
PHYS4000 Astrophysics
(Spring 2017)

Final Exam

Friday 10 March 2017

There are five questions, equally weighted, and you are to work all of them. You are
welcome to use your textbook, notes, or any other resources, other than consulting with
another human. If you have questions, please ask the person proctoring the exam.

Please start each problem on a new page in your exam booklet.

Good luck!

(1) Match the image (on the sheet handed out separately) with the following descriptions:

(i) Neutron star (iv) White dwarf (vii) H-II Region
(ii) Most distant (v) Young star cluster (viii) Old star cluster
(iii) ą 109 M@ black hole (vi) Microwave image (ix) X-Ray image

Obviously, not all the images are used, and some images may be used more than once.

(2) Two stars execute circular orbits about their common center of mass. The masses of the
stars are four and twelve solar masses respectively. The orbital period is two years.
(a) What is the separation between the two stars?
(b) What is the orbital speed of the four solar mass star?
(c) For an inclination angle i “ 30˝, what are the maximum and minimum Doppler shifted
wavelengths observed for the Hα line from the four solar mass star?
(d) What is the farthest distance away these stars can be, if they are to be distinctly resolved
by the Hubble Space Telescope. (Assume an angular resolution of 0.1 seconds of arc.)

(3) Assume that the Universe was radiation dominated up until the time that it was cool
enough so that blackbody photons could no longer effectively ionize hydrogen. Recall that
there were (and are) about 109 photons for every proton in the Universe.
(a) Give a rough estimate of the temperature at which this transition took place. Justify
your answer, although you don’t need to make a detailed calculation.
(b) How old was the Universe when this decoupling took place?

(4) A galaxy with redshift z “ 0.2 has a total luminosity equal to 1010 L@. Find the observed
flux on Earth, in either Joules{m2¨sec or ergs{cm2¨sec.

(5) The Kepler mission has detected a distinctly Earth-like extrasolar planet in Lyra. It has
a radius Rp “ 1.34 RC and orbits a star with radius R‹ “ 0.6 R@ at an orbital radius close
to 0.4 AU. The orbit is nearly circular with an inclination angle close to 90˝, and with a
112 day orbital period. Sketch the transit signal as seen by Kepler, including details of the
transit time and signal size.



Solutions

(1) (i) F; (ii) K; (iii) K or L; (iv) B or I; (v) H; (vi) C; (vii) J; (viii) E; (ix) I or F

(2) Have m1r1 “ m2r2, m1 “ 4M@ , m2 “ 12M@, F “ Gm1m2{a
2, and a “ r1 ` r2 “ 4r2.
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Also v2 “ 2πr2{τ and ∆λ{λ “ v2 sin i{c with λ “ 656 nm. Finally θ “ a{d so solve for d
with θ “ 0.1ˆ π{p180ˆ 3600q. Calculating all this gives

a “ 6.0ˆ 1011 m“ 4 AU; v1 “ 4.5ˆ 104 m/sec; λ “ 656˘ 0.05 nm; d “ 1.2ˆ 1018 m“ 40 pc.

Note that the first part can be done simply using solar masses, years, and AU:
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(3) The number of black body photons with energy hν is proportional to ν2{pehν{kT ´ 1q,
so, we want the temperature at which the integral from 13.6 eV to 8 is 10´9 of the total.
Some trial and error with Mathematica shows that T “ 5965 K gives 1.0 ˆ 10´9 for the
number of photons above 13.6 eV. (I think in class, we used a number from the book around
3000 K.) Now, using T “ 1.5ˆ1010 K ¨ sec1{2{t1{2, we find t “ 6.5ˆ1012 sec“ 2.0ˆ105 years.

(4) Use cz “ v “ H0d with H0 “ 72 km/sec¨Mpc to find v “ 59958 km/sec and d “ 833 Mpc.
The flux is therefore φ “ L{4πd2 “ 4.6ˆ 10´16 J/m2¨sec“ 4.6ˆ 10´13 erg/cm2¨sec.

(5) This describes the planet Kepler-442b. It is probably easiest to simply refer to formulas
in the textbook. From (6.6) ∆f{f “ pRp{R‹q

2 “ 4.2 ˆ 10´4. For the transit duration use
(6.7) with b “ 0 since i “ 90˝ since cos i “ br‹{a. Thus tdur “ 0.25 days. Data for this
planet (also known as KOI-4742.01) is given in Torres, et al., Ap.J. 800:99(2015)1. The plot

The Astrophysical Journal, 800:99 (24pp), 2015 February 20 Torres et al.

Figure 9. Light curve fits and Kepler observations (small dots) for our 12 KOIs. Pink circles represent 10 point binned data.

in general the photo-eccentric effect is more likely to (but will
not necessarily) produce a positive sign for this logarithmic
ratio. Additionally, a diluted transit in a circular orbit will cause
log(ρ⋆,phot/ρ⋆) to be negative via the photo-blend effect (Kipping
2014a), but can never yield a positive sign. For these reasons,
finding log(ρ⋆,phot/ρ⋆) > 0 is more consistent with a bona-fide
planet than a negative sign.

As seen in Table 10, despite the large uncertainties the
minimum eccentricities are considerably higher if KOI-1422.05,
KOI-2529.02 and KOI-3284.01 orbit the secondary star, which
seems a priori less likely, although quantifying an accurate
odds ratio is not possible without knowing the eccentricity
distribution of terrestrial-sized planets around M dwarfs. For
the first two cases this assessment agrees with our conclusion
from the BLENDER study (Table 7), which also favored the planet
transiting the primary. For KOI-2529.02 and KOI-3284.01 the
sign of the log-density ratio log(ρ⋆,phot/ρ⋆) is also negative if the
planet is around the companion, requiring either geometrically
disfavored near-apoapsis transiting planets, or simply the photo-
blend effect. For KOI-1422.04 the minimum eccentricities
between the two scenarios are comparable, but the sign of the

log-density ratio favors the primary star as the host. Finally, the
test for KOI-3255.01 is ambiguous according to both metrics,
in agreement with the indications from BLENDER that were also
inconclusive for this planet.

9. HABITABILITY

While a broadband transit light curve alone does not reveal the
“habitability” of a given planet, it does allow us to determine
how close to the “HZ” a particular planet is. Therefore, an
important distinction to make is that we do not claim any of
the planets in our sample are truly habitable, but merely that
the insolation they receive from the host star is suitable for
the presence of liquid water on the surface across the range of
plausible atmospheric conditions.

Kopparapu et al. (2013) have presented calculations of the
HZ for a wide variety of atmospheric conditions, and considered
also empirical boundaries for the hot inner edge modeled by a
recent-Venus-like world, and a cold outer edge modeled by an
early-Mars-like world. More recently Zsom et al. (2013) took
a broader view of the conditions that might provide habitable
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indeed shows a “dip” of size that is about 1/2 of 0.001, and a transit that takes several hours.


