Astronomy
2017 Princeton University Invitational

Names:
School:

Team Number:

Instructions:
- You have 50 minutes to complete the exam. Note that the test is quite long, so teams are not expected to finish.
Kudos to any team who gets through more than half the test.
- You are allowed up to two reference sources (e.g. laptops, binders) and any number of calculators. Using
outside sources (e.g. internet) is not allowed and will result in disqualification.
- There are a total of 322 + 69i points spread over 190 questions.
- The test is 21 pages long and consists of 5 sections. Questions are not ordered by difficulty. It is recommended that you spend roughly 30/30/30/10/0 minutes per section.
- There are two image sheets (2 pages each) as well as an H-R diagram (1 page).
- Please write your answers in the test booklet as indicated and write your team number on every page in
the top right corner.
- A copy of the test will be posted after the competition at http://www.princeton.edu/~scioly/astro.
- Good luck and have fun!

Astronomy

A

2017 PUSO Invitational

A Potpourri of Theory

This section consists of a potpourri of multiple choice and short answer questions. This section is worth a total of
103 points.

1. Order the following stellar classes from hottest to coolest according to the Morgan-Keenan
system: A1, A3, B6, M0, M4, O9. [2]
.
O9, B6, A1, A3, M0, M4
2. For each of the following spectra, indicate the appropriate spectral type: [1 each]
(a)

G

(b)

K

(c)

A

(d)

M

(e)

F

(f)

B

3. Under the Yerkes system, Cygnus OB2-12 is classified as B4Ia+ and Gamma Cassiopeiea as
B0IVe. Which of the following inferences about the two stars is incorrect? [2]
(a) Cygnus OB2-12 is younger than Gamma Cassiopeiea
(b) Cygnus OB2-12 is a variable star, whereas Gamma Cassiopeiea is not
(c) Gamma Cassiopeiea has a circumstellar disk, while Cygnus OB2-12 does not
(d) Gamma Cassiopeiea runs mainly on the CNO cycle, whereas Cygnus OB2-12 does not
(e) Cygnus OB2-12 exhibits a P Cygni profile, whereas Gamma Cassiopeiea does not
4. Identify the spectral characteristics associated with the following Yerkes labels: [1 each]
(a) eq

Emission lines with P Cygni profile present.

(b) (f)

N III emission lines present, H II emission lines absent.

(c) k

Interstellar absorption lines present.

(d) ss

Very narrow lines.

5. Indicate the Secchi class of each of the following stars: [1 each]
(a) The Sun

II

(b) Vega

I

(c) Gamma Cassiopeiea

V

6. The Draper system has how many classes? [1]

1
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7. What type of stars would be classified as O under the Draper system? [1]
.

Wolf-Rayet stars

8. Swan bands are found in the spectra of what type of stars? [1]

Carbon stars

9. Identify the absorption/emission lines associated with the following wavelengths: [1 each]
(a) 3965Å

He I

(b) 4340Å

HIγ

(c) 4658Å

C IV

(d) 5303Å

Fe XIV

10. Order the following elements from highest to lowest abundance, in mass, that they are found
in the Sun: C, Fe, H, He, N, O. [2]
.
H, He, O, C, N, Fe
11. Order the following elements from earliest to latest fused in a typical massive star: C, H, He,
Ne, O, Si. [2]
.
H, He, C, Ne, O, Si
12. In Carbon stars, Oxygen is primarily found in what molecule? [1]
13. What fusion reaction dominates in the Sun? [1]

Carbon monoxide
Proton-proton chain

14. Write the starting and ending products of the CNO cycle. [2]
411 H + 2e− → 42 He + 2νe + 3γ + 26.7MeV

.

15. What distinguishes HCNO cycles from normal CNO cycles? [2]
.

Proton capture occurs faster than beta-decay

16. Thermonuclear fusion in stars is primarily confined by: [1]
(a) Electrostatic confinement
(b) Gravitational confinement
(c) Inertial confinement
(d) Magnetic confinement
17. What is the bolometric correction for the sun? [1]

-0.11

18. Order the following photometric labels from smallest to largest wavelength, by effective wavelength midpoint: B, I, R, r’, U, V. [2]
.
U, B, V, r’, R, I
19. Suppose a star has a B-V index of +1.00. What is its V-R index if it is a: [1 each]
(a) Main sequence star (V)

+0.83

(b) Giant (III)

+0.77

(c) Supergiant (I)

+0.66
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20. Order the following star types from in chronological order: red giant, asymptotic red giant,
red clump star. [2]
.
Red giant, red clump star, asymptotic red giant
21. Compared to the Sun, red giants have

granules? [1]

Larger

22. How does fusion in red giants differ from fusion in main sequence stars? [2]
.

Inert Helium core begins collapsing, Hydrogen fusion continues in shell

23. What fusion reaction dominates in red clump stars? [1]

Triple-alpha process

24. What fusion reaction dominates in AGB stars? [1]

None

25. In what stars do violent helium flashes occur and why? [1]
(a) In Sun-like stars, since the core stops collapsing before the flash
(b) In Sun-like stars, since the core continues collapsing until the flash
(c) In Vega-like stars, since the core stops collapsing before the flash
(d) In Vega-like stars, since the core continues collapsing until the flash
26. What properties of degenerate matter accounts for the explosive nature of helium flashes? [2]
.

High heat conductivity, degeneracy pressure dominates thermal pressure

27. Which of the following elements is most likely to dominate a white dwarf’s atmosphere? [1]
(a) Hydrogen
(b) Helium
(c) Carbon
(d) Oxygen
28. Classify (as fully as possible) the following (hypothetical) white dwarfs: [1 each]
(a) He II lines present, magnetic but non-polarized, 55000K

DOH1

(b) He I and H lines present, non-magnetic, 17000K

DBA3

29. Approximately what fraction of white dwarfs are of class DQ? [1]
(a) 0.01%
(b) 0.1%
(c) 1%
(d) 10%
30. Which of the following is true about GW Vir stars? [2]
(a) They are cooler than the vast majority of white dwarfs
(b) They are brighter than the vast majority of white dwarfs
(c) They will eventually become DB white dwarfs
(d) Their variation is caused primarily by the epsilon mechanism
(e) Their pulsation periods are on the order of hours to days
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31. Recently, a white dwarf with a nearly pure oxygen atmosphere was discovered, which is very
strange. [1 each]
(a) What must have happened to the white dwarf?
.

Its outer layers were stripped away

(b) The white dwarf has a mass of 0.55M . How does this challenge the explanation in (a)?
.

It should not have lost so much mass

(c) Traces of silicon were discovered in the white dwarf. Why is this even stranger?
.

Stars that produce silicon usually end up as neutron stars

32. What is the Chandrasekhar limit, in solar masses? [1]
33. Neutron stars are to white dwarfs as the

1.39M

is to the Chandrasekhar limit. [1]

.

TOV limit

34. The most massive neutron star observed was how many solar masses? [1]

2.01M

35. How do glitches affect the rotational speed of a neutron star? [1]

Spin up

36. Shapiro delay can be used to calculate the mass of what type of neutron star? [1]
.

Millisecond pulsar

37. What was the first pulsar discovered? [1]

CP/PSR (B)1919(+21)

38. What are the three main sources of energy for pulsars? [2]
.

Rotational slowing, accretion, decay of magnetic field

39. Enormous gamma ray flares have been observed from magnetars, namely in 1979, 1998, and
2004. What are they caused by? [1]
.
Starquakes
40. What is the main difference between the spectra of planetary nebulae and stars? [1]
(a) Planetary nebulae exhibit strong absorption lines
(b) Planetary nebulae exhibit wide absorption lines
(c) Planetary nebulae exhibit strong emission lines
(d) Planetary nebulae exhibit wide emission lines
41. What technique is typically used to measure the expansion rate of a planetary nebula? [1]
.

Measuring Doppler shift

42. What two spectral features are typically used to determine the metal composition of a planetary nebula? [2]
.
Recombination lines, collisional excitation lines
43. What forbidden line is commonly found in planetary nebulae? [1]
44. Why are these lines ‘forbidden’ ? [1]

OIII/5007Å

They require extremely low densities
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45. Matter in an accretion disk follows what type of trajectory? [1]

Tendex line

46. Polish doughnuts are accretion disks with which of the following properties? [2]
(a) High viscosity
(b) Optically thin
(c) Supported by radiation
(d) Cooled by diffusion
(e) Radiatively efficient
47. Compared to standard nuclear fusion in sun-like stars, is an accretion disk more or less efficient
in converting mass into energy? [1]
.
More
48. ‘Proplyd’ is an abbreviation for what? [1]

Ionized protoplanetary disk

49. Which of the following correctly describes a type Ia supernova? [1]
(a) Hydrogen present, helium absent
(b) Hydrogen present, silicon present
(c) Hydrogen absent, helium absent
(d) Hydrogen absent, silicon present
50. Not all type Ia supernovae have the same peak luminosity. What relationship is used to correct
for this discrepancy? [1]
.
Phillips relationship
51. Approximately what percent of type Ia supernovae occur via the double degenerate channel
(i.e. two white dwarfs instead of a white dwarf and a main sequence/red giant star)? [1]
(a) 1%
(b) 5%
(c) 20%
(d) 80%
52. Approximately how many type Ia supernovae occur in the Milky Way every millenia? [1]
(a) 1
(b) 10
(c) 100
(d) 1000
53. Recently, evidence has been found showing that there are two groups of type Ia supernovae.
In particular, this challenges the dark energy-dominated model of the Universe. [1 each]
(a) The group more abundant in the early Universe has a light curve
of the other group.
.

than the that
Bluer

(b) Why has this been difficult to detect so far?
.

The difference is not prominent in the visible spectrum

5
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54. What causes the luminosity variation exhibited in dwarf novae? [1]
.

Instability of the accretion disk

55. Describe the light curves of the following dwarf novae: [1 each]
(a) UGSU

Occasionally undergoes super-outbursts

(b) UGWZ

Only undergoes super-outbursts

(c) UGZ

Occasionally halts in luminosity

56. Dwarf novae around strongly magnetized stars are often stronger. Why is this? [2]
.

The accretion disk is more ‘vertical,’ resulting in a stronger ‘shock’

57. What does not occur to a AM CVn system as it ages? [2]
(a) Angular momentum is lost through gravitational waves
(b) The orbital period increases
(c) The orbital radius decreases
(d) Matter is transferred from the less massive to the more massive star
(e) The speed at which matter is transferred decreases
58. AM CVn systems result in a type .Ia supernova. What does the ‘.’ signify? [1]
.

It is less bright and lasts shorter

59. A type .Ia supernova is initiated by a helium nova, which is
is more massive? [1]
.

when the white dwarf
Smaller

60. Mira variables are what what type of variable stars? [1]
(a) Pulsating
(b) Eruptive
(c) Cataclysmic
(d) Rotating
61. Which branch of the H-R diagram are Mira variables on? [1]
62. What phenomenon creates Carbon-rich Mira variables? [1]

AGB
Dredge-ups

63. Globular clusters are often classified by the concentration of their stars. What is this classification system called? [1]
.
Shapely-Sawyer classification
64. Globular clusters primarily consist of what population stars? [1]
65. Do OoI or OoII clusters have higher metallicity? [1]
66. As globular clusters age, what stars tend to drift inward? [1]
67. What was the first known globular cluster? [1]
68. What is the largest globular cluster in the Milky Way? [1]
6
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DSO Identification

This section consists of images of the DSOs and questions relating to both the images and the DSOs themselves;
image sheets I and II will be used. This section is worth a total of 91 points.

69. Which DSO is shown in images A, B, and C? [1]

Omicron Ceti

70. In what wavelength range are the three images taken, respectively? [2]
.

UV, X-ray, visible

71. Which image corresponds to the light curve of this DSO? [1]
72. Approximately how long, in years, has this DSO been in the ABG? [1]
73. What is happening to the C/O ratio of this DSO? [1]

9
30,000
Increasing

74. This DSO has a companion. What type of star is it? [1]

White dwarf

75. Which other image depicts this DSO? [1]

AA

76. In what wavelength range is this image taken in? [1]

UV

77. Images D, E, F, and G depict J075141/J174140. [1 each]
(a) Which of the four images depict J075141?

E,F

(b) Which of the four images were taken by the SDSS?

D,F

78. Why are these two DSOs significant? [1]

They are AM CVn progenitors

79. What is the mass, in solar masses, of the primary component in J075141? [1]

0.97

80. What can one say regarding the RLOF of J174140, and why? [2]
.

Since the mass ratio is low, the RLOF is stable

81. In approximately how long will the components in these two systems expected to merge? [1]
(a) 200 thousand years
(b) 2 million years
(c) 20 million years
(d) 200 million years
82. The light curve of which DSO is shown in image 1? [1]

HM Cancri

83. What is the orbital period, in seconds of this DSO? [1]

322

84. Images H and I are centered on this DSO with the same scale, and are taken by which sky
surveys, respectively? [2]
.
XMM and GALEX
85. Which image depicts the spectra of this DSO? [1]

7
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86. Which DSO is shown in J and K? [1]

Sirius A/B

87. In what wavelegth range are the two images taken, respectively? [2]
.

Infrared, X-ray

88. What is the eccentricity of the orbit of two components of this system? [1]
89. What is the stellar classification of the primary component? [1]

0.6
A1Vm

90. The light curve of the secondary component is shown in image 2. [1 each]
(a) What do the ‘J,’ ‘H,’ and ‘K’ refer to?

Photometric filters

(b) What is the significance of the data point referred to by the red arrow?
.

A possible planetary companion (or background noise)

91. Images 3 and 4 are spectra of SS Cygni. [1 each]
(a) Which image corresponds to the spectra during an outburst?

O

(b) What type of scattering is responsible for the peculiar shape of the Fe peaks (see the
inserts) in the spectra?
.
Compton scattering
92. Image 5 depicts the light curve of SS Cygni. Five different peaks are present in the light
curve. [1 each]
(a) What factor determines whether an outburst is short (like the first peak) or long (like
the fifth peak)?
.
The amount of mass in the accretion disk
(b) What is anomalous about both the first and fifth peaks?
.

The rise to peak luminosity is slow

(c) What year does this light curve correspond to? [1]

1993

93. Which other image depicts a light curve of SS Cygni? [1]
94. Of what wavelength range is that light curve? [1]
95. Which DSO is shown in image L? [1]

12
X-ray
NGC 1846

96. In what galaxy is this DSO? [1]

LMC

97. Which DSO is shown in image M? [1]

M15

98. What is the Shapely-Sawyer classification of this DSO? [1]
99. Which of these two DSO’s has a higher metallicity? [1]

IV
NGC 1846

100. The object in image N is found in which DSO? [1]

M15

101. The above object, K648, exhibits broad CIV absorption lines. Why might this be? [2]
.

Stellar photospheric absorption + P Cygni profile
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102. The object in image O is found in which DSO? [1]

NGC 1846

103. Image P is an extremely ‘zoomed-in’ version of image N. Using what technique was such high
resolution achieved? [1]
.
Lucky imaging technique
104. Which DSO is shown in image Q? [1]

NGC 2440

105. In what wavelength range was that image taken? [1]
106. Who discovered this DSO? [1]

Visible
William Herschel

107. Which image depicts the spectra of this DSO? [1]

11

108. There is a strong HeII line at 4686Å, almost as strong as the Hβ line at 4861Å. What does
this signify? [1]
.
The central star is very hot
109. Which DSO is shown in image R? [1]

NGC 2392

110. In what wavelength range was that image taken? [1]

Visible

111. Which other image depicts this DSO? [1]

X

112. In what wavelength range was that image taken? [1]
113. Which DSO is shown in image S? [1]

X-ray
SNR 0509-67.5

114. In what wavelength range was that image taken? [1]

Visible

115. Which other image depicts this DSO? [1]

Y

116. In what wavelength range was that image taken? [1]

X-ray

117. The detection of which elements indicates that this DSO was a type Ia SNR? [2]
.

Silicon, iron

118. Did the supernova occur through the single degenerate or double degenerate channel? [1]
.

Double degenerate channel

119. How do you know? [1]

There is no central remnant

120. Which DSO is shown in image T? [1]

Tycho’s SNR

121. In what wavelength range was that image taken? [1]

X-ray

122. Which other image depicts this DSO? [1]

W

123. In what wavelength range was that image taken? [1]

Radio

124. There is a remnant at the center of this DSO. What is it’s spectral class? [1]

G2

125. What phenomenon allowed its spectrum, at the time of explosion, to be obtained? [1]
.

Light echo

9
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126. Which DSO is shown in image U? [1]

Henize 2-428

127. In what wavelength range was that image taken? [1]

Visible

128. What will happen to this DSO in the future? [1]

Type Ia supernova

129. Which image depicts the light curve of this DSO? [1]

10

130. What is the total mass, in solar masses, of this DSO? [1]

1.76

131. What is the orbital period, in hours, of the components in this DSO? [1]
132. Which DSO is shown in image V? [1]

4.2
SNR G1.9+0.3

133. In what wavelength range was that image taken? [1]

X-ray

134. Which other image depicts this DSO? [1]

Z

135. In what wavelength range was that image taken? [1]
136. What is significant about this DSO? [1]

Radio
Youngest supernova in Milky Way

137. How was the type of supernova that caused this DSO deduced? [1]
.

Analyzing circumstellar interactions

138. Image 5 depicts the spectra of SN 2011fe. [1 each]
(a) Absorption by which element is indicated by the green highlight?

Oxygen

(b) Approximately how fast, in km/s, are the photospheric constituents traveling?
.

16,000 km/s

139. In which galaxy was SN 2011fe? [1]

Messier 101

140. What survey discovered SN 2011fe? [1]

Palomar Transient Factory survey

141. Which image depicts the light curve of SN 2011fe? [1]
142. Which DSO has not been pictured? [1]

8
Henize 3-1357

143. The ‘shock’ from the stellar wind hitting the shell cause which element to light up, giving the
DSO its characteristic bright red arcs? [1]
.
Nitrogen
144. How many of this year’s DSOs are: [1 each]
(a) Globular clusters?

2

(b) Binary star systems (or contain one)?

7

(c) Planetary nebulae?

3

(d) Single degenerate channel type Ia supernova remnants?

1
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Calculations

This section consists of several open-ended astrophysics questions. Unless specified otherwise, express all answers in
SI units. Remember to show all work. This section is worth a total of 92 points.

Please refer to the following two figures for questions 145-151.

Another light curve of SN2014j

R-band light curve of SN2014j
145. What type of supernova is SN2014j? [1]
.

Type Ia

146. What is the effective wavelength midpoint of the filter used for the light curve on the left? [1]
.

658 nm

147. Given that roughly 25% of the light energy of SN2014j was emitted through the R-band, what
is the apparent bolometric magnitude of SN2014j at peak? [3]
√
10.0 + 5 · log10 ( 0.25) = 8.5

148. How far away, in light years, was SN2014j? [3]
∆ = 19.3 + 8.5 = 27.8

101+∆/5 = 3.63 · 106 pc = 1.18 ·107 ly

149. Was SN2014j closer or farther than SN2011fe? [1]

Closer

150. Which filter, U, B, V, R, or I, was the light curve on the right taken through? [1]

I

151. What high-excitation transition primarily causes the secondary peak observed in image b? [1]
FeII 3d6 (3 D)4s–3d6 (5 D)4p

.
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Please refer to the following figure for questions 152-163.

Light curve of an extremely-low-mass white dwarf
152. This light curve is of which DSO? [1]

J075141

153. What causes the peaks of the light curve to differ in height? [1]

Doppler beaming

154. What causes the troughs of the light curve to differ in depth? [1]

Eclipses

155. How much variation in luminosity (in percent) is caused by ellipsoidal variations? [3]
∆=

0.036 + 0.030
+ 0.034 = 0.068
2

10∆/5 = 1.032 → 3.2%

156. In this system, the observed component is prolate ellipsoidal. What is the eccentricity of this
prolate ellipsoid? [3]
a
= 1.032
b

c
e= =
a

12

√

a2 − b2
= 0.25
a
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157. What is the velocity (about the barycenter of the system) of the observed component? [3]
Since there is eclipsing, we assume the inclination is roughly i > 90◦ → sin i ≈ 1.
10∆/5 = 1.0028

∆ = 0.036 − 0.030 = 0.006

v1 ≈

0.0028
· c = 4.2 ·105 m/s
2 · sin i

158. The period of the system observed in image c is 115 minutes. Assuming that the companion
component is five times the mass of the observed component, what is the mass, in solar masses,
of the companion component? [4]
v1 t
4.2 · 105 m/s · 6900s
=
= 4.6 · 108 m
2π
2π
m1 v12
Gm1 m2
36 a1 v12
F =
=
−→
m
=
·
= 0.88M
2
a1
(a1 + a2 )2
25
G

a1 =

159. Assuming that the radius of the observed component is 0.16R , what is the radius of the
companion component? [3]

∆ = 0.042 − 0.035 = 0.007

r2
r1

2

= 1 − 10−∆/5 = 0.0032

r2 = 0.009R

160. What is the surface log g of the companion component? [3]

log g = 4.44 − 2 · log

R1
R




+ log

M1
M


= 5.3

161. The peak wavelength in the spectra was observed to be 1840Å. What is the surface temperature
of the observed component? [2]
T =

2.897 · 107 Å◦ K
= 15700◦ K
1840Å

162. What is the absolute magnitude of the observed component (under above assumptions)? [3]
L1
=
L



15700◦ K
5777◦ K

4

· (0.16)2 = 1.4

4.83 − 2.5 log(1.4) = 4.5

163. While the calculated value from 162 is incorrect, what can be said about the luminosity of
the observed companion, relative to typical white dwarfs? [1]
.
Brighter
13
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Please refer to the following figure for questions 163-171.

Light curve of Chi Cygni
164. What type of variable star is Chi Cygni? [1]

Mira

165. Chi Cygni has a parallax of 5.53mas. How far away, in light years, is Chi Cygni? [2]
d=

1
= 181pc = 590ly
5.53mas

166. Estimate its minimum and maximum absolute (visible) magnitudes. [3]
∆ = 5 · log10 (181) − 5 = 6.3

Mmin = 3.5 − 6.3 = -2.8

Mmax = 13.9 − 6.3 = +7.6

167. In what wavelength range is most of the light emitted by Chi Cygni in? [1]

Infrared

168. The peak wavelength of the spectra of Chi Cygni is observed to vary between 11800Åand
10700Å, respectively. Assuming a transparent photosphere and that its visible magnitude
is the same as its bolometric magnitude, how much does this imply the volume of Chi Cygni
would have to vary (e.g. ratio of largest to smallest)? [3]
Since Chi Cygni is a Mira variable, it is cooler when at maximum luminosity. We denote
maximum luminosity by the subscript 1 and minimum by 2.
L1 = 10(4.83+2.8)/2.5 L = 1100L
L2 = 10(4.83−7.6)/2.5 L = 0.078L
 2 r

2 r
R1
T2
L1
11800
1100
V1
=
·
=
·
= 144 →
= 3000000
R2
T1
L2
10700
0.078
V2
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169. This is clearly unreasonable; thus, the variation in brightness of Chi Cygni is largely due to
atmospheric effects, as the true bolometric luminosity of the star varies only between 6000L
and 9000L . What then causes this drastic change in apparent visible magnitude. [2]
.

As the star expands, metallic oxides cool and absorb much of the visible light

170. Does minimum radius or maximum temperature occur first? [1]
171. Does maximum radius or maximum luminosity occur first? [1]

Minimum radius
Maximum luminosity

Please refer to the following figure for questions 172-176.

A spectra of J120838.1-025712
172. What type of object is this? [1]

Quasar

173. The CIII emission line is at 1909Å. According to (the non-relativistic) Hubble’s Law, how far
away, in light years, would J1208 be? [2]
z=

6350 − 1909
= 2.33
1909

2.33 · 3.0 · 105 km/s
= 1.03 · 104 Mpc = 3.34 ·1010 ly
67.6km/s · Mpc−1

174. Accounting for (simple special) relativity, how old, in years, would J1208 be? [2]
s
z=

1+β
0.83
− 1 → β = 0.83 → t =
= 12 ·109 yr
1−β
67.7km/s · Mpc−1

175. Correcting for redshift, the Lyα emission line is at what wavelength? [1]
176. What is the redshift of the most distant type Ia supernova discovered? [1]

15

1215Å
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177. A hypothetical planetary nebula, NGC 9001, is observed to have a primary OIII emission line
with two peaks 0.82Åapart. Its observed diameter was 24.31mas in JD2433282, and today
(February 4th, 2017) it sobserved diameter was 25.03mas. How far away, in light years, is
NGC9001? [5]
v=

1 0.82Å
·
· c = 24.6km/s
2 5007Å

∆r = 2.12 · 109 s · v = 5.20 · 1013 m

∆t = 2457789 − 2433282 = 24507d = 2.12 · 109 s
d=

5.20 · 1013 m
∆r
=
= 1570 ly
tan(∆θ)
tan(0.72mas)

178. A white dwarf has mass M  Mch . Suppose it has constant density ρ; the (non-relativistic)
electron degeneracy pressure is then given by kp5/3 for some constant k. Find the radius of
the white dwarf in terms of M, k and the gravitational constant G. [6]
Z
G( 34 πr3 ρ)(4πr2 ρ)
3GM 2
16 2 2 R 4
r dr = −
UG = −
dr = − π Gρ
r
3
5R
0
0

1/3
 1/3
2
∂UG
GM
4π
4π
G
Pg = −
=−
·
=−
· · (M 2 ρ4 )1/3
4
∂V
5
3V
3
5
!

1/3
 1/3
3M
k
4π
G
4/3
2/3
0 = Pe + PG = ρ ·
· −
· ·M
4π
R
3
5
Z


R=

R

3
4π

2/3
·

5k
· M −1/3
G

dR
179. Given that in hydrostatic equilibrium, PdP
= −4 R
, where Ps , Rs are the pressure and radius
s
s
of the shell, respectively, show that thin shells are always thermodynamically unstable. [5]

Let xs denote the thickness of the thin shell, so

xs
Rs

≈ 0.

dρ
dx
dr
dr rs
=−
=−
=−
·
ρs
xs
xs
rs xs
dρ
dT
dP
xs dρ
a
+b
=
=4 ·
ρs
T
Ps
rs ρs

 s
xs
dρ
dT
4 −a
=b
rs
ρs
Ts
But the LHS coefficient is negative and the RHS coefficient is positive, hence the shell is
themodynamically unstable.
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180. This problem develops a timescale for the core collapse phenomenon observed in globular
clusters.
(a) When two stars encounter one another along their orbits, we call the encounter strong
if the magnitude of their gravitational potential energy exceeds the magnitude of their
kinetic energy; otherwise, we call it weak. What type of encounter has a greater (cumulative) impact on stellar orbits? [1]
.
Weak
(b) Suppose a star of mass m flies by your star of mass M at a (constant) velocity v and
closest distance x. A perpendicular velocity component is then added to the orbit of
your star of what magnitude? [3]
M·

Z

dv⊥
GM m
= F⊥ = 2
dt
x + v 2 t2

∞

v⊥ =
−∞

dv⊥
dt = Gm
dt

Z

∞

−∞

x2

1
dt =
+ v 2 t2

2Gm
xv

(c) What is the expected magnitude of the perpendicular velocity component of your star
after some time t if the number density of stars is n? [3]
v 2⊥

Z

x2

=

2

Z

x2

v⊥ (x) dN =
x1

x1



2Gm
xv

2
· (n · vt · 2πx dx) =

8πG2 m2 nt
· ln
v



xmax
xmin



(d) We define the relaxation time tr as the time it takes for |v⊥ | to exceed v. Calculate the
relaxation time of a globular cluster, where v = 15km/s, n = 104 pc−3 , m = M , and
ln(xmax ) − ln(xmin ) = 10? [3]
tr =

v3
1
·
= 2.24 · 1015 s = 7.1 ·107 yr
2
2
8πG m n ln(xmax ) − ln(xmin )

(e) Calculate the number of orbits K a star makes in a (large) cluster of N stars of mass m
if the cluster has radius R. You may neglect the effects of any strong encounters. [6]
We equate the kinetic and potential energies via the Virial theorem, and xmin is given
by the radius cutoff between strong and weak encounters:
r
1
1 GM 2
GN m
2Gm
3N
2
Mv = ·
→v=
xmin =
n=
2
2
R
R
v2
4πR2


1
GN m 3/2 4πR3
1
tr =
·
·
·  2
2
2
8πG m
R
3N ln Rv
2Gm
r
v
v
NR
1
N
K = tr ·
=
·
·  2=
3R
9π
Gm ln Rv
9π ln(N/2)
2π · 4
2Gm
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Additional Space for Calculation Questions
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Additional Space for Calculation Questions
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Stellar Evolution and the H-R Diagram

This section consists of plotting stars, stellar classes, and evolutionary trajectories; the H-R diagram will be used.
This section is worth a total of 37 points.

181. Draw the main sequence diagonal. [1]
182. Draw the R = 100R diagonal. [1]
183. Label the following DSOs: [1 each]
• Sirius A
• Sirius B
184. Label the path Omicron Ceti takes as it pulsates. [3]
185. Draw the evolutionary tracks for:
(a) A 1M star
(b) A 5M star
For each, label the following phases: [1 each]
• ZAMZ
• SGB
• HB
• E-AGB
• TP-AGB
• PPN
• PWD
And label the points at which the following events occur (not necessarily in order): [1 each]
• Hydrogen core exhausted
• Hydrogen shell burning
• Helium core burning
• Helium core exhausted
• Helium core flash
• Helium shell flash
• First dredge-up
• Second dredge-up
• Third dredge-up
186. Label the turnoff point of M15. [1]
187. Label the blue stragglers of M15. [1]
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ワイフ !!

This is a bonus section, worth 69i points.

188. Choose one. [10i]

189. Who is your waifu? [10i]
190. Draw your waifu. [49i]
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Hertzsprung-Russell Diagram
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