
Extragalactic Astronomy (ASTRO 504)
Spring 2020

Problem Set 8

Due 27 March 2020

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. No homework will be accepted after I post the solution on the
course webpage.

1. (25 pts) FRB150418.
The dispersion relation of electromagnetic waves passing through an ionized medium (such as
IGM) is given by
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where the plasma frequency is given byω2
p ≡ 4πnee2/me with electron number density ne. Show

that the dispersion relation implies that the arrival time of a radio burst at different frequency is
lagged by
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and the IGM contribution of the dispersion measure (DM) is given by
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where z is the redshift of the radio burst, X e is the ionization fraction of the IGM along the line
of sight, ΩM, ΩΛ, ΩIGM are the density parameters of, respectively, matter, cosmological constant,
and IGM.
(b) FRB150418 is at redshift z = 0.492± 0.008, and DM = 776.2 cm−3pc. When DMMilky Way =
189cm−3pc, DMhalo = 30 cm−3pc, DMhost galaxy = 37 cm−3pc (in the rest-frame), and the uncer-
tainty due to the line-of-sight inhomogeneitiese in the IGM is∆DMinhomo. = 100cm−3pc, estimate
the baryon fractionΩbaryon with the uncertainty range due to∆DMinhomo.. Assume that the Helium
abundance is Yp = 0.24 and He is neutral in the IGM. About 90 % of baryons are in IGM.

2. (25 pts) Gunn-Peterson trough
The Gunn-Peterson effect is the absorption trough produced in the spectra of high-redshift quasars
by the absorption of Lyman-α photons due to neutral hydrogen in the foreground intergalactic
medium. The task of this problem is to compute and plot the resultant spectrum of a high-redshift
quasar.

(a) First, compute the Lyman-α optical depth that we would detect as a function of observed
wavelength for observed wavelengths between the Lyman limit (=912 Å) redshifted by zem and
Lyman-α (=1216 Å) redshifted by zem. Assume the Lyman-α scattering cross-section at rest fre-
quency ν is given by
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where f12 = 0.4164 is the oscillator strength of the Lyman-α transition and δD(x) is the Dirac-
delta function. Plot your result for the neutral fraction fH = 10−6, 10−5, · · · , 100 and zem = 3.5.
(b) Suppose the quasar has a flat continuum spectrum with intensity Iν = 4×10−7erg/cm2/s/Hz/str.
Add to this a Lyman alpha emission line modeled as a Gaussian with emission redshift, zem = 3.5,
Doppler velocity dispersionσ = 1000km/s, and central intensity ILyα

ν = 4×10−6erg/cm2/s/Hz/str.
(i) Use the radiative transfer in the expanding Universe, plot the resultant spectrum as a function
of wavelength for the range discussed above in the absence of foreground neutral Hydrogen;
(ii) Now do this in the presence of foreground neutral hydrogen for the range of fH discussed
above;
(c) Now repeat your calculation assuming zem = 6.5. What is the minimum fH required to explain
the strong absorption trough that we see in the class?
(d) Suppose you were to use an absorptio-line profile that is more realistic than the delta-function
approximation used above. Specifically, suppose
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with the Einstein coefficient A21 = 6× 108 s−1. How would your results change from the above
calculation?
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