
Cosmology (ASTRO/PHYS 545)
Spring 2023

Problem Set 3

Due 15 February 2023

Solving problem sets is one of the most efficient ways of learning the subject. You are encouraged to
collaborate with fellow students and/or to consult senior students, local postdocs and me. But, please
write the solution by yourself.

Homework is due at the end of the class on 15 February 2023. No homework will be accepted after I
post the solution on the course webpage (usually right after the class following the due date).

1. (30 pts) [Distance modulus] The brightness of sources are measured on a logarithmic appar-
ent magnitude scale, where the apparent magnitude is defined to be m = −2.5 log f + C1, and
f is the flux, C1 is some constant and the logarithm is base 10. The luminosity of the source
is similarly measured on a logarithmic absolute luminosity scale, where the absolute luminosity
is M = −2.5 log L + C2. The constants C1 and C2 are chosen so that the distance modulus is
m−M = 5 log(r/10 pc). If there is a standard candle, an object of known luminosity L (and thus
known M), then measurement of its apparent magnitude m determines the luminosity distance.
Suppose now that observers measure the distance modulus of supernovae (assumed to be stan-
dard candles) at redshifts between z = 0.01 and 1.
(a) Use your favorite programming language (C/C++, Fortran, python, IDL, Mathematica, MAT-
LAB, etc), plot the luminosity distances at these redshifts for (i) Einstein-de Sitter Universe (ΩM =
1, ΩΛ = 0) (ii) a flat Universe with ΩM = 0.3 and ΩΛ = 0.7, and (iii) an open Universe with
ΩM = 0.3 and ΩΛ = 0, and plot the differences in the distance moduli between these three cos-
mologies. Use log-scale for the redshift z (x-axis) and plot in the rage z = 0.01 . . . 1.
(b) Do some reading (for example, arXiv:2112.04510) to figure out how well the magnitude scale
is calibrated and also figure out what a typical extinction is and how accurately it can be subtracted
from reddening measures.

2. (20 pts) [Standard model of particle physics] The attached plot on the next page shows the
temperature evolution of the relativistic degrees of freedom in the early Universe, including the
elementary particles in the standard model of particle physics. Note that I assume the QCD phase
transition happened instantaneously.
(a) Annotate events that contribute notable changes of g!.
(b) Calculate the g! and g!s (if different from g!) for every plateau that you see in the plot.
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