
PHY483F/1483F (2020-21) HW1 (15%) due @11am Thu.08.Oct [total: 50 marks]

General instructions

Grading philosophy

I think telling students that they are entitled to full marks at the outset and then punitively subtracting
marks for every mistake is weird, upside-down logic. Instead, the way I grade in my courses is to start
with zero and award positive marks for every piece of physics logic that students get right. Fairly awarding
partial credit is very important to me and the TA, so please be sure to show your working clearly.

Collaboration policy

You may discuss general concepts involved in the homework problems with other students taking this
course for credit, if you wish. However, these homeworks are graded individually and are worth 15% each,
so the TA needs to see specific evidence of individual understanding of each problem. Homeworks will not
be graded unless they include the academic integrity declaration form completed and signed in good faith.

Tips

If you believe a question has a typo, please inform me ASAP by email so that I can fix it quickly.

You may answer algebra-oriented questions in either handwritten form or LaTeX. If you handwrite, take
scans/photos of each page, and convert them to .pdf. For the explanatory question, if you choose to write
about it, use whatever editor you wish, with 12pt font and 1”/25mm margins, and export to .pdf. If you
make a video instead, export it to .mp4. When you plot/calculate by computer, please use Python, and
export your code and results to .pdf. If you need to merge multiple .pdf files, pdfsam is a good option.

Turn in your .pdf/.mp4 files by uploading them to: www.dropbox.com/request/ymb125J14oKfqesDJVoN.
Include your name somewhere in each filename (e.g. HW1-PeetAW-1of2.pdf, HW1-PeetAW-2of2.mp4) so
that we can easily distinguish which files are yours.

Academic Integrity

Academic integrity is fundamental to learning and achieving course goals. The assignments in this course
are designed to give you an opportunity to learn important skills and concepts over the course of your
degree by making honest attempts through your own thinking, writing, and hard work.

While I do not expect to encounter instances of cheating in this class, I take academic integrity very
seriously, and I report violations promptly. There are significant consequences if you are caught cheating
or engaging in academic misconduct. All academic work in this course must adhere to the UofT Code of
Behavior on Academic Matters. In particular, it is forbidden to (i) copy part or all of another student’s
homework, from this year or previous years, or (ii) let another student copy part or all of your homework.

I am sympathetic to the many challenges today’s students face. Reasonable late penalties are given for
assignments submitted after deadline in order to help you manage conflicting deadlines. Please see my
deadlines policy for details – especially the part about the bank of Grace Days. Should you feel pressured
to seek unauthorized assistance or plagiarize for graded work because of challenges you are facing, please
speak to me or your college registrar for guidance.

If you have any questions about what is/is not permitted in this course, please do not hesitate to ask me.
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http://ap.io/483f/files/AcademicIntegrityDeclaration.pdf
https://pdfsam.org/
https://www.dropbox.com/request/ymb125J14oKfqesDJVoN
https://governingcouncil.utoronto.ca/secretariat/policies/code-behaviour-academic-matters-july-1-2019?did=4871
https://governingcouncil.utoronto.ca/secretariat/policies/code-behaviour-academic-matters-july-1-2019?did=4871
https://ap.io/home/deadlines/


Q1: Maxwell’s equations and Lorentz transformations of EM fields [20 marks]

In this problem, we will work in flat spacetime with Cartesian coordinates.

(a) [4] Using the definition of the 3-index permutation pseudotensor in 3D Euclidean space introduced in
§2 of lecture notes, show that it obeys the identities

EijkEijk = +3! ,

EijkEij` = +2! δk` ,

EijkEimn = +1! δjkmn , where δjkmn ≡ δjmδkn − δjnδkm . (1)

Next, consider the 4-index permutation pseudotensor in 4D Minkowski spacetime introduced in §4
of lecture notes. Notice how the components E0ijk and Eijk are numerically equal. What is the
relationship between the numerical values of the components E0ijk and Eijk? Show that

EµνλσEµνλσ = −4! ,

EµνλσEµνλρ = −3! δσρ ,

EµνλσEµναβ = −2! δλσαβ , where δλσαβ ≡ δλαδσβ − δλβδσα . (2)

In §4 of lecture notes, we displayed how the antisymmetric electromagnetic field strength tensor Fµν
contains both the electric and magnetic field 3-vectors ~E and ~B in a “3+1 split”:

F0i = +δij ~E
j , Fij = −Eijk ~Bk , (3)

and how the 4-vector current Jµ splits as

J0 = ρ , J i = ~j i . (4)

(b) [4] Show that the covariant Maxwell equation with a source ∂νF
νµ = Jµ produces the two 3-vector

Maxwell equations with sources on the RHS. (Hint: study the µ = 0 and µ = i cases separately.)

(c) [4] Show that the covariant Bianchi identity Eµνλσ∂νFλσ = 0 produces the other two Maxwell equations
in 3-vector form with no sources on the RHS. (Hint: study the µ = 0 and µ = i cases separately.)

(d) [6] What are the nonzero components of
∂xα

∂xβ′ (5)

for a boost in the x1 direction with relative speed v? Use these, along with the tensorial transformation
law for Fµν , to figure out how ~E and ~B transform under this boost. You should obtain

~E1′ = ~E1 ~B1′ = ~B1

~E2′ = γv

(
~E2 − v ~B3

)
~B2′ = γv

(
~B2 + v ~E3

)
~E3′ = γv

(
~E3 + v ~B2

)
~B3′ = γv

(
~B3 − v ~E2

)
, (6)

where γv = 1/
√

1− v2. Note that this is not how genuine 3-vectors like ~p transform.

(e) [2] Suppose that we started with a static electric point charge in the unprimed frame of reference. Plot
what its electric and magnetic fields would look like in the primed frame for v = 0.99 .
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Q2: Solving the twin paradox [10 marks]

Pretend that an astronaut twin and a homebody twin located at the origin are alone in the universe and
that gravity is negligible. Now send the astronaut twin on a trip. Model the trip as one-dimensional motion
composed of constant relativistic acceleration [CRA] rocket burns and some coasting: (1) a +g CRA burn
up to velocity +v∗, (2) coasting at +v∗ for N times as long as the first burn took in astronaut proper time,
(3) a −g CRA burn to reach the turnaround point, and then the mirror image steps to bring the astronaut
back home. Ignore the mass of the fuel: the astronaut is using nuclear power.

By recruiting ideas from lecture notes on CRA, find a formula for how much younger the astronaut twin is
when they return home than their homebody twin, as a function of g, v∗, N , and c which you can restore
using dimensional analysis. (Hint: be sure that the astronaut’s spacetime trajectory that you assemble
from the various parts is continuous!) Lastly, for fun, assume N = 10 and research some plausible values
of g and v∗ so that you can estimate how much anti-ageing a present-day rocket entrepreneur could offer
gullible wealthy celebrities willing to spend one week total of their time in a spaceship, in SI units.

Q3: Explaining the twin paradox [10 marks]

Create an accessible explanation of the twin paradox and its resolution, for an audience of interested
second-year physics undergraduates who are familiar with the basics of Lorentz transformations. You may
either make a video (max. 5-8 minutes long), or write a document in the style of a blog post with text,
sketches/pictures, and equations (max. 3-5 pages). The video/document should be exported to .mp4/.pdf.

Please do not just repeat what is in lecture notes - the point of this exercise is to get you to practice (i)
summarizing new physics concepts you recently learned and (ii) distilling the key points for a less expert
audience. This helps develop your ability to teach others, and I hope you also have some fun doing it. Feel
free to ask me for more guidance if you need it – this is the first time I have experimented with setting a
GR homework problem like this.
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Q4: Flat spacetime in curvilinear coordinates [10 marks]

Consider Minkowski spacetime in spherical polar coordinates t, r, θ, ϕ,

ds2 = dt2 − dr2 − r2dθ2 − r2 sin2θ dϕ2 = gαβdx
αdxβ . (7)

In this question, we will do some preliminary computations using Python.

(a) [2] Define a 4x1 array called xup with index running from 0..3 for the spacetime coordinates xµ. Next,
define a 4x4 array called gdndn for the downstairs metric gµν , and another 4x4 array called gupup

for the upstairs metric gµν . Write down the components of gdndn by eyeballing the invariant interval
above and enter them into your code. Compute the components of gupup by requiring that the
upstairs and downstairs metrics are inverses of each other. You should find that gupup has nonzero
components

g00 = +1 , g11 = −1 , g22 = − 1

r2
, g33 = − 1

r2 sin2θ
. (8)

(b) [8] Define a new 4x4x4 array called Gammaupdndn, which has components

Γµνλ =
1

2
gµσ (∂νgσλ + ∂λgνσ − ∂σgνλ) . (9)

Show how to compute all its nonzero components with code. You should find that

Γ1
22 = −r ,

Γ1
33 = −r sin2θ ,

Γ2
12 = Γ2

21 =
1

r
,

Γ2
33 = − sin θ cos θ ,

Γ3
13 = Γ3

31 =
1

r
,

Γ3
23 = Γ3

32 =
cos θ

sin θ
. (10)

Check any three of these results by hand.

Be sure to show your code as well as the output results. If you use someone else’s code that you found
online as a template for your work, you must acknowledge that with a full, proper academic citation.
Document your code, so that you could understand it next year after you have forgotten about this course.
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