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L’Aigle meteorite 



A quick and dirty technique for measuring heat 
capacity
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“What do I tell my mom?”

College of Charleston, Charleston, South Carolina. photo credit: Nicole, http://livinginflux.com/
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   Tunnel below Building 26, MIT



from The Fellowship of the Ring



Vivek Pancoar, skiing instructor for Adventure Trekking in Auli. © Photo: Santosh Kunwar



Hacky Sack

Howcast Videos: How to Play Hacky Sack



How do you win this game?



How do you win this game?

• Approval others

• Tenure

• Grant money

• Prizes

• Fame

• Successful students

• Cited publications

• Academic freedom

Are any of these ends in themselves?
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How do you win this game?

• Curiosity

• Pleasure in solving problems

• Pleasure in finding patterns

• Truth

• Love

Are any of these ends in themselves?



How do you win this game?

• Approval of others

• Tenure

• Grant money

• Prizes

• Fame

• Academic freedom

• Successful students

• Cited publications

• Curiosity

• Pleasure in solving problems

• Pleasure in finding patterns

• Truth

• Love

Would you sacrifice anything on list one to obtain anything on list two?



How do you win this game?

Would you sacrifice anything on list two to avoid losing anything on list one?

• Approval of others

• Tenure

• Grant money

• Prizes

• Fame

• Academic freedom

• Successful students

• Cited publications

• Curiosity

• Pleasure in solving problems

• Pleasure in finding patterns

• Truth

• Love



Would you…

• Give up Approval of others to satisfy Curiosity? Or vice versa?

• Give up Tenure to satisfy Love? Or vice versa?

• Give up Academic freedom to satisfy Pleasure in solving problems? 
Or vice versa? 

• Give up Fame to satisfy Pleasure in finding patterns? Or vice versa? 

• Give up Grant money to satisfy Truth? Or vice versa? 

Where is your heart? 
Where is your God?

What does this tell you about the sort of God you worship?



• Internal motivations aren’t enough

• Something is the ultimate criterion 

• Lose sight of this criterion, and the work becomes meaningless…
poorly done…until you lose it all



M64 (VATT)



The Crab Nebula (VATT)



The Trifid Nebula (Hubble)



Mon V838 (Hubble)



The Carina Nebula (Hubble)



NGC 5907 (Blackbird Obs.)



Knyahinya Meteorite (Vatican Observatory)





Why do astronomy when there are people starving in the world?

Harvard Bridge between Boston and Cambridge, approaching MIT
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1985: Starehe Boys’ Centre, Nairobi, at the visit of His Excellency President Daniel Arap Moi





Jupiter (image by Claudio Costa,  Vatican Observatory)



Apollo 17



ORDINARY CHONDRITE HEAT CAPACITIES BELOW 350K.  R. J. Macke,1 C. P. Opeil2, G. J. Consolma-
gno1, and D. T. Britt3,4 1Vatican Observatory, V-00120 Vatican City State, rmacke@specola.va; 2Boston College 
Department of Physics, 140 Comonwealth Ave., Chestnut Hill MA 02467, cyril.opeil@bc.edu; 3University of Cen-
tral Florida Department of Physics, 4111 Libra Dr, Orlando FL 32816, britt@physics.ucf.edu; 4Center of Lunar and 
Asteroid Surface Science, 12354 Research Pkwy Suite 214, Orlando FL 32826. 

 
 
Introduction: Thermal diffusivity, which deter-

mines the thermal evolution of asteroid interiors, and 
thermal inertia, which at the asteroid surface deter-
mines the various Yarkovsky effects, are both depend-
ent on heat capacity (Cp), thermal conductivity (κ), and 
bulk density (ρ). We have been conducting a study of 
these thermal properties over the temperature range 5-
350K for various types of meteorites using samples 
from the Vatican collection. Here we present our low-
temperature heat capacities for ordinary chondrites.  

Method: We use three techniques to determine 
low-temperature heat capacities of ordinary chondrites. 
To establish the shape of the temperature-depedent 
curve, we measured heat capacities for small (~5 mm3) 
samples using a Quantum Design Physical Property 
Measurement System (PPMS) with a P-650 package 
[cf. 1]. This technique could only be applied on a lim-
ited number of samples, so to extend the breadth of 
data we measured several hand-sized samples from the 
Vatican Observatory using a non-destructive liquid 
nitrogen (LN2) immersion technique [2]. This tech-
nique provides the average heat capacity over a range 
from 77-294K, which yields a good estimate of Cp at 
175K.  We measured 6 ordinary chondrites using the 
PPMS, and 72 ordinary chondrites using the liquid 
nitrogen immersion technique. 

 
Fig. 1: Cp measured by LN2 immersion vs. model 
Cp at 175 K for OC falls. Circles are individual 
stones. Squares represent averages. 

Finally, in addition to laboratory data, for several 
ordinary chondrite falls for which compositional data 
had been published in [3], we constructed model heat 
capacities as a function of temperature based on the 
heat capacity curves for each of the component miner-
als, weighted by their fractional mass. Of these, we 
also have 175K Cp measurements for 29 of the same 
meteorites from the Vatican collection.  

Results and Analysis: Fig. 1. compares our 175K 
LN2-immersion results for the Vatican samples with 
composition-based model heat capacities for the same 
OC falls.  The LN2 and model results are fairly good 
agreement to within about 3% for all samples. The 
observed discrepancies may be due to inhomogeneity 
at cm scales between individual stones of the same 
meteorite and low-level sample weathering may play a 
role in the observed discrepancies. Note that composi-
tion models assume all metallic iron is intact and un-
weathered, while minor terrestrial weathering inevita-
ble affects even fall samples. Since the weathering 
product has a higher Cp than metallic iron, weathering 
would result in increased Cp. All of our discrepancies 
can easily be accounted for by assuming just a few 
percent of metallic iron has been weathered. The great-
est discrepancies are for H chondrites, which have the 
greatest amount of metallic iron to weather. In general, 
finds also have a higher Cp than falls of the same type. 
This again is the result of terrestrial weathering on 
metallic iron, and also generally corresponds to a re-
duction in grain density characteristic of weathering. 

175-K heat capacities for OC falls lie within a lim-
ited range of 481 to 524 J kg-1 K-1, comparable to other 
stony meteorites [Fig. 2] and significantly higher than 
that of unweathered irons and mesosiderites. H, L, and 
LL heat capacities each occupy compact yet overlap-
ping ranges, with H having the lowest Cp of the three 
and LL the highest. The differences between the three 
groups are almost entirely based in the difference in 
metallic iron content.  

Cp as a function of temperature: We measured 
Cp(T) over the range 5-350 K for 6 individual speci-
mens using the Quantum Design PPMS system. From 
these data, we fit a curve of the form Cp(T) = 
a+bT+cT-2+dT-1/2 for each meteorite over the tempera-
ture range 75-300K. We then computed the coef-
fecients of the curve for each of the composition mod-






