Science Olympiad
Astronomy C
MIT Invitational
January 23, 2022

Directions:
• Each team will be given 50 minutes to complete the test.
• There are three sections: §A (Multiple Choice), §B (Deep-Sky Objects), §C (Calculations), and
§D (JS9 Exploration).
• For significant figures, use 3 or more in your answers unless otherwise specified.
• Tiebreakers, in order: §C, §C1, §D, §A, §B1, . . . , §B12.
• Best of luck! And may the odds be ever in your favor.

Written by:
April Cheng, aqc@mit.edu; Robert Lee, robertyl@ucla.edu
Sahil Pontula, spontula@mit.edu; Terry Matilsky, matilsky@physics.rutgers.edu
Feedback? Test Code: 2022MIT-AstronomyC-Parallax

Astronomy C

MIT 2022

Section A: Multiple Choice
Use the images in Image Set A to answer the following questions. Each question is worth two
points, for a total of 80 points.
1. True or False: Herbig Haro objects are often
found with T Tauri stars.

6. Which wavelength regime of measurements
would you use to trace cool clouds of neutral
hydrogen?

A. True

A. Radio

B. False

B. Infrared

2. Which of the following correctly lists the standard Harvard spectral classification scheme in
order of increasing temperature?

C. Visible
D. Ultraviolet

A. OBAFGKM

E. X-ray

B. MKGFABO

7. Which wavelength regime of measurements
would you use to find pulsars with no binary
partner?

C. OFGKAMB
D. MFGKOBA

A. Radio

E. MBGAFOK

B. Infrared

3. Which wavelength regime of measurements is
the best when looking for Herbig-Haro objects?

C. Visible

A. Radio

D. Ultraviolet

B. Infrared

E. X-ray

C. Visible

8. It turns out that all novae are

D. Ultraviolet

A. White dwarfs in close binary systems

E. X-ray

B. Neutron stars in close binary systems
C. Black holes in close binary systems

4. Which wavelength regime of measurements is
the best when looking for black holes?

D. All of the above combined

A. Radio

E. Black holes with accretion disks

B. Infrared

9. What is the mechanism by which a nova outburst occurs?

C. Visible
D. Ultraviolet

A. Runaway hydrogen fusion reaction on
the surface of the smaller star

E. X-ray

B. Large mass ejection from violent stellar winds

5. Which wavelength regime of measurements best
picks out O and B type stars?

C. Pulsations caused by the Eddington
valve mechanism

A. Radio
B. Infrared

D. Starquakes

C. Visible

E. None of the above

D. Ultraviolet
E. X-ray
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For the following questions, refer to the H-R
diagram in image A1.

15. From when to when is the star classified as this
type of star?
A. 1 to 3

10. Estimate the mass of this star.
A. 0.5 M

B. 2 to 4

B. 1 M

C. 0 to 1

C. 5 M

D. 1 to 2

D. 10 M

E. 3 to 4

E. It’s hard to estimate the mass of this
star because it’s constantly changing.

16. From when to when is the star on the Henyey
track?

11. At which point in time is the star contracting
the fastest under its own gravity?

A. 1 to 3
B. 2 to 4

A. 0

C. 0 to 1

B. 1

D. 1 to 2

C. 2

E. 3 to 4

D. 3
17. From when to when is the star on the Hayashi
track?

E. 4
12. Throughout its evolution on this track, the
star’s rotation

A. 1 to 3
B. 2 to 4

A. Speeds up

C. 0 to 1

B. Slows down

D. 1 to 2

C. Stays the same

E. 3 to 4
13. At some period of time during the evolution
described above, the star is classified as which
type of variable star?

18. Before point 3, the primary mode of energy
transport in the star is

A. AM Canum Venaticorum

A. Conduction

B. Mira variable

B. Convection

C. Cepheid variable

C. Radiation

D. Herbig Ae/Be star

19. What happens at point 3?

E. T-Tauri star

A. A convection zone develops in the
core of the star

14. Which of the following is a cause of the variability?

B. A convection zone develops in the
mantle of the star

A. Large star spots rotating in and out
of view
B. Stellar winds causing bipolar jets

C. A radiative zone develops in the core
of the star

C. Clumps in the circumstellar gas orbiting in the line of vision

D. A radiative zone develops in the mantle of the star

D. All of the above

E. A radiative zone develops at the surface of the star

E. None of the above
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Apsidal precession is the phenomenon of the major
axis of the ellipse rotating around the focus (the
sun) over time, as illustrated in image A2. The implication of apsidal precession is that their orbits
deviate slightly from perfect ellipses. The precession of the moon’s orbit was known as early as 80
BCE in ancient Greece, and Mercury’s precession
was not fully explained until the 20th century.

The following questions concerns ideas on orbital mechanics.
20. In the geocentric model, Ptolemy and other
ancient astronomers used epicycles to explain
which phenomenon?
A. The observed phases of the planets
B. The precession of the moon’s orbit
(apsidal precession)

Newton suggested a solution to the precession of
orbits could be modifying his universal law of gravitation by adding an inverse cubed term, as such:

C. The precession of Earth’s axis (axial
precession)
D. The retrograde motion of planets

F =

E. The diurnal motion of the stars and
planets

GM m G0 M m
+
r2
r3

23. Which, if any, of Kepler’s laws would stay the
same?

21. True or False: With a large enough number of
epicycles, you can predict the motion of the
planets on the sky better than Kepler’s laws
can.

A. I
B. II
C. III

A. True

D. Both I and II

B. False

E. None of the above
Kepler published his laws of planetary motion
between 1609-1619; Newton was able to show
in 1687 in his Principia that, in a system of
2 spherical masses, Kepler’s laws of planetary
motion followed directly from the principles of
classical mechanics and Newton’s law of universal gravitation, which is
F =

24. Suppose the inverse cubed term is quite weak
(as Newton postulated), such that for solar system objects G0  Gr. What is Kepler’s 3rd
law?
A. T ∝ a
B. T ∝ a3/2
C. T ∝ a2

GM m
r2

D. T ∝ a5/2
E. T ∝ a3

where F is the magnitude of the gravitational
force between two objects, G is the gravitational constant, M and m are the masses of
the two objects, and r is the distance between
the two objects.

25. Suppose, on the other hand, the inverse cubed
term dominates, such that for solar system objects G0  Gr. What is Kepler’s 3rd law?
A. T ∝ a

22. Which of Kepler’s laws states that planets orbit
in closed ellipses?

B. T ∝ a3/2
C. T ∝ a2

A. I

D. T ∝ a5/2

B. II

E. T ∝ a3

C. III
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26. If gravity really behaved with an inverse cubed
term as well as an inverse squared term, which
solar system object would deviate most from
the predictions of Kepler’s laws?

28. Einstein showed that, by solving his field equations, the precession per period due to general
relativistic effects is given by
 = 24π 3

A. Mercury
B. Earth

a2
− e2 )

T 2 c2 (1

where a is the semi-major axis of the orbit, T
is the orbital period, c is the speed of light, and
e is the eccentricity of the orbit. Thankfully,
I won’t make you plug in the numbers; this
yields a rate of precession of 5.028 × 10−7 radians. Given that Mercury has an orbital period
of 87.96 days, calculate its rate of precession in
arcseconds per century.

C. The asteroid belt
D. Jupiter
E. Pluto
Newton was not able to successfully predict Mercury’s precession in a way that was consistent with
other observations. Instead, it turns out that Mercury’s precession is caused by a combination of several effects:

A. 4300 /century
B. 5900 /century

1. The solar system is not a 2-body problem;
other planets in the solar system gravitationally perturb Mercury’s orbit (especially
Jupiter)

C. 7200 /century
D. 42000 /century
E. 106900 /century

2. The sun is not perfectly spherical, mainly due
to its rotation

29. The precession of Mercury was the very first
test of general relativity, showed by Einstein
himself. What is the recent test of general relativity that won the 2017 Nobel Prize?

3. Mercury is not perfectly spherical, mainly due
to tidal effects from the sun
4. Newton’s universal law of gravitation is only
an approximation; there are general relativistic corrections

A. The observation of Einstein rings
B. The measurement of gravitational
redshifting of light
C. The measurement of Shapiro time delay in our solar system

27. Which of the four effects is the primary cause
of Mercury’s precession?

D. The measurement of gravitational
time dilation in pulsar systems

A. 1
B. 2

E. The detection of gravitational waves

C. 3
D. 4
E. 1 and 4 are the primary causes and
contribute about equally
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Upon solving the Friedmann equation for some specific model universe, we find the following parameterization for the expansion of the universe over
time t. (α is some constant that describes the
mass of the universe, which is conserved throughout
time).

The following questions are on modeling the
expansion of the universe.
30. The Friedmann equation (whose Newtonian
form is shown below) is a statement of conservation of energy:
 2
8π
kc2
ȧ
=
Gρ − 2
a
3
a

ct = α(θ − sin θ)
a
√ = α(1 − cos θ)
k

Here, a is the scale factor, ρ is the density, and
k describes the curvature of the universe. The
leftmost term, ( ȧa )2 , represents

33. These equations imply that the universe will
have some biggest point. At what time ct/α
does this correspond to?

A. Kinetic energy
B. Gravitational potential energy

A. π/4

C. Total energy

B. π/3

D. Curvature

C. π/2

E. Specific momentum

D. π
E. 2π

31. The Friedmann equation of the form above can
be derived by solving the equation of motion for
an expanding sphere of matter, assuming this
sphere of our universe is

34. Which best describes the curvature of this universe?
A. Closed

A. Homogeneous

B. Open

B. Isotropic (in space)

C. Flat

C. Isotropic (in time)

35. True or False: this universe’s density parameter Ω ≡ ρ/ρc (where ρc is the critical density of
the universe) is always greater than the density
parameter of our own universe today.

D. Anisotropic
E. Both a and b
32. This Friedmann equation is also missing certain terms because it assumes what about the
content of the universe?

A. True
B. False

A. The matter in it is nonrelativistic
B. There is no dark energy
C. There is no dark matter
D. All of the above
E. Both a and b
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An exoplanet 23 ly away orbits around a star whose
mass is twice that of the Sun. The angle between
the planet’s positions when it is closest and furthest
from the star, as seen from the Earth, is 0.001 mas.
Suppose that our of line of sight to the system lies
in the orbital plane, orthogonal to the semimajor
axis. The whole system is recessing away from the
Earth at vr = 100 km s−1 . In this problem, a positive radial velocity indicates recession away from
Earth (negative velocity corresponds to motion towards Earth).

39. Which of the following is a secondary distance
indicator, as opposed to a primary distance indicator? Secondary distance indicators are calibrated from primary distance indicators and
extend to larger redshifts (z > 0.03).
A. RR Lyrae variables
B. Cepheid variables
C. Red Clump stars
D. Type Ia supernovae
E. Spectroscopic parallax

36. Compute the period of the exoplanet’s orbit in
Earth years.

40. Why are the carbon compounds (e.g. C2 , CN,
CH, etc.) seen in the spectrum of classical
carbon stars not seen in the spectra of other
asymptotic giant branch (AGB) stars?

A. 0.234
B. 0.439
C. 0.891

A. AGB stars typically have little carbon
in their atmospheres

D. 1.62
E. 5.43

B. AGB stars’ atmospheres are typically
are too hot for carbon compounds to
form

37. Suppose that the exoplanet is measured to have
a velocity va = 110 km s−1 when it is at its furthest position from the star (as seen and measured from Earth). Compute the eccentricity of
the exoplanet’s orbit.

C. Classical carbon stars form from accreting carbon from a binary companion; most AGB stars do not have such
a binary companion

A. 0.124
B. 0.345
D. 0.785

D. The carbon produced in other AGB
stars via fusion have not been
dredged up to the surface

E. 0.921

E. All AGB stars are carbon stars

C. 0.467

38. Find the velocity of the star at periastron, as
measured from the Earth, in km s−1 .
A. -144
B. -72.0
C. 17.2
D. 72.0
E. 144
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Section B: Deep-Sky Objects
Use the images in Image Set B to answer the following questions. Each sub-question is worth
two points unless otherwise specified, for a total of 75 points.
1. (a) [1 pt] What object is shown in image B1?
(b) What is the classification of this object?
(c) What is the predicted future of this object?
2. (a) What type of object is HBC 672?
(b) [1 pt] Which image shows the SED of HBC 672?
(c) How old is HBC 672, in Myr?
3. (a) [1 pt] Image B12 shows the light curve of what object?
(b) List the wavelengths of the four light curves shown.
(c) Identify the method used to determine the “beat” frequency of the object from image B12.
(d) Explain what the “beat” frequency means as compared to the orbit and spin frequency.
4. (a) Which image(s) show Aldebaran?
(b) How far is Aldebaran located, in ly?
(c) [3 pts] Image B16 shows the Lomb-Scargle power of the 625 day period as a function of the number
of data points, which are added in chronological order. The red squared data points represent
the real data while the blue circular data points represent simulated data with a 625 day period.
Explain what the discrepancy between the two lines implies.
5. (a) [1 pt] Image B6 is a region of what object?
(b) The image is taken in what wavelength and by what telescope?
(c) Identify the feature and the reason for its formation.
6. (a) In Sato et al. (2019), astronomers wanted to determine the origin of the clumpy structures of
Tycho’s SNR, as can be seen in image B7. They did so by simulating either a smooth or clumped
initial ejecta model and used genus statistics to quantify these structures (which is a 2D image in
our case). A genus curve is generated by varying a threshold intensity (I0 ) and for each I0 , a genus
number is calculated for the image. This number is the number of isolated regions above I0 minus
the number below I0 . In image B8, the regions in grey are above some I0 and the regions in black
are below I0 . Find the genus number of the image.
(b) Name another method that could be used to analyze SNR structure.
(c) [3 pts] Image B18 shows the genus curve of three observations of Tycho’s SNR with different smoothing amounts (1, 3, and 5 pixels). Noting the fact that the 2009 observation had five times the
observing time, explain the discrepancy seen in (a).
(d) Image B19 shows the genus curves of the smooth (top) and clumped (bottom) initial ejecta models.
What does this image imply?
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7. (a) [1 pt] Image B2 shows PV maps derived from [OIII] spectra at different angles of what object?
(b) Explain, in layman’s terms, what [OIII] means.
(c) What is the maximum expansion velocity of the object, in km/s?
(d) [3 pts] Name and explain the phenomenon used to calculated the expansion velocity.
8. (a) [1 pt] Omicron Ceti is located in what constellation?
(b) [1 pt] Which image shows this constellation?
(c) Astronomers previously believed that Omicron Ceti B was a K-type main sequence star. How did
they disprove this?
(d) What type of object did they determine Omicron Ceti B to be?
9. (a) Astronomers predict that a solar-mass star forms in 105 years by accreting at 10−5 M yr−1 , which
gives a predicted luminosity of 10 L . However, the median observed protostar is around 1 L . How
can these two be reconciled?
(b) [1 pt] Name the object located in Orion observed to have a sudden infrared outburst.
(c) How far is this object located, in pc?
(d) Explain how this object’s outburst supports or refutes your answer to part (a).
10. (a) [1 pt] Image B20 shows the element abundances of LP 40-365. Which elements are notably less
abundant?
(b) Find the abundances of Neon, Magnesium, and Calcium to two significant figures, in %.
(c) What is its total velocity relative to the Sun, in km s−1 ?
11. (a) [1 pt] Image B4 is of what object?
(b) Explain what the coloration represents.
(c) What evolutionary branch is the central star on (not abbreviated)?
12. (a) Which image(s) are related to ASASSN-16oh?
(b) Recently, supersoft x-rays were observed at this object. What was their source?
(c) What is the source of the I- and V-band fluxes?
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Section C: Calculations
Points are shown for each question or sub-question, for a total of 55 points.
1. [30 pts] Hydrostatic equilibrium keeps stars alive! In this problem, we’ll examine its mechanism.
(a) [2 pts] In which region of the Hertzsprung-Russell diagram are we most likely to find stars in
hydrostatic equilibrium?
(b) [5 pts] Let’s model the star as a fluid-filled sphere of density ρ(r) = ρ0 (r/r0 )α . Its mass and radius
are M and R respectively. Consider a cylindrical mass parcel at radius r. Its longitudinal axis
coincides with the radius of the star, the cylinder extends from r to r + ∆r, and its cross-sectional
area is A. Determine the gravitational force experienced by this parcel. Exact numerical prefactors
can be ignored, but your answer should be dimensionally correct. What direction does this force
point?
(c) [3 pts] Gravitational force is not the only force at play. The parcel experiences forces of pressure.
Obtain an expression for this force due to pressure in terms of ∆P = P (r + ∆r) − P (r). What
direction does it point?
(d) [6 pts] Use Newton’s Second Law to identify how exactly ρ(r) should depend on r for ∆P to be
directly proportional to ∆r.
(e) [4 pts] Using the dependence you derived in the previous part and mandating that ρ(r = R) = ρ0
(i.e. r0 = R), derive an expression for the pressure at the center of the star. Again, numerical
prefactors are not important but your answer should be dimensionally correct.
(f) [4 pts] Assume now that ρ0 is the density of the star if it had uniform density (still with mass M
and radius R). Using your previously derived answer, compute the core pressure inside the Sun to
order of magnitude, Pc .
(g) [6 pts] Suppose that the core of the Sun is a sphere of radius Rc = 0.2RSun and constant pressure
Pc . If the core is a gas comprised entirely of helium by mass, compute the temperature of the core.
Hence, what would be the emitted power if the core was a blackbody?
2. [25 pts] Astrophysicists use several different timescales to characterize the evolution of binaries. In this
problem, we introduce the three most important ones.
(a) [3 pts] The dynamical timescale is the “timescale for a star to counteract a perturbation in hydrostatic equilibrium.” For our purposes, we can think about it as the time for a density perturbation
to travel through the star. You can assume that:
1. the pressure P inside the star is isotropic and uniform
2. the density is uniform
3. the star is spherical
Derive an expression for the dynamical timescale in terms of the mass M, radius R, and pressure
P of the star. (Hint: it might help to relate this to sound waves propagating on a string.)
(b) [3 pts] How does your answer above change if we instead assume the pressure P obeys the ideal
gas law? Assume the star is composed entirely of a gas of hydrogen atoms of mass mH and has
temperature T.
(c) [6 pts] The thermal timescale characterizes the star’s response to a disturbance in thermal equilibrium. Again assuming the star is spherical, apply the virial theorem to obtain the star’s thermal
energy and thus the thermal timescale, in terms of M , R, the star’s luminosity L, and any constants.
(Hint: think about how this thermal energy is lost.)
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(d) [4 pts] The nuclear timescale characterizes how long the star could live off of nuclear fusion.
Assuming the fusion energy per unit mass is Q = 0.007c2 and the core mass is a fraction p of the
total mass M, derive an expression for the nuclear timescale, again in terms of M, R, L.
(e) [6 pts] Assume now that we are on the main sequence, for which the mass-radius and massluminosity relations look like R ∝ M 0.7 and L ∝ M 3.5 , provide mass dependencies of each timescale
(parts (b), (c), (d)). (Assume temperature T is independent of mass.)
(f) [3 pts] Rank the timescales for a star like the Sun.

Section D: JS9 Exploration
Points are shown for each question or sub-question, for a total of 25 points.
1. [25 pts] Go to https://chandra.si.edu/js9/ and load Chandra ObsID 1021 into JS9.
(a) [4 pts] Briefly describe the appearance of the X-ray emission from this object. Why does it look so
different from, say, a supernova remnant?
(b) [3 pts] Why is the emission dispersed across the image?
(c) [4 pts] Set up some box regions and rotate and stretch them to encompass most of the x- ray
emission. Run a light curve. What is the average count rate from these regions?
(d) [3 pts] Run a power spectrum and determine the most prominent frequency of periodic emission.
What is this frequency?
(e) [2 pts] What period does this correspond to?
(f) [4 pts] What are the two most likely mechanisms by which an object could exhibit such a periodicity?
(g) [3 pts] What is the approximate energy (in keV) of the peak of the emission from this object?
(h) [2 pts] Load the infra-red image from the digital sky survey (DSS) corresponding to this region of
the sky. What type of stellar system is this?
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Section B (75 points)
1. (a) V Sagittae
(b) Cataclysmic variable binary star system
(c) It goes nova in 2083
2. (a) Young intermediate-mass/emission-line/Herbig Ae star
(b) Image B15
(c) 1-2
3. (a) AR Scorpii
(b) UV, optical, infrared, radio
(c) Fourier transform
(d) The beat formed in the combined light curve from the WD’s spin and system orbit periods.
4. (a) Image B5
(b) 65
(c) The Lomb-Scargle power should scale linearly with the number of data points for data that matches
with the period. Since the real data decreased from N = 300 to N= 320, something affected the
supposed periodicity of Aldebaran.
5. (a) Orion Nebula
(b) Infrared, VISTA
(c) Ripples or Kelvin-Helmholtz instability formed by stellar wind from young stars
6. (a) -1
(b) Fourier transform, wavelet-transform
(c) More noise in the shorter observations, leading to larger genus numbers
(d) The clumped initial ejecta model is supported
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7. (a) ESO 577-24
(b) Forbidden emission line of the ion O2+ , oxygen missing two electrons, that only occurs at extremely
low densities
(c) 60-80
(d) Redshift/blueshift/doppler effect. Since light is a wave, a moving object (relative to the observer)
that emits a wave will have its wavelength increase or decrease. By measuring the change from the
rest wavelength, the relative velocity can be calculated.
8. (a) Cetus
(b) Image B10
(c) Presence of minute-time-scale stochastic optical variations, which is faster than the dynamical time
of main sequence stars.
(d) White dwarf
9. (a) Episodic accretion
(b) HOPS 383
(c) 420
(d) Supports, as the outburst is due to increased accretion rate
10. (a) H, He, C
(b) Ne: 25-60 %, Mg: 1.3-3.0 %, Ca: 0.004-0.015 %
(c) 546
11. (a) U Antliae
(b) The motion of the shell towards the Earth. Blue is more towards Earth than red.
(c) Asymptotic giant branch
12. (a) Image B13
(b) Spreading layer on the white dwarf (do not accept hydrogen fusion)
(c) Irradiated accretion disk

3

Team Name: KEY

Astronomy C - MIT 2022

Team Number: KEY

Section C (55 points)
1. (a) Main sequence
(b) The gravitational force is Fg =

4π
2
α+3 Gρ0



r
r0

2α

rA∆r and points inwards. A useful result is that

the mass interior to radius r is
Mr =

4π
ρ0
α+3



r
r0

α

r3

(c) The force due to the pressure differential is Fp = A∆P and points outwards.
 −1/2
so that α = −1/2.
(d) The dependence is ρ(r) = ρ0 rr0
(e) The central pressure is Pc =

8π
2 2
5 Gρ0 R .

(f) The approximate core pressure in the Sun is thus 5 × 1014 Pa.
(g) The blackbody parameters are temperature Tc ≈ 68 × 106 K and emitted power φc ≈ 3 × 1041 W.
q
M
2. (a) τd ∝ RP

T −1/2
(b) τd = R kB
where m ≈ mH
m
(c) K =

3 GM 2
10 R

(d) τn =

0.007pM c2
L

=⇒ τt =

GM 2
RL

(e) τd ∝ M 0 , τt ∝ M −2.2 , τn ∝ M −2.5
(f) τn  τt  τd

Section D (25 points)
1. (a) There is a central point-like object surrounded by 2 (or 3) intersecting thin lines. A supernova
remnant is an extended object with emission from (usually) a very broad spatial region of the sky.
This is a point source of x-ray emission.
(b) This observation was done with the grating detector (see header record) and so the light is dispersed
much in the same way as a prism disperses visible light.
(c) Average count rate after selecting all regions is ∼85 counts/sec. Even if you just make a huge
circular region surrounding all the emission, the count rate only increases to about 90 counts/sec.
(d) f = 0.001 46 Hz
(e) P = 1/f = 685 s
(f) (1) Rotation of a compact object or (2) period of revolution of a binary star. Remarkably, the
correct interpretation is the latter!
(g) Doing an energy spectrum shows peak emission at about 1.5 keV.
(h) It is a globular cluster.
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