
GE/AY 133 Problem Set #2 

Due April 16 

 

The purpose of this homework set is to have some fun with protoplanetary disks.  

Problem 1. In December 2015, a new law entitled "Low Volume Motor Vehicle Manufacturers 
Act" (H.R. 2675) was introduced in the US, which creates a reasonable regulatory structure 
allowing small companies to produce a limited number of completed replica motor vehicles that 
resemble the appearance of cars produced 25 years ago or more. Upon finding this out, you dish 
out all your savings (plus a loan from your parents) and buy a DeLorian. You set the destination 
time to - 4.5 Gyr, turn the flux capacitor on, and upon leaving the dealership parking lot, you 
accelerate to 88 miles an hour. After a brilliant flash of light, you find yourself submerged in the 
solar nebula (note that at t = - 4.5 Gyr, you predate the Earth by ~100-200 Myr), orbiting the Sun 
on a circular trajectory at 1 AU. [IMPORTANT: If you are reading this and thinking “WTF?” 
then stop reading, rent “Back to the Future” and watch it].  

For local disk parameters, reasonable values are: a surface density of ∑ ≈ 2000 g/cm2, an aspect 
ratio of h/r ≈ 0.05 and a surface density profile that goes as ~1/r.  

a. What are your surroundings like? For a passive disk, what are the temperatures of the dust and 
the gas outside? What is the nebula made of? Can you see the Sun?   

b. Does the nebula gas flow around your DeLorian like a fluid? [Hint: Read Armitage Section 4.1 
(p. 110) and compute the H2 mean free path compared to the DeLorian. A discussion of 
the mean free path can be found in section 3.3.2.]   

c. How much headwind is the DeLorian feeling? How does this compare with the top speed of a 
2010 Bugatti (type in “fastest car” into Google)?   

Problem 2. In 2014, the Atacama Large Millimeter Array (ALMA) made history by making an 
image of HL Tau protoplanetary disk public. HL Tau itself is a young (less than a million years 
old) solar-type star that is still actively accreting. The usually quoted mass estimates puts the 
stellar mass at about half of that of the Sun. The disk radius is approximately ~80 AU. Let us 
also assume that the disk surface density profile is ∑ ~ ∑0 (r0/r).  

a. If the disk aspect ratio (h/r) cannot exceed ~ 0.1, how massive can the HL Tau disk be and still 
be gravitationally stable?   

b. How does this number jive with the inferred disk mass of ~0.13 Msun (Kwon et al. 2011)?   
c. The disk dust mass is inferred to be 0.001-0.003 Msun (Carrasco-González et al. 2016). For a 

 typical interstellar dust to gas ratio of 0.01, does the dust mass imply a gas mass closer 
to the  answer to (a) or (b)?   

d. Adopting the above parameters, do you expect the disk to be gravitationally unstable? If yes, 
 beyond what radius? [hint: Compute the Toomre Q as a function of r]   



 

e. Look at the picture of HL Tau on wikipedia. Evaluate the hypothesis that the observed gaps 
 are caused by planets. How does the observed disk structure compare with your 
calculations above? Does this image provide a complete picture of the protoplanetary 
disk? [Hint: What does “bright” mean in the image? Are the observed structures 
resolved?]   

Problem 3. Protoplanetary disks don’t live forever. So, let us parameterize the mass of the disk 
by the following relationship: Mdisk = 0.05 Mstar / (1 + t / T) where T = 0.5 Myr. Most disk 
material accretes onto the star eventually, so let’s interpret the time derivative of Mdisk as the 
disk accretion rate. For a young star with magnetic field of B ~ 1kGauss, mass ~1 Msun and a 
radius ~ 2 Rsun, make a plot of the evolution of the magnetospheric truncation radius in time, 
over typical disk lifetimes. For simplicity, assume the star’s mass remains constant over this 
time.  

 


