtmE4C5+eZl4jfpV3bk9rzYbRRolOIJjqIELF9CEG2iBBwQe4Rle4c16sl6sd+tjPrpiFTuH8AfW5w8VLJIU</latexit><latexit sha1_base64="T3Q95+EcShvrALWH7vvAPEyc9aQ=">AAAB+XicbVBNS8NAEJ34WetXqkcvi0Wsl5IUQb0VvHisYGyhDWGz3bRLN5uwu1FK7E/x4kHFq//Em//GbZuDtj6Y4fHeDDv7wpQzpR3n21pZXVvf2Cxtlbd3dvf27crBvUoySahHEp7ITogV5UxQTzPNaSeVFMchp+1wdD312w9UKpaIOz1OqR/jgWARI1gbKbAreS+MUHoauKhmeuNsEthVp+7MgJaJW5AqFGgF9levn5AspkITjpXquk6q/RxLzQink3IvUzTFZIQHtGuowDFVfj47fYJOjNJHUSJNCY1m6u+NHMdKjePQTMZYD9WiNxX/87qZji79nIk001SQ+UNRxpFO0DQH1GeSEs3HhmAimbkVkSGWmGiTVtmE4C5+eZl4jfpV3bk9rzYbRRolOIJjqIELF9CEG2iBBwQe4Rle4c16sl6sd+tjPrpiFTuH8AfW5w8VLJIU</latexit><latexit sha1_base64="T3Q95+EcShvrALWH7vvAPEyc9aQ=">AAAB+XicbVBNS8NAEJ34WetXqkcvi0Wsl5IUQb0VvHisYGyhDWGz3bRLN5uwu1FK7E/x4kHFq//Em//GbZuDtj6Y4fHeDDv7wpQzpR3n21pZXVvf2Cxtlbd3dvf27crBvUoySahHEp7ITogV5UxQTzPNaSeVFMchp+1wdD312w9UKpaIOz1OqR/jgWARI1gbKbAreS+MUHoauKhmeuNsEthVp+7MgJaJW5AqFGgF9levn5AspkITjpXquk6q/RxLzQink3IvUzTFZIQHtGuowDFVfj47fYJOjNJHUSJNCY1m6u+NHMdKjePQTMZYD9WiNxX/87qZji79nIk001SQ+UNRxpFO0DQH1GeSEs3HhmAimbkVkSGWmGiTVtmE4C5+eZl4jfpV3bk9rzYbRRolOIJjqIELF9CEG2iBBwQe4Rle4c16sl6sd+tjPrpiFTuH8AfW5w8VLJIU</latexit>

p0
2(p

0
1)

<latexit sha1_base64="ermAc88qyaU5Kk82PWyr/CAFdrs=">AAAB+XicbVBNS8NAEJ34WetXqkcvi0Wsl5IUQb0VvHisYGyhDWGz3bRLN5uwu1FK7E/x4kHFq//Em//GbZuDtj6Y4fHeDDv7wpQzpR3n21pZXVvf2Cxtlbd3dvf27crBvUoySahHEp7ITogV5UxQTzPNaSeVFMchp+1wdD312w9UKpaIOz1OqR/jgWARI1gbKbAreS+MUHoaNFDNdPdsEthVp+7MgJaJW5AqFGgF9levn5AspkITjpXquk6q/RxLzQink3IvUzTFZIQHtGuowDFVfj47fYJOjNJHUSJNCY1m6u+NHMdKjePQTMZYD9WiNxX/87qZji79nIk001SQ+UNRxpFO0DQH1GeSEs3HhmAimbkVkSGWmGiTVtmE4C5+eZl4jfpV3bk9rzYbRRolOIJjqIELF9CEG2iBBwQe4Rle4c16sl6sd+tjPrpiFTuH8AfW5w8VMpIU</latexit><latexit sha1_base64="ermAc88qyaU5Kk82PWyr/CAFdrs=">AAAB+XicbVBNS8NAEJ34WetXqkcvi0Wsl5IUQb0VvHisYGyhDWGz3bRLN5uwu1FK7E/x4kHFq//Em//GbZuDtj6Y4fHeDDv7wpQzpR3n21pZXVvf2Cxtlbd3dvf27crBvUoySahHEp7ITogV5UxQTzPNaSeVFMchp+1wdD312w9UKpaIOz1OqR/jgWARI1gbKbAreS+MUHoaNFDNdPdsEthVp+7MgJaJW5AqFGgF9levn5AspkITjpXquk6q/RxLzQink3IvUzTFZIQHtGuowDFVfj47fYJOjNJHUSJNCY1m6u+NHMdKjePQTMZYD9WiNxX/87qZji79nIk001SQ+UNRxpFO0DQH1GeSEs3HhmAimbkVkSGWmGiTVtmE4C5+eZl4jfpV3bk9rzYbRRolOIJjqIELF9CEG2iBBwQe4Rle4c16sl6sd+tjPrpiFTuH8AfW5w8VMpIU</latexit><latexit sha1_base64="ermAc88qyaU5Kk82PWyr/CAFdrs=">AAAB+XicbVBNS8NAEJ34WetXqkcvi0Wsl5IUQb0VvHisYGyhDWGz3bRLN5uwu1FK7E/x4kHFq//Em//GbZuDtj6Y4fHeDDv7wpQzpR3n21pZXVvf2Cxtlbd3dvf27crBvUoySahHEp7ITogV5UxQTzPNaSeVFMchp+1wdD312w9UKpaIOz1OqR/jgWARI1gbKbAreS+MUHoaNFDNdPdsEthVp+7MgJaJW5AqFGgF9levn5AspkITjpXquk6q/RxLzQink3IvUzTFZIQHtGuowDFVfj47fYJOjNJHUSJNCY1m6u+NHMdKjePQTMZYD9WiNxX/87qZji79nIk001SQ+UNRxpFO0DQH1GeSEs3HhmAimbkVkSGWmGiTVtmE4C5+eZl4jfpV3bk9rzYbRRolOIJjqIELF9CEG2iBBwQe4Rle4c16sl6sd+tjPrpiFTuH8AfW5w8VMpIU</latexit>

p1
<latexit sha1_base64="4TU+LdWbhaDHLfk0+kwJD0FoxyM=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHa96f9as2re3PgVeIXpAYFWv3qV2+Q0EwyZakgxnR9L7VhTrTlVLBppZcZlhI6JkPWdVQRyUyYzw+e4jOnDHCcaFfK4rn6eyIn0piJjFynJHZklr2Z+J/XzWx8FeZcpZllii4WxZnANsGz7/GAa0atmDhCqObuVkxHRBNqXUYVF4K//PIqCRr167p3d1FrNoo0ynACp3AOPlxCE26hBQFQkPAMr/CGNHpB7+hj0VpCxcwx/AH6/AGyyY/T</latexit><latexit sha1_base64="4TU+LdWbhaDHLfk0+kwJD0FoxyM=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHa96f9as2re3PgVeIXpAYFWv3qV2+Q0EwyZakgxnR9L7VhTrTlVLBppZcZlhI6JkPWdVQRyUyYzw+e4jOnDHCcaFfK4rn6eyIn0piJjFynJHZklr2Z+J/XzWx8FeZcpZllii4WxZnANsGz7/GAa0atmDhCqObuVkxHRBNqXUYVF4K//PIqCRr167p3d1FrNoo0ynACp3AOPlxCE26hBQFQkPAMr/CGNHpB7+hj0VpCxcwx/AH6/AGyyY/T</latexit><latexit sha1_base64="4TU+LdWbhaDHLfk0+kwJD0FoxyM=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHa96f9as2re3PgVeIXpAYFWv3qV2+Q0EwyZakgxnR9L7VhTrTlVLBppZcZlhI6JkPWdVQRyUyYzw+e4jOnDHCcaFfK4rn6eyIn0piJjFynJHZklr2Z+J/XzWx8FeZcpZllii4WxZnANsGz7/GAa0atmDhCqObuVkxHRBNqXUYVF4K//PIqCRr167p3d1FrNoo0ynACp3AOPlxCE26hBQFQkPAMr/CGNHpB7+hj0VpCxcwx/AH6/AGyyY/T</latexit>

p2
<latexit sha1_base64="r0gfJgv6LT4VBGP3t/YebdCRv84=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHab0z71ZpX9+bAq8QvSA0KtPrVr94goZlkylJBjOn6XmrDnGjLqWDTSi8zLCV0TIas66gikpkwnx88xWdOGeA40a6UxXP190ROpDETGblOSezILHsz8T+vm9n4Ksy5SjPLFF0sijOBbYJn3+MB14xaMXGEUM3drZiOiCbUuowqLgR/+eVVEjTq13Xv7qLWbBRplOEETuEcfLiEJtxCCwKgIOEZXuENafSC3tHHorWEiplj+AP0+QO0TY/U</latexit><latexit sha1_base64="r0gfJgv6LT4VBGP3t/YebdCRv84=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHab0z71ZpX9+bAq8QvSA0KtPrVr94goZlkylJBjOn6XmrDnGjLqWDTSi8zLCV0TIas66gikpkwnx88xWdOGeA40a6UxXP190ROpDETGblOSezILHsz8T+vm9n4Ksy5SjPLFF0sijOBbYJn3+MB14xaMXGEUM3drZiOiCbUuowqLgR/+eVVEjTq13Xv7qLWbBRplOEETuEcfLiEJtxCCwKgIOEZXuENafSC3tHHorWEiplj+AP0+QO0TY/U</latexit><latexit sha1_base64="r0gfJgv6LT4VBGP3t/YebdCRv84=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQb0VvHis4NpKu5Rsmm1Dk+ySZIWy9Fd48aDi1b/jzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTx6MEmmKQtoIhLdiYhhgisWWG4F66SaERkJ1o7GNzO//cS04Ym6t5OUhZIMFY85JdZJj3kvinHab0z71ZpX9+bAq8QvSA0KtPrVr94goZlkylJBjOn6XmrDnGjLqWDTSi8zLCV0TIas66gikpkwnx88xWdOGeA40a6UxXP190ROpDETGblOSezILHsz8T+vm9n4Ksy5SjPLFF0sijOBbYJn3+MB14xaMXGEUM3drZiOiCbUuowqLgR/+eVVEjTq13Xv7qLWbBRplOEETuEcfLiEJtxCCwKgIOEZXuENafSC3tHHorWEiplj+AP0+QO0TY/U</latexit>

D 
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• Um outro exemplo de degenerescência de troca: sistema de duas part́ıculas

idênticas, ambas com spin 1/2.

� Suponha que você saiba que a componente de spin total ao longo do eixo z

é nula. Isso implica que uma tem componente de spin + 1/2~ e a outra tem

� 1/2~ ao longo do eixo z.

• Se considerarmos que S1 e S2 são as observáveis associadas à cada part́ıcula,

a base ortonormal de auto-kets de S1z e S2z seria {|✏1, ✏2i}, com ✏1 = ± e

✏2 = ±, onde

(
S1z|✏1, ✏2i = ✏1

~
2 |✏1, ✏2i

S2z|✏1, ✏2i = ✏2
~
2 |✏1, ✏2i

• Se pensássemos classicamente, dois estados posśıveis poderiam descrever a

situação de spin total zero ao longo do eixo z

(
|+,�i
|�,+i

|↵| = |�| = 1

2| {z }
• O prinćıpio de superposição diz que qualquer combinação ↵|+,�i+ �|�,+i

com |↵|2 + |�|2 = 1, pode representar o mesmo estado f́ısico (um spin para

cima e outro spin para baixo). Isso é chamado degenerescência de troca.

• A combinação arbitrária é um problema: o estado não é único. Para

perceber isso, meça Sx = S1x + S2x e veja o que obteria?
<latexit sha1_base64="XsIxvFvaskL0oDGp9TRU6A22bik="></latexit><latexit sha1_base64="XsIxvFvaskL0oDGp9TRU6A22bik="></latexit><latexit sha1_base64="XsIxvFvaskL0oDGp9TRU6A22bik="></latexit>

Sistema	de	Partículas	Idênticas	na	Mecânica	Quântica	
Degenerescência	de	troca		

Considere	o	caso 
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Sistema	de	Partículas	Idênticas	na	Mecânica	Quântica	
Degenerescência	de	troca		

• Suponha que procuramos a probabilidade de encontrar ambas as part́ıculas

apontando para a direção + ao longo de x. O estado associado à esta

medida é |+,+ix = |+ix ⌦ |+ix, definido de forma única (a menos de uma

fase global). Conforme visto em aulas anteriores (caṕıtulos IV e X)

|+,+ix =
1p
2

h
|✏1 = +i+ |✏1 = �i

i
⌦ 1p

2

h
|✏2 = +i+ |✏2 = �i

i
, ou seja,

|+,+ix =
1

2

h
|+,+i+ |�,+i+ |+,�i+ |�,�i

i
, o que permite calcular

P =

���
x
h+,+|

h
↵|+,�i+ �|�,+i

���
2
=

���
1

2
(↵+ �)

���
2
 (faça em casa).

• Esse resultado depende de ↵ e �. Precisamos encontrar ↵ e � que possam

representar o estado f́ısico de forma única. A degenerescência de troca

precisa ser removida.

• Quando aprendemos a somar momento angular (caṕıtulo X, aula 9), achamos

quatro estados (|S,mSi) associados a duas part́ıculas de spin 1/2.

Obtivemos

8
>>>><

>>>>:

|1,+1i = |++i
|1,�1i = |��i
|1, 0i = 1p

2
(|+�i+ |�+i)

|0, 0i = 1p
2
(|+�i � |�+i)

)

8
><

>:

O que isso tem a ver com

a solução de nosso

problema?

<latexit sha1_base64="fhJUEfghziJzs9oRpEHxWBYaBGc="></latexit><latexit sha1_base64="fhJUEfghziJzs9oRpEHxWBYaBGc="></latexit><latexit sha1_base64="fhJUEfghziJzs9oRpEHxWBYaBGc="></latexit>
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Sistema	de	Partículas	Idênticas	na	Mecânica	Quântica	
Degenerescência	de	troca		

• Antes de explorar isso, é preciso generalizar: Sistema de 3 part́ıculas.

Suponha E(1), E(2), e E(3), espaços de estados de uma part́ıcula. Podemos

construir o espaço do sistema de 3 part́ıculas E = E(1)⌦ E(2)⌦ E(3).
• Suponha agora B(1), inicialmente definida em E(1) (para facilitar, considere

ela por si só um CCOC).

• Como 1, 2 e 3 são idênticas, os operadores B(2) e B(3) também existem e

formam um CCOC em E(2), e E(3).
• Os 3 operadores têm o mesmo espectro {bn;n = 1, 2...} e o produto tensorial

nos fornece o espaço: {|1:bi; 2 :bj ; 3 :bki; i, j, k = 1, 2, ...}, auto-kets de B(1),

B(2) e B(3) com auto-valores bi, bj e bk, respectivamente.

• Uma vez que as part́ıculas são idênticas, esta estória de medir B de 1, 2 ou 3

não vale. O que medimos é B de uma das part́ıculas, mas não sabemos de

qual delas. Assim após as medidas, bn, bp e bq o sistema pode estar em 8

dos estados f́ısicos:

(
|1:bn; 2 :bp; 3 :bqi; |1:bq; 2 :bn; 3 :bpi; |1:bp; 2 :bq; 3 :bni
|1:bn; 2 :bq; 3 :bpi; |1:bq; 2 :bp; 3 :bni; |1:bp; 2 :bn; 3 :bqi

• Assim, uma medida completa (envolvendo todas as part́ıculas) não permite

determinar um único ket do estado do sistema.
<latexit sha1_base64="7aZm916+zE7a0Efs8jgRQsCKf6k="></latexit><latexit sha1_base64="7aZm916+zE7a0Efs8jgRQsCKf6k="></latexit><latexit sha1_base64="7aZm916+zE7a0Efs8jgRQsCKf6k="></latexit>
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Sistema	de	Partículas	Idênticas	na	Mecânica	Quântica	
Operadores	de	Permutação	

• Considere um sistema de duas part́ıculas (distintas) descritas por

(
{|uii}!E(1);
{|uji}!E(2),

gerando o espaço {|1:ui; 2 :uji} de E = E(1)⌦ E(2).
� Note que |2:uj ; 1 :uii = |1:ui; 2 :uji, pois E(2)⌦ E(1) = E(1)⌦ E(2),
� mas, |1:uj ; 2 :uii 6= |1:ui; 2 :uji, se i 6=j. De fato, h1:ui; 2 :uj |1:uj ; 2 :uii=�ij
• O operador de permutação P21 tem a seguinte definição:

P21|1:ui; 2 :uji = |2:ui; 1 :uji = |1:uj ; 2 :uii

� Como exemplo, suponha a base de auto-estados de R e Sz. Neste caso:

P21|1:r, ✏; 2 :r0, ✏0i = |1:r0, ✏0; 2 :r, ✏i.
• Como seria um ket, | i 2 E escrito na base {|1:r, ✏; 2 :r0, ✏0i}?

| i = 11| i =
X

✏,✏0

Z
d3rd3r0|1:r, ✏; 2 :r0, ✏0i h1:r, ✏; 2 :r0, ✏0| i| {z } e )

 ✏✏0(r, r
0
)

| i =
X

✏,✏0

Z
d3rd3r0 ✏✏0(r, r

0
)|1:r, ✏; 2 :r0, ✏0i

<latexit sha1_base64="A4zKJxL145uNKajjEzsyIfG4q58="></latexit><latexit sha1_base64="A4zKJxL145uNKajjEzsyIfG4q58="></latexit><latexit sha1_base64="A4zKJxL145uNKajjEzsyIfG4q58="></latexit>



9 MAPLima 

F789 
Aula 23 

Sistema	de	Partículas	Idênticas	na	Mecânica	Quântica	
Operadores	de	Permutação	

Que tal aplicarmos P21 em | i da caixa roxa?

P21| i=
X

✏,✏0

Z
d3rd3r0 ✏✏0(r, r

0)P21|1:r, ✏; 2 :r0, ✏0i=
X

✏,✏0

Z
d3rd3r0 ✏✏0(r, r

0)|1:r0, ✏0; 2 :r, ✏i

Já que integramos em r(r0) no espaço todo e somamos sobre todos os ✏(✏0),

podemos trocar as variáveis, r $ r0, ✏$ ✏0, e escrever:

P21| i=
X

✏,✏0

Z
d3rd3r0 ✏0✏(r

0, r)|1:r, ✏; 2 :r0, ✏0i

Se chamarmos P21| i=| 0i=
X

✏,✏0

Z
d3rd3r0 0

✏✏0(r, r
0)|1:r, ✏; 2 :r0, ✏0i

| {z }

,

conforme definimos | i=
X

✏,✏0

Z
d3rd3r0 ✏✏0(r, r

0)|1:r, ✏; 2 :r0, ✏0i

temos que

 0
✏✏0(r, r

0) =  ✏0✏(r
0, r),

por comparação direta com a equação da caixa verde.
<latexit sha1_base64="VPm095Zo6ehTnuL6RnwUkxVT59k="></latexit><latexit sha1_base64="VPm095Zo6ehTnuL6RnwUkxVT59k="></latexit><latexit sha1_base64="VPm095Zo6ehTnuL6RnwUkxVT59k="></latexit>
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Sistema	de	Partículas	Idênticas	na	Mecânica	Quântica	
Operadores	de	Permutação	

• Propriedades de P21

� (P21)
2
= 1 ) P21 é o próprio inverso (aplicação direta da definição).

� P †
21 = P21 ) P21 é Hermiteano.

Para mostrar que é Hermiteano, considere:

h1:ui0 ; 2 :uj0 |P21|1:ui; 2 :uji = h1:ui0 ; 2 :uj0 |1:uj ; 2 :uii = �i0j�j0i e compare com

h1:ui0 ; 2 :uj0 |P †
21|1:ui; 2 :uji = h1:ui; 2 :uj |P21|1:ui0 ; 2 :uj0i? = �?ji0�

?
ij0 = �ji0�ij0

• Kets simétricos e anti-simétricos (definições).

Se

(
P21| Si = +| Si ! | Si é simétrico;

P21| Ai = �| Ai ! | Ai é anti-simétrico.

• Note que como P21 é Hermiteano, podemos procurar os seus auto-valores e auto-

vetores, isto é P21| �i = �| �i. Aplique P21 nesta equação e obtenha:

P 2
21| �i = �P21| �i = �2| �i. Lembrando que P 2

21 = 1 e que � é real ) � = ±1.

Podemos concluir que | Si e | Ai são auto-kets de P21 com auto-valores 1 e� 1,

respectivamente.

• Considere dois operadores

(
S =

1
2

�
11 + P21

�

A =
1
2

�
11� P21

� ) S +A = 11

<latexit sha1_base64="pOEzI1To4KULgCyYazP5IQw91bs="></latexit>
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• Quanto vale S2
e A2

?

• Como

8
>>><

>>>:

S =
1
2

�
11 + P21

�
! S2

=
1
4

�
11 + P21

��
11 + P21

�
=

1
4

�
11 + P 2

21|{z}+2P21

�
= S

11

A =
1
2

�
11� P21

�
! A2

=
1
4

�
11� P21

��
11� P21

�
=

1
4

�
11 + P 2

21|{z}�2P21

�
= A

11

• Note que SA = AS =
1

2

�
11± P21

�1
2

�
11⌥ P21

�
=

1

4

�
11� P 2

21

�
= 0.

• Como A+ S = 11 ! A e S são espaços complementares.

• Tome um | i arbitrário e construa (segundo as definições acima) )
(
S| i
A| i

• Observe que:

� P21S| i = P21
1

2

�
11 + P21

�
| i = S| i ) S| i é auto-estado de P21 com

autovalor 1. S é um simetrizador.

� P21A| i = P21
1

2

�
11� P21

�
| i = �A| i ) A| i é auto-estado de P21 com

autovalor � 1. A é um anti-simetrizador.
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F789 
Aula 23 

Sistema	de	Partículas	Idênticas	na	Mecânica	Quântica	
Operadores	de	Permutação	

• No espaço de duas part́ıculas, um estado arbitrário sempre pode ser escrito como

uma combinação de kets simétricos com kets anti-simétricos. Esse é o significado

de A+ S = 11, isto é para 8| i, temos | i = A| i+ S| i

• Transformação de observáveis por permutação

Considere B(1) uma observável que atua em E(1) e que pode ser extendido por

B(1)⌦ 11(2) para atuar em E , conforme vimos em F689.

� Observe que:

P21B(1)P †
21|1:ui; 2 :uji=P21B(1)|1:uj ; 2 :uii=bjP21|1:uj ; 2 :uii=bj |1:ui; 2 :uji| {z }

B(2)|1:ui; 2 :uji

Como isso vale para todos os kets de uma base completa, podemos dizer que

P21B(1)P †
21|1:ui; 2 :uji = B(2)|1:ui; 2 :uji, implica em P21B(1)P †

21 = B(2).

� De forma semelhante, obteŕıamos P21B(2)P †
21 = B(1) (faça em casa).

• De um modo geral (para observáveis de 2 part́ıculas) P21O(1, 2)P †
21 = O(2, 1).

• Uma observável, OS(1, 2) é dita simétrica, se OS(1, 2) = OS(2, 1).

• Note que neste caso P21OS(1, 2) = OS(1, 2)P2,1, ou seja, observáveis

simétricas comutam com o operador permutação.
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