
Cosmology (ASTRO/PHYS 545)
Spring 2023

Problem Set 7

Due 30 April 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 30 April 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. (25 pts) Linear matter power spectrum and σ8.
The Boltzmann code CAMB solves the linear perturbation equations at early Universe and output
the matter power spectrum as well as the CMB power spectra. Conveneintly, there is a web-based
CAMB wrapper in LAMBDA (Legacy Archive for Microwave Background Data Analysis) site

http://lambda.gsfc.nasa.gov/toolbox/tb_camb_form.cfm

(a) Input your favorite (but not too different from the real Universe) cosmological parameters
and obtain the matter power spectrum. Note that you must check the box "Transfer Functions" to
output the linear matter power spectrum. You are free to explore what the parameters are doing,
but it is Okay to use the default setting. Plot (in log-log scale) the matter power spectrum that
you get from CAMB at z = 0 (this is default) and z = 1, 2, 3 (you can set Number of redshifts and
redshifts parameters).
(b) For the cosmological parameters that you input, calculate the wavenumber at matter-radiation
equality, keq = aeqHeq, sound horizon wavenumber at z = 1100, the linear growth rate at z = 0,
1, 2, 3, and explain how these numbers are relevant to explain features shown in the plot you
generated earlier. Do slopes of the power spectrum on large and small scales consistent with what
you expect?
You can either integrate the second order differential equation that discussed in the class, or use
following fitting function (Carroll, Press, Turner 1992):
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(c) Calculate σ8 at the four redshifts. σR is given by
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where WR(k) = 3 j1(kR)/(kR).

2. (25 pts) [Effect of massive neutrino on matter evolution] For this problem, let’s assume that
neutrino mass states are degenerate. That is, m1 = m2 = m3 = mν, just like what we have done
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in homework 6. Again, for the following four values of neutrino masses: mν = 0.05 eV, 0.1 eV,
0.2 eV, 0.4 eV,
(a) Calculate the typical velocity of neutrinos vν ≡ 〈pν〉/mν as a function of scale factor a.
(b) Massive neutrinos contribute to the matter density evolution only on the scale larger than
its free-streaming length, and we can estimate the free-streaming length as the comoving length
traveled with typical velocities within a Hubble time (tH = 1/H). Calculate the free-streaming
length λν(z) as a function of scale factor a. What is the free-streaming scale at znr? what about
at present time?
(c) Consider the flat, matter-dominated universe, and show that on scales smaller than the free-
streaming length, perturbations in the remaining cold components (cdm and baryons) grow as
δ∝ tα where
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&
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instead of the usual δ∝ a∝ t2/3. Here, fν = Ων/Ωm is the fraction of massive neutrinos to the
total matter density. Hint: use that neutrinos are smooth on scales smaller than their free-streaming
length.
(d) For the length scales λν(0) < λ < λν(znr), neutrinos suppress the density evolution in the
scale-dependent way. What is the maximum amount of fractional suppression∆δm(mν)/δm(mν =
0) at present time?
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