
PHYS 2170: General Physics 3 for Majors Fall 2021

Exam 1

I This exam is open book and open notes. You are not allowed to use any electronic devices besides
a calculator, nor allowed to communicate at all about the questions on the exam with any other
students for 24 hours after the exam ends.

I You have 2 hours to complete this exam (unless Disability Services has authorized a request for
extended time: 50% extra time is 3 hours, 100% extra time is 4 hours). Good luck!

Problem 1:20 Two particles (1 and 2) of mass m approach each other, traveling at equal and opposite
velocities: v1 = +vx̂ and v2 = −vx̂. They collide and form a single particle of mass M .

1.1. Explain why the particle of mass M will be at rest.

1.2. In Newtonian mechanics, we would say that M = 2m. In relativistic mechanics, what is M? Express
your answer in terms of m, v and/or c.

1.3. If we do this experiment in real life at home, say with two balls of clay or Silly Putty, would it be
easy to detect the failure of Newtonian mechanics?

Problem 2: A pair of particle accelerators is placed at x = −D and x = +D; each is at rest in frame S.
As viewed in S, each particle accelerator is capable of imparting a particle of mass 3 MeV/c2 a kinetic
energy of 2 MeV. At time t = 0, each accelerator shoots a particle towards the other. Let events A−
and A+ denote the events corresponding to the left and right accelerators shooting particles towards each
other, respectively. In frame S, the coordinates of A− are (ct, x) = (0,−D), while A+ is (ct, x) = (0, D).

2A:15 Let’s begin by understanding the motion of particles in frame S.

2A.1. What is the total (rest + kinetic) energy of each particle after it is accelerated in frame S?

2A.2. What is the momentum of each particle in frame S?

2A.3. In terms of D and c, write the coordinates (ct, x) of the event C where the particles collide
together.1

2B:20 Now, let us view this process from the perspective of frame S′, in which the right-moving particle is
at rest.

2B.1. In frame S′, find coordinates for events A−, A+ and C.

2B.2. Is the left-moving or right-moving particle launched first (i.e. at an earlier coordinate time) in
frame S′?

2B.3. What is the total distance traveled by the left-moving particle in frame S′?

2B.4. Must your answer to 2B.3 be related to the standard length contraction formula in an obvious
way? Why or why not?

1Hint: Give a simple argument why the collision has to occur at x = 0.
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Problem 3:20 In frame S, Planet A lies at coordinate x = 0, and planet B lies at coordinate x = 4 light
years. At time t = 0, aliens begin to attack planet A, which sends out a distress call to Planet B.

3.1. What is the first coordinate time t0, in frame S, at which B can learn of the attack on A? Why?

3.2. B immediately sends out a military ship to help planet A, which travels at a velocity v = 4c/5. As
viewed in frame S, how long does it take for the ship to reach A?

3.3. The military ship has food reserves for the crew that last for 4 years. Will the crew starve or not
during the journey to A? Explain your answer.

Problem 4:20 A photon of energy E collides with a particle of mass m, which is at rest; assume E � mc2.

4.1. An amateur scientist thinks that it is possible to create a massive
particle of mass M ≈ E/c2 after the collision. Explain why this is
not, in fact, possible.

4.2. If a single massive particle of mass M is created during this collision,
find its actual mass M .
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Figure 1: A 45-45-90 triangle
at rest in frame S.

Problem 5:15 Consider an object with the shape of the “45-45-90” right triangle in Figure 1, at rest in
reference frame S. In a reference frame S′ moving at velocity v relative to S, the triangle appears to be
an equilateral triangle. Find one possible value of v.2

Problem 6 (Relativistic mirror):15 Consider a beam of light, incident from the right, which bounces off of
a mirror which moves to the right at relativistic velocity v = cβ. The goal of this problem is to relate the
incident angle of light θi, to the reflected angle θr, as shown in Figure 2. The only things we know are
Einstein’s theory of relativity, along with the fact that when β = 0, θi = θr. Happily, this information is
sufficient to solve the problem!

6.1. Justify the following statement (which will prove useful in this prob-
lem): if (ct1,2, x1,2, y1,2) denote the spacetime points of events 1 and 2,
which lie along the trajectory of a photon that has not been deflected
(e.g. by the mirror), then for some constants a and φ,

(ct1 − ct2, x1 − x2, y1 − y2) = (a, a cosφ, a sinφ). (1)

You may assume that z = 0 and do not need to keep track of this
fourth coordinate.

6.2. Describe how photons bounce off of the mirror in its own rest frame
by picking three cleverly chosen events that describe the trajectory of
the photon. Then, Lorentz transform into a frame where the mirror
is moving at the desired velocity, and show that

sin θr =
(1 + β2) sin θi + 2β

1 + β2 + 2β sin θi
. (2)
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45�
<latexit sha1_base64="I2OC+szyfVmtFNp66Tsi/rHKXNk=">AAAB73icdVBNS8NAEJ3Ur1q/qh69LBbBU0hqqvVW9OKxgv2ANpbNdtsu3Wzi7kYooX/CiwdFvPp3vPlv3KYVVPTBwOO9GWbmBTFnSjvOh5VbWl5ZXcuvFzY2t7Z3irt7TRUlktAGiXgk2wFWlDNBG5ppTtuxpDgMOG0F48uZ37qnUrFI3OhJTP0QDwUbMIK1kdpe5bZLmCS9Ysmxq57nOS7KSKVyPicnp2Xk2k6GEixQ7xXfu/2IJCEVmnCsVMd1Yu2nWGpGOJ0WuomiMSZjPKQdQwUOqfLT7N4pOjJKHw0iaUpolKnfJ1IcKjUJA9MZYj1Sv72Z+JfXSfSg6qdMxImmgswXDRKOdIRmz6M+k5RoPjEEE8nMrYiMsMREm4gKJoSvT9H/pFm2Xcd2r71S7WIRRx4O4BCOwYUzqMEV1KEBBDg8wBM8W3fWo/Vivc5bc9ZiZh9+wHr7BOSAj+E=</latexit><latexit sha1_base64="I2OC+szyfVmtFNp66Tsi/rHKXNk=">AAAB73icdVBNS8NAEJ3Ur1q/qh69LBbBU0hqqvVW9OKxgv2ANpbNdtsu3Wzi7kYooX/CiwdFvPp3vPlv3KYVVPTBwOO9GWbmBTFnSjvOh5VbWl5ZXcuvFzY2t7Z3irt7TRUlktAGiXgk2wFWlDNBG5ppTtuxpDgMOG0F48uZ37qnUrFI3OhJTP0QDwUbMIK1kdpe5bZLmCS9Ysmxq57nOS7KSKVyPicnp2Xk2k6GEixQ7xXfu/2IJCEVmnCsVMd1Yu2nWGpGOJ0WuomiMSZjPKQdQwUOqfLT7N4pOjJKHw0iaUpolKnfJ1IcKjUJA9MZYj1Sv72Z+JfXSfSg6qdMxImmgswXDRKOdIRmz6M+k5RoPjEEE8nMrYiMsMREm4gKJoSvT9H/pFm2Xcd2r71S7WIRRx4O4BCOwYUzqMEV1KEBBDg8wBM8W3fWo/Vivc5bc9ZiZh9+wHr7BOSAj+E=</latexit><latexit sha1_base64="I2OC+szyfVmtFNp66Tsi/rHKXNk=">AAAB73icdVBNS8NAEJ3Ur1q/qh69LBbBU0hqqvVW9OKxgv2ANpbNdtsu3Wzi7kYooX/CiwdFvPp3vPlv3KYVVPTBwOO9GWbmBTFnSjvOh5VbWl5ZXcuvFzY2t7Z3irt7TRUlktAGiXgk2wFWlDNBG5ppTtuxpDgMOG0F48uZ37qnUrFI3OhJTP0QDwUbMIK1kdpe5bZLmCS9Ysmxq57nOS7KSKVyPicnp2Xk2k6GEixQ7xXfu/2IJCEVmnCsVMd1Yu2nWGpGOJ0WuomiMSZjPKQdQwUOqfLT7N4pOjJKHw0iaUpolKnfJ1IcKjUJA9MZYj1Sv72Z+JfXSfSg6qdMxImmgswXDRKOdIRmz6M+k5RoPjEEE8nMrYiMsMREm4gKJoSvT9H/pFm2Xcd2r71S7WIRRx4O4BCOwYUzqMEV1KEBBDg8wBM8W3fWo/Vivc5bc9ZiZh9+wHr7BOSAj+E=</latexit><latexit sha1_base64="I2OC+szyfVmtFNp66Tsi/rHKXNk=">AAAB73icdVBNS8NAEJ3Ur1q/qh69LBbBU0hqqvVW9OKxgv2ANpbNdtsu3Wzi7kYooX/CiwdFvPp3vPlv3KYVVPTBwOO9GWbmBTFnSjvOh5VbWl5ZXcuvFzY2t7Z3irt7TRUlktAGiXgk2wFWlDNBG5ppTtuxpDgMOG0F48uZ37qnUrFI3OhJTP0QDwUbMIK1kdpe5bZLmCS9Ysmxq57nOS7KSKVyPicnp2Xk2k6GEixQ7xXfu/2IJCEVmnCsVMd1Yu2nWGpGOJ0WuomiMSZjPKQdQwUOqfLT7N4pOjJKHw0iaUpolKnfJ1IcKjUJA9MZYj1Sv72Z+JfXSfSg6qdMxImmgswXDRKOdIRmz6M+k5RoPjEEE8nMrYiMsMREm4gKJoSvT9H/pFm2Xcd2r71S7WIRRx4O4BCOwYUzqMEV1KEBBDg8wBM8W3fWo/Vivc5bc9ZiZh9+wHr7BOSAj+E=</latexit>

90�
<latexit sha1_base64="C4vpwk8KUZlnhaKymwYyFkz/W7k=">AAAB73icdVBNS8NAEJ34WetX1aOXxSJ4CklNtb0VvXisYD+gjWWz3bZLN5u4uxFK6J/w4kERr/4db/4bt2kFFX0w8Hhvhpl5QcyZ0o7zYS0tr6yurec28ptb2zu7hb39pooSSWiDRDyS7QArypmgDc00p+1YUhwGnLaC8eXMb91TqVgkbvQkpn6Ih4INGMHaSO2qc9slTJJeoejYFc/zHBdlpFyuzsnpWQm5tpOhCAvUe4X3bj8iSUiFJhwr1XGdWPsplpoRTqf5bqJojMkYD2nHUIFDqvw0u3eKjo3SR4NImhIaZer3iRSHSk3CwHSGWI/Ub28m/uV1Ej2o+CkTcaKpIPNFg4QjHaHZ86jPJCWaTwzBRDJzKyIjLDHRJqK8CeHrU/Q/aZZs17Hda69Yu1jEkYNDOIITcOEcanAFdWgAAQ4P8ATP1p31aL1Yr/PWJWsxcwA/YL19AuSFj+E=</latexit><latexit sha1_base64="C4vpwk8KUZlnhaKymwYyFkz/W7k=">AAAB73icdVBNS8NAEJ34WetX1aOXxSJ4CklNtb0VvXisYD+gjWWz3bZLN5u4uxFK6J/w4kERr/4db/4bt2kFFX0w8Hhvhpl5QcyZ0o7zYS0tr6yurec28ptb2zu7hb39pooSSWiDRDyS7QArypmgDc00p+1YUhwGnLaC8eXMb91TqVgkbvQkpn6Ih4INGMHaSO2qc9slTJJeoejYFc/zHBdlpFyuzsnpWQm5tpOhCAvUe4X3bj8iSUiFJhwr1XGdWPsplpoRTqf5bqJojMkYD2nHUIFDqvw0u3eKjo3SR4NImhIaZer3iRSHSk3CwHSGWI/Ub28m/uV1Ej2o+CkTcaKpIPNFg4QjHaHZ86jPJCWaTwzBRDJzKyIjLDHRJqK8CeHrU/Q/aZZs17Hda69Yu1jEkYNDOIITcOEcanAFdWgAAQ4P8ATP1p31aL1Yr/PWJWsxcwA/YL19AuSFj+E=</latexit><latexit sha1_base64="C4vpwk8KUZlnhaKymwYyFkz/W7k=">AAAB73icdVBNS8NAEJ34WetX1aOXxSJ4CklNtb0VvXisYD+gjWWz3bZLN5u4uxFK6J/w4kERr/4db/4bt2kFFX0w8Hhvhpl5QcyZ0o7zYS0tr6yurec28ptb2zu7hb39pooSSWiDRDyS7QArypmgDc00p+1YUhwGnLaC8eXMb91TqVgkbvQkpn6Ih4INGMHaSO2qc9slTJJeoejYFc/zHBdlpFyuzsnpWQm5tpOhCAvUe4X3bj8iSUiFJhwr1XGdWPsplpoRTqf5bqJojMkYD2nHUIFDqvw0u3eKjo3SR4NImhIaZer3iRSHSk3CwHSGWI/Ub28m/uV1Ej2o+CkTcaKpIPNFg4QjHaHZ86jPJCWaTwzBRDJzKyIjLDHRJqK8CeHrU/Q/aZZs17Hda69Yu1jEkYNDOIITcOEcanAFdWgAAQ4P8ATP1p31aL1Yr/PWJWsxcwA/YL19AuSFj+E=</latexit><latexit sha1_base64="C4vpwk8KUZlnhaKymwYyFkz/W7k=">AAAB73icdVBNS8NAEJ34WetX1aOXxSJ4CklNtb0VvXisYD+gjWWz3bZLN5u4uxFK6J/w4kERr/4db/4bt2kFFX0w8Hhvhpl5QcyZ0o7zYS0tr6yurec28ptb2zu7hb39pooSSWiDRDyS7QArypmgDc00p+1YUhwGnLaC8eXMb91TqVgkbvQkpn6Ih4INGMHaSO2qc9slTJJeoejYFc/zHBdlpFyuzsnpWQm5tpOhCAvUe4X3bj8iSUiFJhwr1XGdWPsplpoRTqf5bqJojMkYD2nHUIFDqvw0u3eKjo3SR4NImhIaZer3iRSHSk3CwHSGWI/Ub28m/uV1Ej2o+CkTcaKpIPNFg4QjHaHZ86jPJCWaTwzBRDJzKyIjLDHRJqK8CeHrU/Q/aZZs17Hda69Yu1jEkYNDOIITcOEcanAFdWgAAQ4P8ATP1p31aL1Yr/PWJWsxcwA/YL19AuSFj+E=</latexit>

x
<latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit>

y
<latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit><latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit><latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit><latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit>

frame S
<latexit sha1_base64="y5IcXIemYBi0luZLRLxpEZNHvtk=">AAAB8HicbVBNTwIxEJ3iF+IX6tFLI5h4Irtc9Ej04hGjgAY2pFu60NB2N23XhGz4FV48aIxXf443/40F9qDgSyZ5eW8mM/PCRHBjPe8bFdbWNza3itulnd29/YPy4VHbxKmmrEVjEeuHkBgmuGIty61gD4lmRIaCdcLx9czvPDFteKzu7SRhgSRDxSNOiXXSY6SJZLh6V+2XK17NmwOvEj8nFcjR7Je/eoOYppIpSwUxput7iQ0yoi2ngk1LvdSwhNAxGbKuo8rtMUE2P3iKz5wywFGsXSmL5+rviYxIYyYydJ2S2JFZ9mbif143tdFlkHGVpJYpulgUpQLbGM++xwOuGbVi4gihmrtbMR0RTah1GZVcCP7yy6ukXa/5Xs2/rVcaV3kcRTiBUzgHHy6gATfQhBZQkPAMr/CGNHpB7+hj0VpA+cwx/AH6/AGYuI+Y</latexit><latexit sha1_base64="y5IcXIemYBi0luZLRLxpEZNHvtk=">AAAB8HicbVBNTwIxEJ3iF+IX6tFLI5h4Irtc9Ej04hGjgAY2pFu60NB2N23XhGz4FV48aIxXf443/40F9qDgSyZ5eW8mM/PCRHBjPe8bFdbWNza3itulnd29/YPy4VHbxKmmrEVjEeuHkBgmuGIty61gD4lmRIaCdcLx9czvPDFteKzu7SRhgSRDxSNOiXXSY6SJZLh6V+2XK17NmwOvEj8nFcjR7Je/eoOYppIpSwUxput7iQ0yoi2ngk1LvdSwhNAxGbKuo8rtMUE2P3iKz5wywFGsXSmL5+rviYxIYyYydJ2S2JFZ9mbif143tdFlkHGVpJYpulgUpQLbGM++xwOuGbVi4gihmrtbMR0RTah1GZVcCP7yy6ukXa/5Xs2/rVcaV3kcRTiBUzgHHy6gATfQhBZQkPAMr/CGNHpB7+hj0VpA+cwx/AH6/AGYuI+Y</latexit><latexit sha1_base64="y5IcXIemYBi0luZLRLxpEZNHvtk=">AAAB8HicbVBNTwIxEJ3iF+IX6tFLI5h4Irtc9Ej04hGjgAY2pFu60NB2N23XhGz4FV48aIxXf443/40F9qDgSyZ5eW8mM/PCRHBjPe8bFdbWNza3itulnd29/YPy4VHbxKmmrEVjEeuHkBgmuGIty61gD4lmRIaCdcLx9czvPDFteKzu7SRhgSRDxSNOiXXSY6SJZLh6V+2XK17NmwOvEj8nFcjR7Je/eoOYppIpSwUxput7iQ0yoi2ngk1LvdSwhNAxGbKuo8rtMUE2P3iKz5wywFGsXSmL5+rviYxIYyYydJ2S2JFZ9mbif143tdFlkHGVpJYpulgUpQLbGM++xwOuGbVi4gihmrtbMR0RTah1GZVcCP7yy6ukXa/5Xs2/rVcaV3kcRTiBUzgHHy6gATfQhBZQkPAMr/CGNHpB7+hj0VpA+cwx/AH6/AGYuI+Y</latexit><latexit sha1_base64="y5IcXIemYBi0luZLRLxpEZNHvtk=">AAAB8HicbVBNTwIxEJ3iF+IX6tFLI5h4Irtc9Ej04hGjgAY2pFu60NB2N23XhGz4FV48aIxXf443/40F9qDgSyZ5eW8mM/PCRHBjPe8bFdbWNza3itulnd29/YPy4VHbxKmmrEVjEeuHkBgmuGIty61gD4lmRIaCdcLx9czvPDFteKzu7SRhgSRDxSNOiXXSY6SJZLh6V+2XK17NmwOvEj8nFcjR7Je/eoOYppIpSwUxput7iQ0yoi2ngk1LvdSwhNAxGbKuo8rtMUE2P3iKz5wywFGsXSmL5+rviYxIYyYydJ2S2JFZ9mbif143tdFlkHGVpJYpulgUpQLbGM++xwOuGbVi4gihmrtbMR0RTah1GZVcCP7yy6ukXa/5Xs2/rVcaV3kcRTiBUzgHHy6gATfQhBZQkPAMr/CGNHpB7+hj0VpA+cwx/AH6/AGYuI+Y</latexit>

c�
<latexit sha1_base64="+7ChthyeWaUWUxh2oGGvEu4Rjfc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1WTfiSHvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qmjCbTiZXzslZ07pk1gbVwrJXP09MaGJteMkcp0JxaFd9mbif14nw/g6nAiVZsgVWyyKM0lQk9nrpC8MZyjHjlBmhLuVsCE1lKELqORCCJZfXiXNi2rgV4P7y0rtJo+jCCdwCucQwBXU4A7q0AAGj/AMr/Dmae/Fe/c+Fq0FL585hj/wPn8AgMyPEQ==</latexit><latexit sha1_base64="+7ChthyeWaUWUxh2oGGvEu4Rjfc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1WTfiSHvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qmjCbTiZXzslZ07pk1gbVwrJXP09MaGJteMkcp0JxaFd9mbif14nw/g6nAiVZsgVWyyKM0lQk9nrpC8MZyjHjlBmhLuVsCE1lKELqORCCJZfXiXNi2rgV4P7y0rtJo+jCCdwCucQwBXU4A7q0AAGj/AMr/Dmae/Fe/c+Fq0FL585hj/wPn8AgMyPEQ==</latexit><latexit sha1_base64="+7ChthyeWaUWUxh2oGGvEu4Rjfc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1WTfiSHvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qmjCbTiZXzslZ07pk1gbVwrJXP09MaGJteMkcp0JxaFd9mbif14nw/g6nAiVZsgVWyyKM0lQk9nrpC8MZyjHjlBmhLuVsCE1lKELqORCCJZfXiXNi2rgV4P7y0rtJo+jCCdwCucQwBXU4A7q0AAGj/AMr/Dmae/Fe/c+Fq0FL585hj/wPn8AgMyPEQ==</latexit><latexit sha1_base64="+7ChthyeWaUWUxh2oGGvEu4Rjfc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1WTfiSHvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qmjCbTiZXzslZ07pk1gbVwrJXP09MaGJteMkcp0JxaFd9mbif14nw/g6nAiVZsgVWyyKM0lQk9nrpC8MZyjHjlBmhLuVsCE1lKELqORCCJZfXiXNi2rgV4P7y0rtJo+jCCdwCucQwBXU4A7q0AAGj/AMr/Dmae/Fe/c+Fq0FL585hj/wPn8AgMyPEQ==</latexit>

✓i
<latexit sha1_base64="y9rGK5dYfClbZm4DkQbQbG+QP6U=">AAAB/HicdVDLSgMxFM3UV62vapdugkVwVZIitt0V3bisYB/QGUomTdvQzIPkjlCG+ituXCji1g9x59+YaSuo6IHA4Zx7uSfHj5U0QMiHk1tb39jcym8Xdnb39g+Kh0cdEyWaizaPVKR7PjNCyVC0QYISvVgLFvhKdP3pVeZ374Q2MgpvYRYLL2DjUI4kZ2ClQbHkwkQAG6RuwGCig1TO54NimVQIIZRSnBFauyCWNBr1Kq1jmlkWZbRCa1B8d4cRTwIRAlfMmD4lMXgp0yC5EvOCmxgRMz5lY9G3NGSBMF66CD/Hp1YZ4lGk7QsBL9TvGykLjJkFvp3MIprfXib+5fUTGNW9VIZxAiLky0OjRGGIcNYEHkotOKiZJYxrabNiPmGacbB9FWwJXz/F/5NOtUJJhd6cl5uXqzry6BidoDNEUQ010TVqoTbiaIYe0BN6du6dR+fFeV2O5pzVTgn9gPP2CQy+la4=</latexit><latexit sha1_base64="y9rGK5dYfClbZm4DkQbQbG+QP6U=">AAAB/HicdVDLSgMxFM3UV62vapdugkVwVZIitt0V3bisYB/QGUomTdvQzIPkjlCG+ituXCji1g9x59+YaSuo6IHA4Zx7uSfHj5U0QMiHk1tb39jcym8Xdnb39g+Kh0cdEyWaizaPVKR7PjNCyVC0QYISvVgLFvhKdP3pVeZ374Q2MgpvYRYLL2DjUI4kZ2ClQbHkwkQAG6RuwGCig1TO54NimVQIIZRSnBFauyCWNBr1Kq1jmlkWZbRCa1B8d4cRTwIRAlfMmD4lMXgp0yC5EvOCmxgRMz5lY9G3NGSBMF66CD/Hp1YZ4lGk7QsBL9TvGykLjJkFvp3MIprfXib+5fUTGNW9VIZxAiLky0OjRGGIcNYEHkotOKiZJYxrabNiPmGacbB9FWwJXz/F/5NOtUJJhd6cl5uXqzry6BidoDNEUQ010TVqoTbiaIYe0BN6du6dR+fFeV2O5pzVTgn9gPP2CQy+la4=</latexit><latexit sha1_base64="y9rGK5dYfClbZm4DkQbQbG+QP6U=">AAAB/HicdVDLSgMxFM3UV62vapdugkVwVZIitt0V3bisYB/QGUomTdvQzIPkjlCG+ituXCji1g9x59+YaSuo6IHA4Zx7uSfHj5U0QMiHk1tb39jcym8Xdnb39g+Kh0cdEyWaizaPVKR7PjNCyVC0QYISvVgLFvhKdP3pVeZ374Q2MgpvYRYLL2DjUI4kZ2ClQbHkwkQAG6RuwGCig1TO54NimVQIIZRSnBFauyCWNBr1Kq1jmlkWZbRCa1B8d4cRTwIRAlfMmD4lMXgp0yC5EvOCmxgRMz5lY9G3NGSBMF66CD/Hp1YZ4lGk7QsBL9TvGykLjJkFvp3MIprfXib+5fUTGNW9VIZxAiLky0OjRGGIcNYEHkotOKiZJYxrabNiPmGacbB9FWwJXz/F/5NOtUJJhd6cl5uXqzry6BidoDNEUQ010TVqoTbiaIYe0BN6du6dR+fFeV2O5pzVTgn9gPP2CQy+la4=</latexit><latexit sha1_base64="y9rGK5dYfClbZm4DkQbQbG+QP6U=">AAAB/HicdVDLSgMxFM3UV62vapdugkVwVZIitt0V3bisYB/QGUomTdvQzIPkjlCG+ituXCji1g9x59+YaSuo6IHA4Zx7uSfHj5U0QMiHk1tb39jcym8Xdnb39g+Kh0cdEyWaizaPVKR7PjNCyVC0QYISvVgLFvhKdP3pVeZ374Q2MgpvYRYLL2DjUI4kZ2ClQbHkwkQAG6RuwGCig1TO54NimVQIIZRSnBFauyCWNBr1Kq1jmlkWZbRCa1B8d4cRTwIRAlfMmD4lMXgp0yC5EvOCmxgRMz5lY9G3NGSBMF66CD/Hp1YZ4lGk7QsBL9TvGykLjJkFvp3MIprfXib+5fUTGNW9VIZxAiLky0OjRGGIcNYEHkotOKiZJYxrabNiPmGacbB9FWwJXz/F/5NOtUJJhd6cl5uXqzry6BidoDNEUQ010TVqoTbiaIYe0BN6du6dR+fFeV2O5pzVTgn9gPP2CQy+la4=</latexit>

✓r
<latexit sha1_base64="zgWD6YQGkHxjxD41XxEYSL3gc5E=">AAAB/HicdVDLSgMxFM3UV62vapdugkVwVZIitt0V3bisYB/QGUomTdvQzIPkjlCG+ituXCji1g9x59+YaSuo6IHA4Zx7uSfHj5U0QMiHk1tb39jcym8Xdnb39g+Kh0cdEyWaizaPVKR7PjNCyVC0QYISvVgLFvhKdP3pVeZ374Q2MgpvYRYLL2DjUI4kZ2ClQbHkwkQAG6RuwGCig1TP54NimVQIIZRSnBFauyCWNBr1Kq1jmlkWZbRCa1B8d4cRTwIRAlfMmD4lMXgp0yC5EvOCmxgRMz5lY9G3NGSBMF66CD/Hp1YZ4lGk7QsBL9TvGykLjJkFvp3MIprfXib+5fUTGNW9VIZxAiLky0OjRGGIcNYEHkotOKiZJYxrabNiPmGacbB9FWwJXz/F/5NOtUJJhd6cl5uXqzry6BidoDNEUQ010TVqoTbiaIYe0BN6du6dR+fFeV2O5pzVTgn9gPP2CRp0lbc=</latexit><latexit sha1_base64="zgWD6YQGkHxjxD41XxEYSL3gc5E=">AAAB/HicdVDLSgMxFM3UV62vapdugkVwVZIitt0V3bisYB/QGUomTdvQzIPkjlCG+ituXCji1g9x59+YaSuo6IHA4Zx7uSfHj5U0QMiHk1tb39jcym8Xdnb39g+Kh0cdEyWaizaPVKR7PjNCyVC0QYISvVgLFvhKdP3pVeZ374Q2MgpvYRYLL2DjUI4kZ2ClQbHkwkQAG6RuwGCig1TP54NimVQIIZRSnBFauyCWNBr1Kq1jmlkWZbRCa1B8d4cRTwIRAlfMmD4lMXgp0yC5EvOCmxgRMz5lY9G3NGSBMF66CD/Hp1YZ4lGk7QsBL9TvGykLjJkFvp3MIprfXib+5fUTGNW9VIZxAiLky0OjRGGIcNYEHkotOKiZJYxrabNiPmGacbB9FWwJXz/F/5NOtUJJhd6cl5uXqzry6BidoDNEUQ010TVqoTbiaIYe0BN6du6dR+fFeV2O5pzVTgn9gPP2CRp0lbc=</latexit><latexit sha1_base64="zgWD6YQGkHxjxD41XxEYSL3gc5E=">AAAB/HicdVDLSgMxFM3UV62vapdugkVwVZIitt0V3bisYB/QGUomTdvQzIPkjlCG+ituXCji1g9x59+YaSuo6IHA4Zx7uSfHj5U0QMiHk1tb39jcym8Xdnb39g+Kh0cdEyWaizaPVKR7PjNCyVC0QYISvVgLFvhKdP3pVeZ374Q2MgpvYRYLL2DjUI4kZ2ClQbHkwkQAG6RuwGCig1TP54NimVQIIZRSnBFauyCWNBr1Kq1jmlkWZbRCa1B8d4cRTwIRAlfMmD4lMXgp0yC5EvOCmxgRMz5lY9G3NGSBMF66CD/Hp1YZ4lGk7QsBL9TvGykLjJkFvp3MIprfXib+5fUTGNW9VIZxAiLky0OjRGGIcNYEHkotOKiZJYxrabNiPmGacbB9FWwJXz/F/5NOtUJJhd6cl5uXqzry6BidoDNEUQ010TVqoTbiaIYe0BN6du6dR+fFeV2O5pzVTgn9gPP2CRp0lbc=</latexit><latexit sha1_base64="zgWD6YQGkHxjxD41XxEYSL3gc5E=">AAAB/HicdVDLSgMxFM3UV62vapdugkVwVZIitt0V3bisYB/QGUomTdvQzIPkjlCG+ituXCji1g9x59+YaSuo6IHA4Zx7uSfHj5U0QMiHk1tb39jcym8Xdnb39g+Kh0cdEyWaizaPVKR7PjNCyVC0QYISvVgLFvhKdP3pVeZ374Q2MgpvYRYLL2DjUI4kZ2ClQbHkwkQAG6RuwGCig1TP54NimVQIIZRSnBFauyCWNBr1Kq1jmlkWZbRCa1B8d4cRTwIRAlfMmD4lMXgp0yC5EvOCmxgRMz5lY9G3NGSBMF66CD/Hp1YZ4lGk7QsBL9TvGykLjJkFvp3MIprfXib+5fUTGNW9VIZxAiLky0OjRGGIcNYEHkotOKiZJYxrabNiPmGacbB9FWwJXz/F/5NOtUJJhd6cl5uXqzry6BidoDNEUQ010TVqoTbiaIYe0BN6du6dR+fFeV2O5pzVTgn9gPP2CRp0lbc=</latexit>

Figure 2: Light bouncing off a
mirror moving at velocity cβ.

2Hint: What are the ratios of the base and height of the triangle in S, and in S′?
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