Name

Final Exam
December 14, 2017

This test consists of five parts. In parts II through V, PHY 310 students can skip one question of
those offered, while PHY 610 students must answer all questions.

Part I: Multiple Choice (mixed new and review questions) [S0 points] (2 points each)

PHY 310/610: For each question, choose the best answer

1.

At the end of neutron/proton freezeout, how did the number of neutrons compare to the
number of protons?

A) It was almost all neutrons

B) There were several times more neutrons than protons (about 6:1)

C) There were almost equal numbers of protons and neutrons

D) There were several times more protons than neutrons (about 6:1)

E) It was almost all protons

Which of the following is closest to the current age of the universe?
A) 11.8 Gyr B) 128 Gyr C) 13.8Gyr D) 14.8 Gyr E) 15.8 Gyr

Which of the following explains why Hubble’s Law becomes poor at large red-shift

A) The distances are so great you are looking at things in the past (only)

B) There are different kinds of distances (luminosity distance? Current distance?) (only)
C) The curvature of spacetime makes it measuring distances complicated (only)

D) All of the above are correct

E) None of the above are correct

Water freezes at 273 K. What was the approximate value of the red-shift z when the universe
was at this temperature?
A) 99 B) 9 oo D) —0.99 E) 0.9

The most likely ultimate cause of structure in the current universe arose when?

A) From black holes introducing non-uniformity

B) From random photons pushing matter together at recombination

C) From coalescence around very massive dark matter particles

D) From density fluctuations at the time of quark confinement

E) From quantum mechanical fluctuations that got made very large during inflation

The reason Cepheid Variable stars are useful for measuring distances is that

A) We can bounce radio waves off of them and measure the timing for the signal to return
B) These stars have consistent size, so we can compare the angular size to the actual size

C) These stars are normally all at the same distance, so you automatically know the distance
D) These stars have a relationship between their period and luminosity

E) These stars are always close enough to measure their distance via parallax



7. Which of the following was not a possibility that was discussed for how the universe made
an excess of baryons over anti-baryons?
A) Decay of particles at the grand unified theory (GUT) scale
B) Production at the electroweak phase transition via sphalerons
C) Production by black holes in the early universe
D) Production with the help of supersymmetry at the electroweak scale via sphalerons
E) Neutrino-driven baryogenesis, with a neutrino asymmetry converted into a baryon
asymmetry

8. How is it that black holes are believed to be able to evaporate in the future universe?
A) Over time, black holes turn into white holes, which only allow stuff to escape from them
B) Quantum mechanics says that particle/anti-particles can appear, and one can get eaten by
the black hole while the other escapes
C) They split into pairs which eventually become so small they are invisible
D) The matter that falls into them goes through a wormhole and escapes elsewhere
E) They don’t really evaporate, they just are invisible because they are black

9. From our standpoint, all objects in the universe seem to be rushing away from us with a
velocity proportional to their distance. What would be observed from a distant galaxy?
A) All objects would be rushing past them in one direction
B) All objects would be rushing away in some directions and rushing towards them in others
C) All objects would be rushing away, but not in a way proportional to distance
D) All objects would be rushing away, proportional to distance, but with a different

proportionality (different Hubble’s constant)

E) The same thing would be observed

10. Our galaxy’s classification is probably approximately
A) EO B) E7 () SAd D) SAm E) SBb

11. The nearest large galaxy besides our own is called
A) Andromeda B) Virgo C) Coma D) Fornax E) Milky Way

12. Which of the following is the largest contributor to the current mass density of the universe?
A) Dark matter B) Baryons C) Dark energy D) Neutrinos E) Radiation

13. Which of the following was discussed as a possibility for the creation of the universe

A) Eternal/chaotic inflation, where most of the universe is forever inflating but certain small
regions escaped

B) Creation from a white hole, sort of a reverse-time black hole where things can only come
out

C) A primordial thick soup of particles and anti-particles annihilated to create an explosion

D) As a giant sneeze from the Great Green Arkleseizure

E) None of these were discussed



14.

15.

16.

17.

18.

19.

20.

Which kind of galaxies typically have lots of gas, dust, and star formation?
A) Ellipticals (only)

B) Spirals (only)

C) Barred spirals (only)

D) Spirals and barred spirals, but not ellipticals

E) Spirals, barred spirals, and ellipticals

In the future, our best guess about what will happen to the universe is it will
A) Expand for a while, then recontract to a point in the Big Crunch

B) Expand, but at an ever slowing rate, eventually coasting at a constant speed
C) Expand exponentially forever, so that things end up very far apart

D) Expand to a fixed constant size, and remain that size forever

E) None of the above

The bottom quark has a mass of about mc?> =4.2 GeV. What was the approximate
temperature kKsT when bottom quarks annihilated and disappeared?

A) 0.7 GeV B) 1.4 GeV C) 4.2 GeV D) 12.6 GeV E) 25.2 GeV
How do typical stars in the disk of a spiral galaxy orbit?

A) Approximately circular orbits in the plane of the disk

B) Highly eccentric orbits, but in the plane of the disk

C) Approximately circular orbits, but not in the plane of the disk
D) Highly eccentric orbits not in the plane of the disk

E) None of the above

Which of the following coincidences were not discussed as being critical to the universe
being conducive to life and intelligence?

A) The value of Q=1

B) The vacuum energy density is very low

C) The near perfect resonance of the ®Be nucleus and an excited state of '2C

D) The perfect muon mass to allow muons to increase the temperature just right

E) In fact, all of these were discussed

Which of the following is not part of our address in the Universe?
A) Milky Way Galaxy

B) Laniakea Supercluster

C) Virgo Cluster

D) Local Group

E) Actually, we are a member of all of these

The cosmic microwave background radiation shows us the universe at the time of

A) First structure  B) Nucelosynthesis C) Inflation D) Baryogenesis E) Recombination



21.

22.

23.

24.

25.

Which of the following combinations of quarks and anti-quarks do not occur in our universe?
A) Three quarks

B) Two quarks

C) Three anti-quarks

D) One quark and one anti-quark

E) Actually, all of these occur in nature

The classification of the galaxy at right is probably about
A) EO B) E7 C) SAd D) SAm E) SBb

How do we know that the dark matter does not consist of white dwarfs, neutron stars, black

holes, planets, or other similar massive compact halo objects (MACHOs)?

A) Many of these would be easily visible with modern telescopes

B) These objects have so much gravity we would observe them distorting the solar system

C) The accretion disks around any of these objects would produce X-rays that could be
observed

D) These objects would cause gravitational microlensing of bright stars behind them

E) Since most of these would have been stars in the past, we should see them when we look
at very distant galaxies

Which of the following events occurred earliest?

A) Neutrino decoupling p—e e s —

B) Electron-positron annihilation o - —_—

C) Nucleosynthesis :'—;';.mﬁw S

D) Neutron/proton ratio freezeout

E) Matter-radiation equality % %ﬁ
7

Which of the following is not explained in ﬂzﬁ‘f!““

terms of inflation

A) Why the universe has Q extremely close
to one

B) Why the universe is seems to have
relatively constant composition

C) Why the cosmic microwave background
radiation (CMBR) temperature is so
uniform

D) Where the small fluctuations in the
CMBR come from

E) Why there are more electrons than “There goes Williams again...trying to win support for
positrons in the universe his Little Bang theory!"




Part II: Short answer (review material) [20 points/30 points] (10 points each)
PHY 310: Choose two of the following three questions and give a short answer (1-3 sentences)
PHY 610: Answer all three questions

26. Explain how we know that the dark matter in
galaxies is not concentrated at the center.

“Here’s the |ast entry in Carlson’s journal: ‘Having won

: . their confidence, tomorrow | shall test the humor of
27. It is hypothesized that quasars and blazars may, these giani bul gentle primalés wilh d simple jov-

in fact, be similar or even identical objectss. b

How is this possible, given that they have
significantly different properties? You may have to draw a sketch to explain this.

28. Explain qualitatively the importance of the “turn-off point” for estimating the age of a cluster
of stars.



Part III [30 points/40 points] (10 points each)
PHY 310: Choose three of the following four questions and give a short answer (1-3 sentences)
PHY 610: Answer all four questions

29. There is strong evidence that there are more baryons than anti-baryons in the universe. Give
at least three criteria that any process that produces this asymmetry must have

30. Give at least two reasons why it is unlikely that neutrinos are the dark matter

31. It is believed that the temperature of the neutrinos is a little less than the temperature of the
photons. Explain why they aren’t at the same temperature, and why the photons are hotter.

32. In the distant future of the universe, give the correct likely order for each of the following
events: matter decays, last stars die, black holes evaporate, Local Group is isolated.



Part IV: Calculation (review material) [20/40 points] (20 points each)
PHY 310: Answer one of the two questions below

PHY 610: Answer both of the questions below

33.

34.

Grou d
m (kpc) M
The brightest red-giant stars (as measured in the infrared) g 03 421
for four groups of stars are measured, and their distance is - ;
. B 12.4 | 18.0
found by other methods. The results appear at right. C 148 | 57.0
(a) For groups A, B, and C, find the absolute magnitude o) 19'3 .
M .

(b) Can we use the tip of the red-giant branch as a standard
candle? Give an argument.

(c) The apparent magnitude of the brightest star group D is also measured, but its distance is
unknown. Estimate the distance to group D.

The H-a line normally has a wavelength of 656.28 nm, but from the Hydra Cluster it is found
to have a typical wavelength of about 692.24 nm.

(a) What is the red-shift z for this cluster?
(b) What is the velocity of this cluster, and is it moving towards us or away from us? You
may use the small z approximation for this calculation.
(c) What is the approximate distance to the Hydra Cluster?
(d) The angular size of the Hydra Cluster is about 45 arc-minutes. What is the approximate
physical size of the Hydra Cluster?

Units Physical Constants Magnitude/Distance Age of Universe

1 pc=3.086x10"" m ke =8.617x107° eV/K | mM—M =5logd -5 Matter

m- 17.3
eV =1.602x10"J kg =1.381x107 J/K d-10"5 pe t 2(7%
~ 7+
- 30 h=6.582x107"° eV -

M, =1.989x10" kg X ) evV-s Mass Density Radiation
Electron Mass he=1.973x10" eV-m p=g r’ (kBT )4 i 242 s MeV ’
mc? =511 keV Hubble’s Constant = Yefr 3 5 =

H, ~ 67.8 km/s/Mpc 30(he) VO L KeT
Oero =3.36

Part V: Calculation (new material): [80/100 points] (20 points each)
PHY 310: Choose four of the following five questions and perform the calculations
PHY 610: Do all five of the following problems

35. The current density of baryons, cosmological constant, and cosmic background radiation are

Do =4.196x107° kg/m®, p,, =5.966x107" kg/m®, p,, =4.642x107" kg/m’

(a) Write a formula for these densities as a function of red shift z.
(b) At what red-shift z did the radiation density equal the cosmological constant density?
(c) What was the baryon density at this time?
(d) What dominated the universe at this time? Estimate the age of the universe at this time.




36.

37.

38.

39.

The cosmic microwave background (CMBR) has a temperature of To =2.725 K
(a) What is the typical energy of a photon at this temperature in eV?

(b) If two photons collide head on, they can produce an e‘e” pair if they have energy
EE, > (mc2 )2 , where mc” =5.11x10° eV is the electron self-energy. What is the

minimum energy of a photon E2 from some distant source such that it could collide with
a CMBR photon to produce an e'e” pair?

(c) The density of photons from a thermal distribution is given by n = 0.244(kBT / hc)3 . Find

the density of photons today in m™>.

(d) The cross section for the process yy — e'e” is approximately o =7.94x107° m*>. Find
the rate I in's™' at which a high energy photon collides with a CMBR photon, and the

time I between collisions.
(e) What is the mean distance such a high-energy photon can go before colliding with a
CMBR photon?

In the two-Higgs model, the number of boson and fermion degrees of freedom are g, =32
and g, =90 respectively. In the minimal supersymmetric standard model, there will be an

additional fermion for each boson, and boson for every fermion.
(a) For k,T >10" MeV , assume the universe is hot enough that all particles can be

considered massless. What is ¢, in the two-Higgs model? The supersymmetric model?

(b) What would be the age of the universe in each of these models at k,T =1.00x10° MeV ?
(c) What would be the temperature K,T of the universe in each of these models at
t=1.00x10"%s?

The average density of matter baryons today is about p,, =2.655x107" kg/m’. The mass

of our galaxy is probably around 10> M o » and it has an approximate radius (including dark
matter) of about 100 kpc. Assume the galaxy is a uniform density sphere.

(a) Find the density of our galaxy in kg/m>. Find the ratio of the galaxy density to the
average density of the universe.

(b) Assume the galaxy has stayed the same size and mass since it formed, while the rest of
the universe was expanding. At what red-shift z was the average matter density of the
universe comparable to the density of the galaxy?

(c) Estimate the age of the universe at this time.

The densest element, Osmium, has a mass density of 2.259x10* kg/m’. At some point, this

was the density of everything in the universe. Assume that the universe is radiation-

dominated at the time, and the effective number of spin degrees of freedom is the same now

as it was then.

(a) Find the temperature ksT of the universe at this time in eV.

(b) Find the age of the universe at this time.

(c) Is the universe radiation dominated at this time? Is the value of the number of spin
degrees of freedom you used approximately accurate? Give an argument.



