
PHYS 2170: General Physics 3 for Majors Fall 2021

Homework 8

Due: October 28 at 11:59 PM. Submit on Canvas.

Problem 1 (Soap bubbles):25 We have all seen colorful soap bubbles (I hope) as children. The interesting
patterns of color that arise in the bubble are a consequence of ambient light passing through the soap film,
reflecting or transmitting off of the boundaries between soap and air, and constructively (or destructively)
interfering. Let d denote the unknown soap bubble film thickness. The index of refraction of air nair ≈ 1,
while the index of refraction in the soap film is n ≈ 1.3.

1.1. Determine the criterion on the soap film thickness d in order to have constructive interference between
incident and reflected light of wavelength λ. Assume it is incident normally on the soap film.

1.2. Visible light has λ ≈ 600 nm in air. Given that visible light can constructively interfere on the soap
film, estimate its thickness.

Problem 2 (Expansion of the universe): The universe is inherently expanding all around us! The effect
is small on Earthly scales but is not small on astronomical scales. Hubble’s Law tells us that a star “at
rest” a distance r from us on Earth will actually appear to be moving away from us at a speed given by

v = Hr (1)

where H ≈ 2 × 10−18 s−1 is the Hubble constant.

2A:10 Recall that no object can travel faster than the speed of light, c.

2A.1. Argue that there is a finite radius R to the visible universe. What is the numerical value?

2A.2. Suppose we were to observe the light emitted by an event a distance r < R away from us on
Earth. How far in the past (in our reference frame) did this event happen?

2B:15 One modern source of astronomical data is electromagnetic radiation at wavelength 21 cm, which
arises from hydrogen atoms in the interstellar medium.

2B.1. Combine Hubble’s Law with the Doppler effect to conclude that an astronomer could determine
the distance r to some “event” if they could measure the observed wavelength of this 21 cm
radiation on Earth. Determine the relationship between the observed wavelength λ of light,
and the distance r to an astronomical object.

2B.2. Combine the previous parts of this problem to conclude that by studying the 21 cm radiation
at different wavelengths (as detected by the Earth observer), we can gain a view into events
that happened at different times in the universe. Estimate how far back in time we can see,
and compare to the age of the universe (≈ 1010 years).

In reality, this problem is a serious oversimplification. Since stars are moving away at an increasing
rate, the universe does not consist of inertial frames! To do this problem correctly, we have to consider
corrections from general relativity which are beyond the scope of this course.
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Problem 3 (Data storage): An old-school (1990s) compact disc (CD) stores data by etching bits of data
(0 or 1) into tiny grooves in the highly reflective disk, and then using carefully focused laser light of
wavelength λ ∼ 600 nm to read off the etched pattern in the disc.

3A:10 For this to properly operate, the grooves and etches on the CD must be able to serve as a diffraction
grating for the laser light.1 Argue that the grooves on the device must have a width w ≥ λ.

3B:10 What are the consequences of this for data storage on the disc?

3B.1. Using real world knowledge of the typical size of a CD or similar disc, estimate the available
surface area on the disc which can be used for storage.

3B.2. Being generous and estimating that we can store a single bit in a surface area of w2, how many
bits can we store in the disc?

3B.3. A byte has 8 bits. Estimate how many bytes (B) of data can be stored on the CD. The actual
answer is usually a bit less than 1 GB (the prefactor is giga, like in SI units); are you close?

3C:5 Around 10 years ago, Blu-Ray was developed. Blu-Ray discs can only be read using blue laser light.
Explain why these discs can have superior storage capabilities over the older CDs.

Problem 4: Consider the 3 slits (of negligible thickness) depicted in Figure 1. Suppose that there are
three possible sources of coherent light, located a far distance away from the slit at incident angles of 0
(X), −α (Y) and +α (Z). Let k denote the wave number of the incident light.

4A:10 Write a formula for the (relative) intensity of light observed at angle θ far away from the slits, when
only source X is turned on.

4B:10 Repeat the calculation when only source Y is turned on. Comment on your answer.

4C:5 Repeat the calculation when both Y and Z are turned on. You can assume that sources Y and Z are
in phase with each other, and have the same amplitude.

Problem 5:20 Consider a triangle-shaped slit (of negligible thickness) in a two-dimensional plane, as shown
in Figure 2. An incident plane wave of light shines directly on the slit. Describe the pattern of light
intensity seen on a screen a large distance away from the triangle, and explain your result.2
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Figure 1: Three sources of light illuminate 3 narrow slits.
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<latexit sha1_base64="wEoNwioTKcMTDivT1rodwOP529Y=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLFTttd0Y3LCvYB7VAyadrGZpIhyQhl6D+4caGIW//HnX9jpq2gogcuHM65l3vvCWPOtEHow8mtrW9sbuW3Czu7e/sHxcOjtpaJIrRFJJeqG2JNORO0ZZjhtBsriqOQ0044vcr8zj1Vmklxa2YxDSI8FmzECDZWavcxjyd4UCwht47Kvl+FyEXI9ysLUrmoV2rQs0qGElihOSi+94eSJBEVhnCsdc9DsQlSrAwjnM4L/UTTGJMpHtOepQJHVAfp4to5PLPKEI6ksiUMXKjfJ1IcaT2LQtsZYTPRv71M/MvrJWZUC1Im4sRQQZaLRgmHRsLsdThkihLDZ5Zgopi9FZIJVpgYG1DBhvD1KfyftMuu57vezUWpcbmKIw9OwCk4Bx6ogga4Bk3QAgTcgQfwBJ4d6Tw6L87rsjXnrGaOwQ84b58ITo9z</latexit>↵

<latexit sha1_base64="GQtumXYcQqMpjgflAGnGJw3AOAU=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjLFTttd0Y3LFuwD26Fk0kwbm8kMSUYoQ7/AjQtF3PpJ7vwbM20FFT1w4XDOvdx7jx9zpjRCH1ZubX1jcyu/XdjZ3ds/KB4edVSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT68yv3tPpWKRuNGzmHohHgsWMIK1kVq3w2IJ2XVUdt0qRDZCrltZkMpFvVKDjlEylMAKzWHxfTCKSBJSoQnHSvUdFGsvxVIzwum8MEgUjTGZ4jHtGypwSJWXLg6dwzOjjGAQSVNCw4X6fSLFoVKz0DedIdYT9dvLxL+8fqKDmpcyESeaCrJcFCQc6ghmX8MRk5RoPjMEE8nMrZBMsMREm2wKJoSvT+H/pFO2Hdd2WuVS43IVRx6cgFNwDhxQBQ1wDZqgDQig4AE8gWfrznq0XqzXZWvOWs0cgx+w3j4BNO6NNw==</latexit>

Z

<latexit sha1_base64="EFe5qRGz8u+pzEnuJMYwCPJKbf8=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgKiS1JHVXdOOyBfuANpTJdNqOnUzCzEQooV/gxoUibv0kd/6N04egogcuHM65l3vvCRPOlHacDyu3tr6xuZXfLuzs7u0fFA+PWipOJaFNEvNYdkKsKGeCNjXTnHYSSXEUctoOJ9dzv31PpWKxuNXThAYRHgk2ZARrIzU6/WLJsZ2K715cIse+8D2v7Bvi+RXXqyLXdhYowQr1fvG9N4hJGlGhCcdKdV0n0UGGpWaE01mhlyqaYDLBI9o1VOCIqiBbHDpDZ0YZoGEsTQmNFur3iQxHSk2j0HRGWI/Vb28u/uV1Uz2sBhkTSaqpIMtFw5QjHaP512jAJCWaTw3BRDJzKyJjLDHRJpuCCeHrU/Q/aZVt17PdRrlUu1rFkYcTOIVzcMGHGtxAHZpAgMIDPMGzdWc9Wi/W67I1Z61mjuEHrLdPNKuNNw==</latexit>

X

<latexit sha1_base64="QFc3dYtfcejpW87agqhIgVHhWRQ=">AAAB7XicdVDJSgNBEO1xjXGLevTSGARPQ09iMuYW9OIxglkgGUJPpydp07PQXSOEIf/gxYMiXv0fb/6NnUVQ0QcFj/eqqKrnJ1JoIOTDWlldW9/YzG3lt3d29/YLB4ctHaeK8SaLZaw6PtVciog3QYDknURxGvqSt/3x1cxv33OlRRzdwiThXkiHkQgEo2CkVg9GHGi/UCQ2qZQq5Romdtmtll1iCHGcSs3Fjk3mKKIlGv3Ce28QszTkETBJte46JAEvowoEk3ya76WaJ5SN6ZB3DY1oyLWXza+d4lOjDHAQK1MR4Ln6fSKjodaT0DedIYWR/u3NxL+8bgrBhZeJKEmBR2yxKEglhhjPXscDoTgDOTGEMiXMrZiNqKIMTEB5E8LXp/h/0irZTtV2bs6L9ctlHDl0jE7QGXKQi+roGjVQEzF0hx7QE3q2YuvRerFeF60r1nLmCP2A9fYJD4KPdw==</latexit>

✓

<latexit sha1_base64="Xeplc+lF48bpgMxnxyZ6MZbGKSU=">AAAB8nicdVBNS0JBFJ1nX2ZfVss2QxLY5jFPU3MRSW1qZ5ApPB8ybxx1cN4HM/cFIv6MNi2KaNuvade/afwIKurAhcM593LvPX4shQZCPqzU0vLK6lp6PbOxubW9k93du9NRohhvsEhGquVTzaUIeQMESN6KFaeBL3nTH15O/eY9V1pE4S2MYu4FtB+KnmAUjORe59sw4ECPz8472RyxSalQKlYxsYuVcrFCDCGOU6pWsGOTGXJogXon+97uRiwJeAhMUq1dh8TgjakCwSSfZNqJ5jFlQ9rnrqEhDbj2xrOTJ/jIKF3ci5SpEPBM/T4xpoHWo8A3nQGFgf7tTcW/PDeB3qk3FmGcAA/ZfFEvkRgiPP0fd4XiDOTIEMqUMLdiNqCKMjApZUwIX5/i/8ldwXbKtnNzkqtdLOJIowN0iPLIQRVUQ1eojhqIoQg9oCf0bIH1aL1Yr/PWlLWY2Uc/YL19AnnZkL8=</latexit>

I(✓) =?

<latexit sha1_base64="dTupxKdri2DVdmQ/PR0w9lgSGG4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo1Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxVWM6w==</latexit>a

<latexit sha1_base64="dTupxKdri2DVdmQ/PR0w9lgSGG4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo1Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxVWM6w==</latexit>a

<latexit sha1_base64="IVacQs3owDTDWULa+P0LQhckB0w=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYhCswl0KtQzaWEYwH5AcYW8zl6zZ2z1294QQ8h9sLBSx9f/Y+W/cJFdo4oOBx3szzMyLUsGN9f1vb219Y3Nru7BT3N3bPzgsHR03jco0wwZTQul2RA0KLrFhuRXYTjXSJBLYika3M7/1hNpwJR/sOMUwoQPJY86odVLTMI0oe6WyX/HnIKskyEkZctR7pa9uX7EsQWmZoMZ0Aj+14YRqy5nAabGbGUwpG9EBdhyVNEETTubXTsm5U/okVtqVtGSu/p6Y0MSYcRK5zoTaoVn2ZuJ/Xiez8XU44TLNLEq2WBRnglhFZq+TPtfIrBg7Qpnm7lbChlRTZl1ARRdCsPzyKmlWK8FlJbivlms3eRwFOIUzuIAArqAGd1CHBjB4hGd4hTdPeS/eu/exaF3z8pkT+APv8we6xY86</latexit>screen
<latexit sha1_base64="OpYaTqikpu+47Rf2gCTal4oIWW8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0l6UI9FLx4r2A9oQ9lsN+3S3STsToQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IJHCoOt+O6WNza3tnfJuZW//4PCoenzSMXGqGW+zWMa6F1DDpYh4GwVK3ks0pyqQvBtM73K/+8S1EXH0iLOE+4qOIxEKRjGXjBQ4rNbcursAWSdeQWpQoDWsfg1GMUsVj5BJakzfcxP0M6pRMMnnlUFqeELZlI5539KIKm78bHHrnFxYZUTCWNuKkCzU3xMZVcbMVGA7FcWJWfVy8T+vn2J442ciSlLkEVsuClNJMCb542QkNGcoZ5ZQpoW9lbAJ1ZShjadiQ/BWX14nnUbdu6p7D41a87aIowxncA6X4ME1NOEeWtAGBhN4hld4c5Tz4rw7H8vWklPMnMIfOJ8/RBqOYg==</latexit>

slit

<latexit sha1_base64="lvQUeUkKaISbIe2qoHE8oayxSy4=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0iKTdtb0YvHCtYW2lA22027dLMJuxOhhP4GLx4U8eoP8ua/cdNWUNEHA4/3ZpiZFySCa3CcD6uwtr6xuVXcLu3s7u0flA+P7nScKso6NBax6gVEM8El6wAHwXqJYiQKBOsG06vc794zpXksb2GWMD8iY8lDTgkYqSP4eALDcsWxm07V8+rYsR3H82oLUrto1hrYNUqOClqhPSy/D0YxTSMmgQqidd91EvAzooBTwealQapZQuiUjFnfUEkipv1scewcnxllhMNYmZKAF+r3iYxEWs+iwHRGBCb6t5eLf3n9FMKGn3GZpMAkXS4KU4EhxvnneMQVoyBmhhCquLkV0wlRhILJp2RC+PoU/0/uqrbr2e5NtdK6XMVRRCfoFJ0jF9VRC12jNuogijh6QE/o2ZLWo/VivS5bC9Zq5hj9gPX2CXDQjx0=</latexit>

light

<latexit sha1_base64="OpYaTqikpu+47Rf2gCTal4oIWW8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0l6UI9FLx4r2A9oQ9lsN+3S3STsToQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IJHCoOt+O6WNza3tnfJuZW//4PCoenzSMXGqGW+zWMa6F1DDpYh4GwVK3ks0pyqQvBtM73K/+8S1EXH0iLOE+4qOIxEKRjGXjBQ4rNbcursAWSdeQWpQoDWsfg1GMUsVj5BJakzfcxP0M6pRMMnnlUFqeELZlI5539KIKm78bHHrnFxYZUTCWNuKkCzU3xMZVcbMVGA7FcWJWfVy8T+vn2J442ciSlLkEVsuClNJMCb542QkNGcoZ5ZQpoW9lbAJ1ZShjadiQ/BWX14nnUbdu6p7D41a87aIowxncA6X4ME1NOEeWtAGBhN4hld4c5Tz4rw7H8vWklPMnMIfOJ8/RBqOYg==</latexit>

slit

<latexit sha1_base64="KP7R7giYbglLZueuyPfV1eFzlJI=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadk1z70FvXhMwCRCsoTZyWwyZnZ2mZkVQsgXePGgiFc/yZt/4+QhqGhBQ1HVTXdXkHCmtON8WJm19Y3Nrex2bmd3b/8gf3jUVnEqCW2RmMfyNsCKciZoSzPN6W0iKY4CTjvB+Grud+6pVCwWN3qSUD/CQ8FCRrA2UhP38wXHdqpuya0gxy6Xi6VizRDP8ypeGbm2s0ABVmj08++9QUzSiApNOFaq6zqJ9qdYakY4neV6qaIJJmM8pF1DBY6o8qeLQ2fozCgDFMbSlNBooX6fmOJIqUkUmM4I65H67c3Fv7xuqsOaP2UiSTUVZLkoTDnSMZp/jQZMUqL5xBBMJDO3IjLCEhNtssmZEL4+Rf+T9oXtVmy3WSrUL1dxZOEETuEcXKhCHa6hAS0gQOEBnuDZurMerRfrddmasVYzx/AD1tsnTHKNSQ==</latexit>a

<latexit sha1_base64="KP7R7giYbglLZueuyPfV1eFzlJI=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadk1z70FvXhMwCRCsoTZyWwyZnZ2mZkVQsgXePGgiFc/yZt/4+QhqGhBQ1HVTXdXkHCmtON8WJm19Y3Nrex2bmd3b/8gf3jUVnEqCW2RmMfyNsCKciZoSzPN6W0iKY4CTjvB+Grud+6pVCwWN3qSUD/CQ8FCRrA2UhP38wXHdqpuya0gxy6Xi6VizRDP8ypeGbm2s0ABVmj08++9QUzSiApNOFaq6zqJ9qdYakY4neV6qaIJJmM8pF1DBY6o8qeLQ2fozCgDFMbSlNBooX6fmOJIqUkUmM4I65H67c3Fv7xuqsOaP2UiSTUVZLkoTDnSMZp/jQZMUqL5xBBMJDO3IjLCEhNtssmZEL4+Rf+T9oXtVmy3WSrUL1dxZOEETuEcXKhCHa6hAS0gQOEBnuDZurMerRfrddmasVYzx/AD1tsnTHKNSQ==</latexit>a<latexit sha1_base64="KP7R7giYbglLZueuyPfV1eFzlJI=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadk1z70FvXhMwCRCsoTZyWwyZnZ2mZkVQsgXePGgiFc/yZt/4+QhqGhBQ1HVTXdXkHCmtON8WJm19Y3Nrex2bmd3b/8gf3jUVnEqCW2RmMfyNsCKciZoSzPN6W0iKY4CTjvB+Grud+6pVCwWN3qSUD/CQ8FCRrA2UhP38wXHdqpuya0gxy6Xi6VizRDP8ypeGbm2s0ABVmj08++9QUzSiApNOFaq6zqJ9qdYakY4neV6qaIJJmM8pF1DBY6o8qeLQ2fozCgDFMbSlNBooX6fmOJIqUkUmM4I65H67c3Fv7xuqsOaP2UiSTUVZLkoTDnSMZp/jQZMUqL5xBBMJDO3IjLCEhNtssmZEL4+Rf+T9oXtVmy3WSrUL1dxZOEETuEcXKhCHa6hAS0gQOEBnuDZurMerRfrddmasVYzx/AD1tsnTHKNSQ==</latexit>a

Figure 2: Illumination of a triangular slit.

1If it could not, then imaging the reflected light would not lead you to detect any tiny variations on the surface.
2Hint: Approach this problem in two steps. First, let (X(s), Y (s)) be a (piecewise smooth) vector function which traces

out the triangle’s shape on the screen. Generalize the method of Lecture 26 to a three-dimensional problem. You should use
Mathematica (e.g.) to carry out integrals and plot the resulting intensity distribution.
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